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PREFACE

This book, the first of two volumes on petroleum-reservoir engineering,
presents concepts and applications of roek and fluid properties which are
fundamental to engineering analyses of pefroleum reservoirs. In addition
the organization and evaluation of laboratory and field data for reservoir
analyses are presented together with applications of such ordered data to
the defermination of the volume of hydrocarbons “in place.”

The book is arranged so that it can be used as a text or ag a reference
work. If it is used as a text, the organization of material permits flexibility
in designing course offerings. Although planned for use in & course or
courses comprising a total of four semester hours of work and presuming
a prerequisite course in oil-field development, the book can be used in a
first course in petroleum engineering if desired.

Chapter 1 is comprised of an introductory discussion of hydrocarbon
accumulations, oil-field development, and production methods. Chapters
2 and 3 present rock properties in a complete and cohesive independent
unit. Chapters 4 to 6 present a study of fluid properties also as a com-
plete, cohesive independent unit. Chapter 7 deals with evaluation of rock
and fluid properties both from laboratory and feld data. Chapter 8 pre-
sents the derivation of the material balanee and the applications of such
balances to the determination of volume of hydroearbon in place.

This volume is a direct outgrowth of a multilithed book used in a series
of summer schools in reservoir engineering offered to industry personnel
during 1956 and 1957.

Much of the material on which the book is based was drawn from the
literature published by the Society of Petroleumn Engineers of the Ameri-
can Institute of Mining, Metallurgical and Petroleum Engineers, the
Division of Production of the American Petroleum Institute, the Natural
Gasoline Association of America, and the American Association of Petro-
feum Geologists. In addition, the authors are indebted to the host of
authors who have contributed to the petroleum literature in various other
publications. Core Laboratories, Incorporated, and Shell Oil Company
provided additional data not generally available in the literature.

The authors are indebted to the following companies who supported the
industry summer courses: Argo Oil Corporation, The California Company,
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n PREFACE

The Ca.,lifornia Standard Company, Canadian Seaboard Company,
Champlin Oil and Refining Company, Core Laboratories, Inc., Delhi-
Taqur Oil Corporation, Honolulu Oil Corporation, Humble Oil and
Refining Company, Kewanee Oil Company, Lion Oil Company, Magnoliz
Petroleum Company, Mound Company, Murphy Corporation, McAlester
Fuel C.Joxflpany, Plymouth Oil Company, Pure Oil Company, Railroad
Com.rmsspn of Texas, Republic National Bank of Dallas, Richmond
Exploration Company, Rotary Engineers Laboratories, Shell Oil Company,
Southern Minerals, Inc., Sun Oil Company, Sunray-Mid-Continent Oil
Company, Standard Qil Company of California, Standard Ofl Company of
Texas, Western Leaseholds, Ltd., and Western Operations.

Mr. Donald A. Flanagan, Mr. Robert L. Ridings, and Dr. Denton R.
W1E{Iand worked out many of the numerical examples. Mrs. Wilmoth
Boring, Mrs. Lora Watson, Mrs. Joan Hodges, Mrs. Gloria Conrad, and
Mrs. Betty Short typed and retyped the many drafts of the manuscript.

We are especially indebted to our wives, Mrs. Louise Amyx, Mrs.
Dorothy Bass, and Mrs. Sharon Whiting, for their patience and encourage-
ment during the preparation of this volume.

James W, Amyzx
Daniel M. Bass, Jr.
Eobert L. Whiting
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CHAPTER 1

INTRODUCTION

Beginning with the Industrial Revolution of the early nineteenth cen-
tury, man has turned more and more to the use of mineral fuels to supply
the energy to operate his machines. The first commercial well drilled
solely for oil was completed in the United States in 1859, The drilling was
supervised by Col. Edwin L. Drake; thus the well came to be known as the
Drake Well. Following the success of the Drake Well, petroleum produc-
tion and processing rapidly grew into a major industry in the United
States. In the early history of the petroleum industry, petroleum products
were largely used for lubricants and for lhuminating fuel.

With the development of internal-combustion engines and other de-
vices, the use of petroleum for fuel became inereasingly important. In
1900, the total mineral energy production in the United States was 7,643
trillion British thermal units (Btu); of this, 92 per cent came from coal,
about 5 per cent from oil, and 3 per cent from natural gas. By 1925, min-
eral energy production in the United States reached 21,000 trilion Btu, of
which 73 per cent was from coal, 21 per cent from oil, and 6 per ecent from
natural gas. In 1950, the demand for energy reached 33,000 trillion Btu
in the United States; of this, 45 per cent was supplied by coal, 35 per cent
from oil, and 20 per cent from natural gas.!*

Through 1956, the cumulative erude-oil produetion for the world was
95 billion barrels, of which about 55 billion barrels was produced in the
United States. Today, petroleum is used not only as a fuel and a source
of Tubricants but as a raw material for many modern industrial materials,
such as paints, plasties, rubber, and so forth.

General Compositio_n of Petroleum

What is petroleum? Petroleum is a mixture of naturally oceurring hydro-
carbons which may exist in the solid, liquid, or gaseous states, depending
upon the conditions of pressure and temperature to which it is subjected.
Virtually all petroleum is produced from the earth in either liguid or gas-
eous form, and commonly, these materials are referred to as either crude
oil or natural gas, depending upon the state of the hydrocarbon mixture.

* Superscript numbers refer to references at end of chapter.
1



2 PETROLEUM RESERVOIR ENGINEERING

Crude oil is the material most sought after of these naturally oceurring:

hydrocarbons, but natural gas is commonly produced along with the crude
oil. In the early years of the petroleum industry, natural gas was consid-
ered o be a nuisance and was burned at the well site. In recent years with
the advent of transcontinental transmission lines and petrochemical in-
dustries, the demand for natural gas as a fuel and a raw product has in-
creased the value of natural gas to the point where it is no longer a nuisance
but a valuable raw material.

Petroleum consists chemically of approximately 11 to 13 wt % hydrogen
and 84 to 87 wt 9, carbon. Traces of oxygen, sulfur, nitrogen, and helium
may be found as impurities in ¢rude petroleum. Although all petroleum is
constituted primarily of carbon and hydrogen, the molecular constitution
of crude oils differs widely. About 18 series of hydrocarbons? have been
recognized in crude petroleum. In Table 1-1 are listed the group formulas

TapLe 1-1. HrprocareoN Series FoUND IN PETROLEUM?

ca,rbf: :t,foms Pennsylvania Mid-Continent Caéliﬁrg:;:d
5 CﬁHM Cnﬂz,‘_z_z C“Hm and CnHInH
10 CnHzn-;.z CaHauyz and CoHy, C.H;. and CoHang
15 CaHon e CoHans CaHon—z
20 C.H., C.Hpn CaHank
25 Cnﬂzu and Cszn-z CnHzn—-i C’nHﬁu—l
30 C.Hs, and CrHan CaHsne CoHans
35 Cannq and CnHz,;_a C,,Hzn_s and C,‘Hz...m Cquu..u
40 CnHznt and CoHpn s | CoHans and CuFly 1z | CoHzesz and CoHzuo1s
50 L0 : P CoHans and Cofses | CaHlzana
80 C.Ho e CoHaon1s CoHzam

of series identified in petroleum. Of these series, the most commonly en-
countered are the paraffins, the olefines, the polymethylenes, the acetylenes,
turpenes, and benzenes. Natural gas is composed predominantly of the
lower-molecular weight hydrocarbons of the paraffin series,

Hydrocarbons can be classified into essentially four categories depending
on the structural formula. Two of the categories refer to the structural
arrangement of the carbon atoms in the molecule. These are (1) open
chain and (2) ring or eyclic compounds. The remaining two categories
refer to the bonds between the carbon atoms. These are (1) saturated or
single bond and (2) unsaturated or multiple-bond compounds.

The names of the various individual hydrocarbon molecules are derived
in a systematic fashion from rules established by the International Union
of Chemistry. The established names of the individual hydrocarbons of
the paraffin series are utilized for compounds having the same number of

e —— e e

INTRODUCTION 3

carbon atoms but with word endings and prefixes designating the group to
which the compound belongs. The word ending “ane’ designaies saturated
hydrocarbons while “ene” designates unsaturated hydrocarbons that have
double bonds between carbon atoms. If more than one double bond ex-

Tasre 1-2. CrassFicaTioN oF HYDROCARBONS?

{Marsh gas

['Ga.seous
Natural gas

Petrolenm
Fluid Crude oil

Mineral tar (asphaltum)

Viscous
Brea

Bituminous? [ Asphaltite Gilsonite: uintahite

Hydrocarbons? Tignite
Subbituminous
Bituminous
Semibituminous
thracite

LSolid< Coal

Kerogen

LBituminous shale
Petroliferous

\Cereous Mineral wax {ozocerite)

ists in unsaturated hydroearbons, the ending is modified to indicate the
number of double bonds; thus, two double bonds are designated by “diene,”
three double bonds by “triene,” ete.

Ring or cyclic compounds are designated by adding the prefix “eyclo”
to the name of the compound as derived from the sbove rules. However,
the cyclic aromatic hydrocarbons, benzenes, retain the customary names
except that the ending “ene’ is used rather than the older forms, benzol,
ete. The struetural formulas of various hydrocarbons that have six carbon
atoms are shown below. The group name and group formula of each series

are designated

Paraffin (alkane), CoHanye Olefin (alkene), C.H;,
TITTLY I
T T I

YT T
R HHHH H
Normal Hexane, CgH,, Normal Hexene, CeHjs
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Polymethylene (cycloalkane), C H,, Benzene (aromatic), Colzs_s
H H H

N |
C C
H ‘H 7 H
ch/ N e N\ \C/
Y
Ili\c/ ! o \C N
SN |

H H H
Cycichexane, CeH,, Benzene, C.H;

Alkadiene, C,Ha,_,
Y EET
! |
C=C—C—C—C=C

l o |
H HH H

Hexadiene-1,5, CeHy

Physical Properties of Hydrocarbons

The detailed analysis of a crude oil is virtually impossible to obtain,
Therefore, crude oils are classified according to their physical properties.
Among the physical properties commonly considered in various classifica-
tions are color, refractive index, odor, density, boiling point, freezing point,
flash point, and viscosity. Of these, the most important physical prop-
erties from a classification standpoint are the density (specific gravity)
and the viscosity of the liquid petroleum. The speeific gravity of liquids
is defined as the ratio of the density of the liquid to the density of water,
both at specified conditions of pressure and temperature.

The specifie gravity of erude oils ranges from about 0.75 to 1.01. Sinee
crude oils are generally lighter than water, a Baumé-type seale is used in
the petroleum industry. This seale is referred to as the API or {American
Petroleum Institute) scale for crude petroleum and relates the specific
gravity through a modulus to an expression of density called API gravity.
Expressed mathematically

1415
Y= 1315 + °AP1
or SAPI = -1% — 1315

where v is the specific gravity and °API is the API gravity. It may be
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Tastz 1-3. Revation oF API, SpecrFic GRAVITY, AND WEIGHT
PER Garron oF CrupeE On?

Degrees | Weight Degrees | Weight Degrees | Weight
Degrees of of Degrees of of Degrees of. of
APY | specific | gallon, API | specific | gallon, APE spec{.ﬁc gallon,
gravity ib gravity Ib gravity 1b
L] 1.076 8.962 36 0.8448 7.034 71 0.6988 | 5.817
1 1.068 8.895 37 0.3398 6.993 72 0.6953 | 5.788
2 1.060 8.828 38 0.8348 6.951 73 0.6919 | 5.759
3 1.052 8.762 39 0.8299 6.910 74 0.8886 | 5.731
4 1.044 8.698 40 0.8251 6.870 75 0.6852 | 5.703
] 1.037 8.634
6 1.029 8.571 41 0.8203 6.830 76 0.6819 | 5.676
7 1.022 8.509 42 0.8155 6.790 77 0.6787 | 5.649
8 1.014 8,448 43 0.8109 6.752 78 0.6754 | 5.622
9 1.007 8.388 44 0.8063 6.713 79 06722 | 5.595
10 1.0000 8.328 45 0.8017 6.675 80 0.6690 | 5.568
11 0.9930 8.270 46 0.7972 6.637 81 0.6659 3.542
12 0.9861 8212 47 0.7927 6.600 82 .6628 | 5.516
13 0.9792 8.155 48 0.7883 6.563 83 0.6597 | 5.491
14 0.9725 8.099 49 0.7839 6.526 84 0.6566 | 5.465
15 0.9659 8.044 50 0.7796 6.490 85 0.6536 | 5.440
18 0.9593 7.989 51 0.7753 6.455 86 0.6506 | 5.415
17 0.9529 7.935 52 0.7711 6.420 87 0.6476 5.390
18 0.9465 7.882 53 0.7669 6.385 88 06446 | 5.365
19 0.9402 7.830 54 0.7628 6.350 89 0.6417 | 5.341
20 0.9340 7.778 55 0.7587 6.316 90 0.6388 | 5.316
21 09279 | T7.727 56 0.7547 6.283 91 0.6360 | 5.293
22 0.9218 | 7.676 57 0.7507 6.249 92 0.6331 5.269
23 0.9159 7.627 58 0.7467 6.216 93 0.6303 [ 5.246
24 0.9100 7.578 59 0.7428 6.184 94 0.6275 | 5.222
25 0.9042 7.529 60 0.7389 6.151 95 06247 | 5.199
26 08984 | 7.481 61 0.7351 6.119 96 0.6220 | 5.176
27 0.8927 | 7.434 62 0.7313 6.087 97 0.6193 | 5.154
28 0.8871 7.387 63 0.7275 6.056 98 0.6166 [ 5.131
29 0.8816 7.341 64 0.7238 6.025 99 0.6139 | 5.109
30 0.8762 7.296 66 0.7201 5.994 100 0.6112 | 5.086
31 0.8708 7.251 66 0.7165 5.964
32 0.8654 7.206 67 0.7128 5.934
33 0.8602 7.163 68 0.7093 5.904
34 0.8550 7.119 69 0.7057 5.874
35 0.8498 7.076 70 0.7022 5.845




Tasre 14. Varves ror CoNverTING KINEMATIC VISCOSITY TO
SayeoLr UnivERSAL ViscosiTy?

Equivalent Saybolt Equivalent Saybolt
Universal viscosity, sec Universal viscosity, sec
Kinematic Kinematic
viscosity, | At 100°F viscosity, | At 100°F
es (basic At At cs (basie At At
values, { 130°F ; 210°F values, 130°F 210°F
see Note) see Note)

2.0 32.6 32.7 32.8 31 1453 145.6 146.3

2.5 344 34.5 34.6 32 149.7 150.0 150.7

3.0 36.0 36.1 36.3 33 154.2 1545 155.3

3.5- 376 37.7 37.9 34 158.7 159.0 158.8

4.0 39.1 39.2 394 35 163.2 163.5 164.3

4.5.. 40.7 40.8 41.0

5.0 42.3 42924 42.6

6.0 45.5 45.6 458 36 167.7 168.0 168.9

7.0 43.7 48.8 490 37 172.2 172.5 173.4

8.0 52.0 521 52.4 338 176.7 177.0 177.9

9.0 55.4 55.5 55.8 39 181.2 181.5 182.5
16.0 58.8 58.9 59.2 40 185.7 186.1 187.0
11.0 62.3 624 62.7 41 190.2 190.6 191.5
12.0 65.9 66.0 66.4 42 194.7 195.1 196.1
13.0 69.6 69.7 70.1 43 199.2 199.6 200.6
140 73.4 73.5 73.9 44 203.8 1 204.2 205.2
15,0 77.2 77.3 7T 45 2084 208.8 209.9
16.0 81.1 81.3 81L.7 46 213.0 2134 214.5
17.06 85.1 85.3 85.7 47 217.6 2180 2191
18.0 89.2 89.4 89.8 48 222.2 222.6 223.8
19.0 93.3 93.5 94.0 49 226.8 2272 228.4
20,0 97.5 97.7 98.2 50 2314 2318 2330
21.0 101.7 1019 { 1024 55 2544 254.9 256.2
22.0 106.0 106.2 | 106.7 60 2774 277.9 279.3
23.0 110.3 110.5 § 11l.1 65 300.4 301.0 302.5
240 114.6 1148 | 1154 70 323.4 3240 325.7
250 118.9 119.1 | 119.7
26.0 123.3 1235 | 1242 Over 70 | Saybolt | Saybolt | Saybolt
270 127.7 127.0 | 1286 sec = ¢s | de¢ = €3 | sec = c¢s
280 132.1 132.4 | 1330 X 4620 [ X 4629 | X 4.652
200 136.5 136.8 | 137.5
30,0 140.9 141.2 | 141.9

worE: To obtain the Saybolt Universal viscosity equivalent to a kinematic viscosity
determined at ¢°F, multiply the equivalent Saybolt Universal viscosity at 100°F by
1 4+ (¢ — 100)0.000064; for example, 10 cs at 210°F is equivalent to 58.8 X 1.0070 or
59.2 Saybolt Universal seconds at 210°F.
8
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noted that the API gravity yields numbers greater than 10 for all materials
having speeific gravities less than 1. Since the density of a liquid is a func-
tion of temperature and pressure, it is necessary to designate standard
conditions for reporting specific gravity and API gravity. The petroleum
industry has adopted as standards a temperature of 60°F and atmospheric
pressure. Table 1-3 lists the relationship between APT gravity and other
commonly used expressions of the density of petroleum liquids.

The viscosity of erude oil ranges from about 0.3 centipoise for a gas-
saturated oil at reservoir conditions to about 1,000 eentipoises for a gas-
iree crude oil at atmospheric pressure and 100°F. Viscosities of erude-oil
and liquid-petroleum products are frequently reported in terms of the time
of efflux, in seconds, of a known volume of liguid through a standardized
orifice. The times reported depend on the instrument employed such as
Saybolt Universal, SBayboli Furol, Engler, or other similar device, The
time of efflux from such instruments has a complex functional relationship
10 the kinematie viscosity, which is usually expressed in centistokes. The
absolute viscosity in centipoises is obtained by multiplying the kinematic
viscosity in centistokes by the density of the fluid in grams per cubic centi-
meter. Table 14 gives the relationship between the Saybolt Universal
viscosity and centistokes. Viscosity is dependent on temperature. There-
fore, standard tests with the Saybolt viscosimeter are condueted at 100°F.

Other physical properties of liquid petroleum are frequently correlated
with APY gravity and viscosity. In general, such correlations have rather
limited application.

Crude oils are frequently classified by “base.” The earliest sueh classi-
fication system provided three classifications:

1. Paraffin-base, or oils containing predominantly paraffin sertes hydro-
carbons

2. Asphalt-base, or oils eontaining predominantly polymethylene or
olefin series hydrocarbons

3. Mixed-base, or cils containing large quantities of both paraffin and
polymethylene series hydrocarbons

The U.B. Bureau of Mines® introduced a somewhat more elaborate sys-
tem of classification which provides for nine possible classifications. This
system is based on a modified Hempel distillation of the crude oil and upon
the API gravity of certain fractions obtained upon distillation.

The distillation is conducted in two phases: one at atmospherie pressure
and one at an absolute pressure of 40 mm of mercury. The fraction boiling
between 482 and 527°F at atmospheric pressure is key fraction 1. The
fraction boiling between 527 and 572°F at 40 mm absolute is key fraction 2.
The nine possible classifieations of a crude oil are summarized in Table 1-5.

The U.S. Bureau of Mines reported the average results of distillations of
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TaBLE 1-5. U.S. BurEAT oF MINES CLASSIFICATION OF CrupE Ons?

Qil Key fraction I, °F | Key fraction 2, °F

Paraffin 40 or lighter 30 or lighter
Paraffin—intermediate 40 or lighter 20-30

Intermediate—paraffin 33-40 30 or lighter
Intermediate 3340 20-30

Intermediate—naphthene 3340 20 or heavier
Naphthene—intermediate 33 or heavier 20-30

Naphthene 33 or heavier 20 or heavier
Paraffin—naphthene 40 or lighter 20 or heavier
Naphthene—paraffin 33 or heavier 30 or lighter

303 crude-oil samples from throughout the world. These results appear in
Table 1-6. Analyses of this type are useful in evaluating crude oils for re-
fining purposes. Note that of the 303 samples analyzed, 109 samples are
classified as intermediate and 83 samples are naphthene base.

Natural gas is composed largely of hydrocarbons of the paraffin series.
Methane and ethane frequently comprise 80 to 90 per cent by volume of a
natural gas. Other hydrocarbons, ranging in molecular weight from 44
(propane) to in excess of 142 (decane), together with impurities coImpose
the remaining percentage. Carbon dioxide, nitrogen, and hydrogen sulfide
are the more common impurities found in natural gas. Helium and other
Inert rare gases occasionally oceur in small concentrations in natural gases.

Gas gravity is widely used to characterize natural gases. Gas gravity is
the ratio of the density of a pas at atmospheric pressure and temperature
to the density of air at the same condition of pressure and temperature.
Since at atmospheric pressure and temperature the densities of gases are
directly proportional to the molecular weight, the gravity is the ratio of
the molecular weight of the gas to the molecular weight of air. The molec-
ular weight of methane is 16. Therefore, the gravity of pure methane is
Q%0H6+%lG%gﬂﬁ%bﬂMmﬂ@mﬂmgﬁmﬂﬁwLL&—
pending on the relative concentration of the heavier hydroearbons present
in the gas.

Compositional analyses of natural gases are readily obtained by low-
temperature distillation, chromatography, or mass spectrometry. Volume
or mole percentages of the individual commponents present are ordinarily
reported throngh heptanes plus. The heptanes-plus fraction includes hep-
tane and all heavier hydrocarbons.

Natural gases are also described as dry or wet gases depending on the
amount of condensable hydrocarbons present in the mixture. Pentane
and heavier components are considered £o be condensable hydrocarbons,
as at atmospheric pressure and temperature pure pentane exists as a liquid.

TABLE 1-8. AvERAGE DisTiLLATION FacTORS OF THE Various CLasses oF CRUDE Prreormo®
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petroleum must migrate from the source beds to the reservoir rock in order
that sufficient quantities accumulate to form the commereial deposits that
the petroleum industry exploits. This evidence of migration indicates a
third requirement: a carrier bed. The carrier bed may be a part of the
reservoir rock in which the accumulation oceurs, or it may be an adjacent
reservoir rock having interconnected pores.

Traps

The primary forces causing the migration of petrolenm are bouyancy
and capillarity. As oil and gas are lighter than the ground water which
permeates the porous rocks below the water table, it is evident that the
upward movement of petroleum must be restricted in order that accumu-
lations exist at depth. A natural barrier, or trap, must exist for a petro-
leum accumulation to form. Traps associated with oil fields are, in general,
complex.

Wilkelm* proposed a classification system for traps which differentiates
between factors indicating the structural environment of a reservoir in an
area and the actual attitude or situation of the reservoir bed. The classi-
fication system is expressed by means of 2 group of structural environment
indicators and by a group of trap indicators.

Trap indicators are grouped as follows:

A. Convex trap reservoirs, which are completely surrounded by edge-
water, as the porosity extends in all directions beyond the reservoir areas.
The reservoir peripheries are therefore defined by uninterrupted edgewater
limits. The trap is due to convexity alone.

B. Permeability trap reservoirs, with a periphery partly defined by edge-
water and partly by the barrier resulting from the loss of permeability in
the reservoir layer. In the extreme case, the reservoir may be entirely sur-
rounded by such a permeability barrier.

C. Pinchout* trap reservoirs, with the periphery partly defined by edge-
water and partly by the margin due to the pinchout of the reservoir bed.

F. Fault trap reservoirs, with the periphery partly defined by edgewater
and partly by a fault boundary.

G. Piercement trap reservoirs, with the periphery partly defined by
edgewater and partly by piercement contact. :

Figure 1-1 shows elementary reservoir traps in sectional view,
The structural environment indicators are as follows:

i. Dome and anticline, representing the most important types of uplifts
in reservoir structures

2. Structural salient, nose, arch, or promontory

3. Btructural terrace or platform

* Pinchout, refers to the wedging out of the formation against another.

INTRODUCTION 13

4. Mozocline-homocline flexure
5. Plunging syncline
6. Absence of controlling structural conditions
Figure 1-2 presents contours of structural environments. .
A complete classificotion, then, of a petroleum trap is a combination of
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Fre. 1-2. Contours of struetural environ-
ments. {¢) Dome; (b) anticline; {¢)
piercement salt dome; (d) structural
salient; (e) struectural terrace; (f) mono-
cline; (g) plunging syncline. (From Wil-
helm*)

Fic. 1-1. Elementary traps in
sectional view. (&) Simple
convex trap (by folding); (b}
simple convex trap (by dif-
ferential thickness); (¢) per-
meability trap; (d) pinchout
trap; (e} fault trap; (f) plerce-
ment trap. (From Wilhelm?®)

one of the elementary reservoir traps and one of the structural environ-
ment indicators. That is, the structure in the area in which the trap exists
defines the structural environment; the actual attitude or configuration of
a petroleum reservoir defermines the trap classification. Some reservoirs,
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of course, are complex and result from a combination of two or more of the
elementary trap features.

For an accumulation of oil or gas to exist, there must be closure* in the
trap. The classification system discussed recognizes this requirement for
closure and further recognizes that the reservoir rock must be overlain by
impermeable beds so that oil or gas accumulation cannot seep from the
trap and migrate to higher beds in the stratigraphie sequence. The classi-
fication system allows differentiation between an oil field and a reservoir.
An oil field is defined simply by its areal extent on the surface of the ground,
while a petroleum reservoir involves a contimuity of reservoir rock and
fluid. An oil field may encompass several oil Teservoirs,

In general, in petroleum exploration, it is possible to evaluate and define
structural environment indieators from geophysical and regional geologic
information. Furthermore, it is possible to define from such information
some of the trap indicators, such as a eonvex trap, a fault trap, or a pier-
cement trap. The permeability trap and the pinchout trap, however, are
disclosed only by the drill. Even though traps exist, there is no assurance
that a commercial petroleum accumulation exists. A trap is a necessary
but not sufficient condition for a petroleum aecumulation. Therefore, not
all traps form petroleum reservoirs.

Distribution of Hydrocarbon Fluids in Traps

Porous rocks are fluid-permeated, containing oil, gas, or water. Gravi-
tational and capillary forces largely control the distribution of these fluids
in petreleum accumulations.

The gravitational forces cause the less dense fluids to seek the higher
positions in the trap. Capillary forces tend to cause a wetting fluid to rise
into pore space containing a nonwetting fAuid. Water, in general, is a
wetting fluid with respect to oil and gas, and oil is a wetting fluid with
respect to gas. Capillarity tends to counteract the force of gravity in
segregating the fluids. Prior to the disturbance of the accumulation, an
equilibrium exists between the capillary and gravitational forees.

Typical fluid distributions resulting from the equilibrium of these forces
are shown schematically by sectional views of a domal trap in Fig. 1-3,
Also illustrated in the figure are the possible modes of occurrence of gas:
(1) solution gas, (2) associated free g9, (3) nonassociated free gas.

The accumulation of crude oil is shown in Fig. 1-3a. At the conditions
of pressure and temperature existing in the trap, only oil and water are
present. The oil is aceumulated in the top of the trap and is underlain by
water. Between the oil zone and the water zone, an oil-water transitional
zone exists. The pore space of the rock in the oil zone contains 3 small
amount of water (commonly called connate water). The fraction of the

* Closure is the height between the lowermost closed contour and the top of the trap.
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pore space occupied by water inereases with depth in the transitional zone
so that the base of the tranpsitional zone is delineatt'ad by completel.y
water-saturated pore space. Natural gas initially occurs in such a reservoir

only as solution gas.

fransition zone

/G‘as cap

Gas-orl

()
Pig. 1-3. Sketch showing typical fluid distributions in hy_drocarbon resenn_)irs. (a) Oil
-ngervoir; (b) associated oil-gas reservoir; {¢) nonassociated gas reservoir.

An aceumulation in which both erude oil {(liquid phase) and natural gas
(free gas phase) oecur at the eonditions of pressure and tem;_)erature .emst~
ing in the trap is shown in Fig. 1-3b. The natural gas oceupies the h'lghest
position of the trap and forms a “gas cap.” The erude oil occupies an
intermediate position and is, in turn, underlain by water. _

Transitional zones are shown both between the gas and the oil and be-
tween the oil and water. These are zones of variable saturation in the wet-
ting and nonwetting fluids. Connate water exists in the gas cap as 'weII as
in the oil zone. The natural gas occurring in such an accumulation is com-
prised of the associated free gas in the gas cap and the solution gas dis-

solved in the crude oil.
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An accumulation of only natural gas is shown in Fig. 1-3¢. The £as zone
is underlain by a gas-water transitional zone and water. The gas zone con-
tains connate water, which increases with depth in the transitional zone to
complete water saturation in the water zone. The gas In this accumulation
is nonassociated gas, as no crude oil exists in the accumulation,

The hydrocarbon fluids which occur in a given trap depend on unknown
factors involved in the origin and accumulation of the hydrocarbons. The
fluids which oecur in 3 trap may be disclosed only by the drill.

Lithology of Petroleum Reservoirs
A petroleum reservoir may be defined according to Urens as:

. & body of porous and permeable rock containing il and gas through which
fluids may move toward recovery openings under the pressures existing or that may
be applied. All communicating pore space within the productive formation is prop-
erly a part of the rock, which may include several or many individual rock strats,
and may eneompass bodies of impermesnble and barren shale. The latersl expanse
of such a reservoir is contingent only upon the continuity of pore space and the
ability of the fluids to move through the rock pores under the pressures available.

It is appropriate therefore in the study of petroleum-reservoir engineer-
ing to review briefly some of the rocks with which engineers must deal.
Virtually all oil- and gas-bearing rocks are sedimentary in origin. There-
fore, this discussion is confined to sedimentary rocks. While it is possible
to classify sedimentary materials according to their mineralogical eomposi-
tion or other similar classifications, it is convenient to classify them aceord-
ing to their origin. Two major subdivisions, then, can be considered: the
dominantly fragmental sediments and the partly fragmental, partly precipi-
tated sediments. The dominantly fragmental sediments can conveniently
be subdivided according to textural considerations into the conglomerates,
sandstones, siltstones, and shales, or mudstones. Of these materials, sand-
stones are the most important reservoir rock material. Limestones and
dolomites are important petroleum reservoir roeks which are partly frag-
mental, partly precipitated in origin. Limestones and dolomites may be of
mechanical or chemieal origin or may be developed as a result of both
processes of deposition.

The three most common sedimentary rocks associated with petroleum
Feservoirs are sandstone, shale, and limestone. In fact, these sedimentary
rocks are 50 common in the subsurface with respect to petroleum reservoirs
that it is convenient to think of all the sedimentary rocks as being com-
posed of these materials. Figure 1-4 shows lithologic relationship of these
common rock materials. The nomenclature used is common 10 the oil field
and indicates the gradation from one type of rock to another.

Sandstones ean further be divided into three classifications with respect
to origin, as proposed by Krynine™ and described by Pirson.®* Kyrnine has
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elassified sandstones into orthoquartzite, graywacke, and arkose. An ortho-
quartzite is a sedimentary quartzite developed as a result of excessiv'e
silicification without the impress of metamorphism and is comprised pri-
marily of quartz and other stable minerals. The cementing msterial is

Sandstone
100%

Limy sandstone Shaly sandstons

Sonéy limestone Sandy shala

Shale
I Limy shale 100%

Limestone
100% Shaly limestone

Fi6. 14. Three-component diagram of sedimentary rock constituents. (From Vance)

primarily carbonate or silica, and the orthoquartzites are relatively clean
sediments, that is, free from shales and clay. Figure 1-5 shows the cOTApO-
sition of quartzite sediments and the minerals present in such a rock mate-
rial. Such sediments, according to Krynine, are derived from relatively

Quartz grains

[{ITi] Secondary $i0, overgrowih
Dolomite

5 Pyrite

1 Pore space

0t 02 03
Ll T

Scale in mm

Fra. 1-5. Dolomite guartzite of Wilcox, Qkla., oil-sand type. (From Pirson®)

low-lying coastal plains bordered by shallow seas in periods of quiescence.
In general, quartzites are extensive in area and, owing to the relative qui-
escence of the depositional environment, are usually quite uniform. Local
variation in properties may be due to secondary cementation with gypsum,
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glauconite, or other such material. The idealized conditions giving rise to
orthoquartzite sediments are illustrated in Fig. 1-6.

The second subdivision of sandstones is graywacke, which is composed
of large angular grains, mainly quartz, feldspar, and rock fragments. The

. ~—— Land of | i
—e———~Geosyncline ——— ——Continental shelf —a Ad of low ralief —-

Seaq level

o

~ Metamarphic
4+ basement
~  complex .

-

+ batholith +3 %
o4+ o+ o+ o+7

Fic. 1-8. Idealized land and sea conditions which give rise to Quartzose-type sedi-~
ments. {(From Pirson®)

cementing materials are clays and carbonate. The land and sea conditions
which give rise to graywacke-type sediments are depicted in Fig. 1-7.
Note that the land from which the sediments are derived is of moderate
relief. Because of the more rapid erosion and transport of the rock frag-
ments from the land area to the site of deposition, & greater variety of rock

~—Land of moderate relief ~——
Old sediments:
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Fra. 1-7. Idealized land and sea conditions which ive rise to acke-t; i-
ments. (From Pirsonf) & graymackertype sedi

fragments remains unaltered than in an orthoquartzite. Figure 1-8 illus-
trates the rocks and rock materials comprising a typical graywacke, such
as encountered in the Gulf Coast area. Note in particular the oecurrence
of clay and other micaceous material. Illite is believed to be the principal
clay mineral occurring in graywacke. Graywackes are frequently lenticular
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and occur ag numerous thin sand bodies in a thick sequence of sediments.
The Frio formation of the Gulf Coast of Texas and Louisiana is a typical

graywacke.
An arkose or arkosic sandstone contains 25 per cent or more feldspar

Scale in mm
E Quartz Corbonate Phyltite fragment
Chert [ Pore space Fe®d Micaceous "cloyey paste™
E==] Mica ftake  [-J(] Quartzite fragment Iniite replacing quartz

Fi6. 1-8. Graywacke of the Bradford and Guif Eccene oil-sand type. (From Pirson®)

derived from acid igneous rock. Arkose is usually coarse grained and is
derived from lands of steep relief during periods of intense diastrophism.
Sinee transport of the materials from the uplands to the site of deposition
is relatively rapid, many unstable minerals do not decompose. The cement-
ing material is chiefly clay containing a large percentage of kaolinite but
also high proportions of reactive clays, such as montmorillonite. The
sediments are characterized by thick sections of poorly sorted material.
Because of the poor sorting and the variety of minerals composing arkose,
the physical properties of the rock are quite variable. Figure 1-9 illustrates
the conditions giving rise to arkosic sediments, while Fig. 1-10 iilustrates
the minerals and rock materials comprising a typical arkose. Note the
poor sorting and the relative angularity of the materials comprising an
arkose,

Limestones, dolomites, and other earbonate reservair rock materials are
frequently derived by precipitation. Limestones are typically extensive
and massive. A pure limestone or dolomite rarely occurs owing to the
presence of varying amounts of detrital material. Carbonate reservoir
rocks can be divided into the following lithologic types: oolitic limestone,
limestone, chalk, dolomitic limestones, dolomites, and cherty limestones
and dolomites. Of these materials the physical properties of only the oolitic
limestone are largely determined by the depositional environment. The
remaining carbonate rocks are largely finely erystalline, and their physieal
properties depend greatly on such processes as deformation and solution
after deposition. A limestone has little resistance to tension, and when it
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is subjected to tension forces, fractures develop, thus allowing subsurface
waters to percolate through those fractures, subjecting the carbonate mate-
rial to processes of secondary solution and deposition.

Shales are of little importance as reservoir rocks but comprise a large

~——Land of step relief ——gm

Very-short or
non existent
‘continental shelf

Granitic
batholith
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Fre. 1-9. Idealized Jand and sea conditions which ive rise t 7
(From Pirson®) gt o arkose-type sediments.
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Fi6. 1-10. Arkose of the Stevens, Calif., oil-sand type. (From Pirson?)

proportion of the caprock or impermeable seals which are necessary for
any petroleum reservoir. Shales are quite fine-grained and offer high re-
gstance to migration of fluids. Since shales behave as plastics under load-
ing, fracturing occurs infrequently.

Wilhelm* presented the following list of reservoir rocks:

1Q.

11.

12.

13.

14.
15.

16.
17.

. Sugary dolomite, “saccharoi
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LIST OF RESERVOIR ROCKS*t

. Sand, conglomeratic sand, and gravel in varying state of eonsolidation,

porosity due to fragmental textures, commmon

a. Clean sands, ete., pore space between sand grains uncontaminated

b. Argillaceous sands, etc., pore space partly filled with argillaceous
matter

¢. Silty sands, ete., pore space partly filled with silt

d. Lignitic sands, etc., pore space partly filled with lignitic matter

e. Bentonitic sands, pore space partly filled with voleanie ash

. Porous caleareous sandstone and siliceous sandstone, porosity due to

incomplete cementation, frequent

. Fractured sandstone and fractured conglomerate, porosity due to

fracturing in tight sandstones or hard conglomerates caused by fault-
ing or sharp folding, infrequent

. Arkesic (feldspathic) sand, arkose, arkosic éongiomerate (granite

wash), porosity due to fragmental texture, infrequent

. Detrital imestone {calcitic and dolomitic), porosity due to fragmental

texture and frequently inereased by solution, common

. Porous crystalline limestone (calecitie and dolomitic), porosity due

mainly to solution, common

. Cavernous crystalline limestone (ealeitic and dolomitic), pofosity due

to strong solution effects, common. Note: 5, 6, and 7 are not sharply
separable

. Fractured limestone (calcitie, dolomitie, and siliceous), porosity due to

open fissures along fracture patterns, frequent

” porosity possibly due to volume
shrinkage in the process of formation of dolomite from caleitic sedi-
ment, common

Oolitic limestone, porosity due to oolitic texture with uncemented or
partially cemented interstices, frequent

Coguina and shell breccia, porosity due to fragmental texture, in-
frequent

Crinoidal limestone, a variety of coquina, porosity due to fragmental
texture, infrequent )

Porous cap rock on shallow salt plugs, porosity due to solution, in-
frequent :

Honeycombed anhydrite, porosity due to leaching, rare ‘
Fractured shale, porosity due to fracturing of brittle siliceous shale
under sharp folding, rare

Fractured chert, porosity due {o fracturing under sharp folding, rare
Porous tectonic breccia, formed along fault and thrust zones, porosity
mainly due to incomplete cementation or subsequent solution, rare
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18. Contact-metamorphie shales, porosity due to volume shrinkage after
“baking,” rare .

19. Porous igneous rock, porosity primary as in tuffs or due to fracturing
s in basalt or due to decomposition, rare

The references—common, frequent, infrequent, rare—following each
major rock type indicate the relative frequency of oceurrence.

Drilling

Oil and gas are produced from the earth by means of wells drilled to the
reservoir rock. Any drilling method must meet two requirements: (1) a
means of breaking or abrading the formations to be penetrated and (2) a
means of removing the cuttings or the rock fragments which are produced
in the drilling operation. Although many methods may be conceived which
ean accomplish these two purposes, oil-well drilling has been restricted
largely to two methods. These methods may be identified as (1) churn
drilling and (2) rotary drilling. A third category is sometimes included, a
combination of the two foregoing drilling methods.

Cable-tool Drilling

While there are many variations of the churn-drilling method, that com-
monly used in the United States is known as cable-tool drilling. Approxi-
mately 15 per cent of all the holes drilled in the United States each year
are drilled by the cable-tool method. Cable-tool drilling is used to a great
extent in the Appalachian area. The cable-tool rigs used are spudders,
drilling maechines, or American Standard eable-tool rigs. The principal
components of the cable-tool drilling rig together with a sectional view of
the hole with the drilling tools are shown in Fig. 1-11. The drilling tools
are comprised of a bit, a drill stem, jars, and rope socket suspended on a
wire rope. To drill, the tools are lowered to the bottom of the hole and the
drilling line attached to the walking beam which imparts a reciprocating
motion to the tools. This reciprocating motion causes the tools to strike
¢ repeated blows on the formations at the bottom of the hole, thus causing
breaking or abrading of the formation by a simple pounding or chipping
action. After a certain amount of material has been broken from the for-
mation, the drilling motion is interrupted and the drilling tools are removed
from the hole.

After the tools have been retrieved to the surface and set back, a bailer
is lowered into the hole to remove the broken formation material or cut-
tings. Water is added to the hole pericdically as drilling progresses. Thus
the cuttings in eable-tool drilling are suspended in a thin mud slurry. In
. eable-tool drilling, the fluid to suspend the cuttings is maintained at a low
level, only partially filling the hole. More effective blows are struck by
the tools if a low head of fluid is maintained during the drilling operation.
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It is apparent that as the formations are penetrated, the.ﬂuids contained
within those formations may readily enter the well bore, since the pressure
in the bore hole is only that of a low head of fluid. It is necessary in many

SHEAVES
CROWN BLOCK
WATER TABLE

SAND LINE

SOCKET

Fr6. 1-11. Prineipal components of a cable-tool drilling rig with drilling tools in tne
hole. (From Uren?)

areas to insert casing in the hole as the drilling operation pro(':eed_s to
exclude water from the well bore in order that the 1.101e be maintained
relatively free of fluid and the drilling operation be unimpeded. In cable-
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tool drilling, commercial oil- or gas-bearing sands are indicated by the
entry of oil and gas into the well bore. For many engineering and geo-
logical purposes, however, the mere
knowledge of the presence of ol
and gas is not sufficient. Certain
physical measurements are required
on the reservoir rock material,

The cuttings from normal drilling
operations are quite small. In addi-
tion, materials such as shales and
clays, which may be included in the
rocks penetrated, become readily
dispersed in water. Two techniques
are used in cable-tool drilling to
obtain Iarger formation samples,
The first is cable-tool coring; the
second is chip coring. Cable-tool
coring is conducted by attaching to
the string of tools, not a bit, but a
cable-tool core barrel, such as the
Baker cable-tool core barrel illus-
frated in Fig. 1-12. The Baker
cable-tool core barrel is composed
of an inner barrel and an outer
barrel. The drilling motion drives
the inner barrel into the formation
while causing the outer barrel to
excave formation from around the
inner barrel, allowing a cylindrical
section of rock to enter the inner
barrel. The core barrel is approxi-
mately 10 ft in length. After that
amount of formation has been cut,
the core barrel is retrieved to the
surface, where the cylindrical core
is extruded from the inner core
barrel.

Chip coring utilizes a bit specially
Fic. 1-12. Baker cable-tool core barrel. sharpened to wedge point so that,
?(}S::T)'tesy of the Baker Oil Tool Com- in the drilling action, the fragments

) of formations obtained will be some-
vsrhat larger than those obtained during the regular drilling motion. In addi-
tion, the hole is bailed more frequently with a device known as a sand

Circulation holes
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pump. The sand pump is so designed that a suction is created to aid in
picking up roek fragments contained in the well bore.

While core samples represent satisfactorily the physical properties of
the formations penetrated, the fluid contents of the core are not those of
the undisturbed rock. The core has been subjected to two processes whick
disturb the fluid contents of the rock. The processes are (1) pressure re-
duction, allowing the fluids contained within the formation to expand and
be expelled from the core, and (2) flushing by the drilling fluid as the con-
tents of the rock tend to come to pressure equilibrium with the well bore
fluid. If the rock contains gas and oil and the well fluid is water, the water
will tend to enter the rock and occupy space voided by oil or gas. Thus,
the core sample obtained does not contain the original reservoir fluid.

Rotary Prilling

The rotary drilling method has, in the last fifty years, largely supplanted
the cable-tool drilling method in the United States. About 85 per cent of
the wells drilled in the United States are drilled by the rotary method. As
its name implies, the rotary drilling method utilizes the rotational motion
of a bit operating in the hole to break or abrade the formations. This bit
is attached by means of one or more drill collars to a string of drill pipe
which extends to the surface. At the surface, a rotary motion is imparted
to the drill pipe by means of a rotary table and a special joint of pipe
known as the Kelly joint. The cuttings are removed from the hole by means
of a circulating fluid, commonly a water-base fluid or driling mud. In
normal eirculation, the drilling fluid is pumped down through the Kelly
joint, drill pipe, and the bit, returning to the surface in the annular space
between the drill pipe and the wall of the hole. The cuttings are trans-
ported to the surface by the circulating fluid in the annular space. A
typical rotary rig is shown in Fig. 1-13.

In contrast to cable-tool drilling, the hole in rotary drilling is filled with
a fluid. This fluid exerts a hydrostatic pressure on the formations pene-
trated which is much greater than the hydrostatic pressure exerted by the
relatively low head of fluid used in cable-tool drilling. The formation, as
it is drilled, is broken into small fragments and can be recovered at the
surface from the drilling fluid. It may be noted that these cuttings are
subjected to flushing throughout their transport from the bottom of the
hole to the surface, and in fact, owing to the pressure exerted by the column
of drilling fluid, there is flushing ahead of the bit. Also, the cuttings are
subjected to pressure reduction as they rise in the drilling fluid and are
brought to the surface. Therefore, euttings obtained from rotary drilling
are flushed in the same fashion essentially as are the cuttings from cable-
tool drilling. In the normal course of rotary drilling, the formation Auids
cannot enter the well bore, as the hydrostatic pressure of the mud column
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Is greater than formational fluid pressures. Therefore, it is possible to drill
through oil- and gas-bearing formations without detecting them in the
course of drilling,

Rotary drilling fluids can be grouped into three broad categories, de-

Crown block

Rotary hose

Kelly

Substructure

Arrows indicate direction
of mud flow

Driff pipe

Fi6. 1-13. Rotary drilling rig. (Adapted from “Primer of Oil Well Drilling.” %)

pending upon the base of the drilling fluid. These categories are (1) water-
base fluids, (2) oil-base fluids, and (3) air or gas in the order of frequency of
use. Both water-base and oil-base muds consist of a continuous Licquid
phase, the base, and dispersed solids. The dispersed solids increase the
density of the fluid and impart desirable eolloidal properties to the mud
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fluid. When a porous formation is penetrated, the dispersed solids form 3
filter cake which restricts the entry of the drilling fluid into the formation.
A portion of the liquid phase, however, is filtered out in forming the cake.

This liquid phase is called filtrate
and is water and oil for water-base
and oil-base muds, respectively.
The formation cuttings are flushed
primarily with filtrate.

In order to obtain samples of
sufficient size for the measurement
of physical properties of the forma-
tion rock, it is necessary in rotary
drilling to core the formations.
There are essentially two types of
rotary coring devices: (1) the
bottom-hole type device and (2) the
side-wall-type device. The bottorn-
hole coring device, as the name im-
plies, is used to core formations as
the hole is drilled deeper. The side-
wall coring device is used to obtain
samples of formations that have
previously been penetrated by the
drill. Figure 1-14 shows a conven-
tional rotary core barrel used for
bottom-hole coring. This type of
device obtains a sample approxi-
mately 3 in. in diameter and up to
70 ft in length. Side-wall coring
devices, however, obtain smaller
samples, ranging from about 34 in.
in diameter and 2 in. long to about
1 in. in diameter and about 6 in.
long. It is apparent that cores cut
either with bottom-hole coring

(g}

Fre. 1-14. Rotary core barrel and bits.
{e) Core barrel; (b) hard-formation cut~
ter head; (¢} soft-formation cutter head.
(Courtesy of the Hughes Tool Company.)

devices or with side-wall caring devices are subjected to the same processes
that the cuttings are subjected to, that is, flushing and expulsion of fluids
on pressure reduction. In the early 1940s, a pressure core barrel was devel-
oped in order to investigate the original fluid contents of formations cut
with rotary core barrels, Numerous field tests with the pressure core
barrel proved that flushing oceurred ahead of the bit.

A more detailed discussion of drilling methods and drilling fluids is in-
cluded in other texts such as Uren® and Brantiy,u
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In rotary-drilled wells, examination of the euttings and core samples
is not sufficient o evaluate fully the formations penetrated. Various
“logging” methods, such as electrical logging and radioactive logging,
vield additional information useful to the engineer and geologist. These
devices reflect physical properties of the formations and of the formation
fluids. Therefore, it is possible to identify the lithologic units penetrated
by the drill and further to evaluate the fluid content of these formations.

The evidence on fluid contents as determined from cores and from logging
methods can further be confirmed by use of the drill-stem test. The drill-
stem test is essentially & means of making a temporary completion using
the drill pipe. By making such a temporary completion, the hydrostatic
head of drilling fluid may be relieved from the formation and the formation
fluids allowed to produce under control into the drill pipe.

Well Completion and Production

After the oil- or gas-bearing formation has been identified, in the case
either of cable-tool or rotary drilling, it is necessary to complete the well.
To complete the well, a string of casing is ordinarily run to or through the
formation of interest, The string of casing is simply steel pipe of sufficient
diameter that operations can be conducted within it. The ecasing supports
the walls of the well, excludes fluids from intervals other than that in which
it is desired to produce, and confines the produced fluids to the well bore.
The annular space between the wall of the well bore and the cutside of the
casing is commonly filled with cement. If the casing has been set through
a formation, it is necessary to perforate the casing and the cement in the
annular space so that the fluid contained within the objective formation
can enter the well bore. In addition to the string of easing, an auxiliary
and smaller string of pipe is usually suspended in the string of casing. This
string is referred to as the tubing and is used to conduct the produced fluids
to the surface. Fluid from oil wells may be expelled to the surface by the
available energy of the reservoir fluids or may be artificially lifted. The
reservoir pressure and gas in solution determine the available energy.
Artificial lift is accomplished either by pumping or by introducing extrane-
ous gas into the well bore to gas-lift the fluid,

Since the fluid produced from an oil well is comprised of both crude oil
and natural gas, provisions must be made at the surface for separating the
fluids when they are obtained. The fluid normally flows from the well
head to an oil and gas separator, where the gas is separated from the oil.
The oil is then condueted to stock tanks for lease storage. The gas is nor-
mally gathered and sent to a gasoline plant, where it is processed further
into liquid components and into residue gas, which is either returned to
the formation or sold for fuel. Quantities of water are also normally pro-
duced during the life of a well. Therefore, provisions must be made for

INTRODUCTION 29

removing the water from the well stream. Water is removed by gunbarrel
or other types of water knockouts and then siphoned off from the liquid
petroleum. The generalized production system for an oil well is shown in
Fig. 1-15.
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Fie. 1-15. Generalized production system. (Adapted from “Primer of Oil and Gas
Production.” %)

Crude oil is normally gauged in the stock tanks in which it is gathered
and stored after being separated from the gas and water with which it may
have been produced. Crude-oil production in the United States is reported
in barrels of stock-tank oil. An oil field barrel is defined as 42 U.S. gal. The
standard conditions for reporting oil volumes are 60°F and atmospheric
pressure.

The gas off the separator is ordinarily metered by means of an orifice
meter and is reported in cubie feet at standard conditions of pressure and
temperature. Standard conditions for gas measurement are defined by
statute in the various states but approximates atmospheric pressure and
temperature, In Table 1-8, statutory standards are shown for several
states. In most fields, the stock-tank vapors, that is, gas released from the
oil in the stock tank, is not measured, so that the measured gas volumes
reflect the volume of gas produced from the separator. Water, of course,
is an extraneous fuid of no value and is rarely measured with precision.
Water volumes are reported in barrels. Accurate records of the produced
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TaeLe 1-8. StraNparD PRESSURES FOR (FAS MEASUREMENT
IN VaARIOUS STATES

Statfe or prf::iie, teBni:Gf, Corrt_action for ’devia.t.ion
province psia oF from Boyle’s law
Arkansas 14.65 60
Californis, 14.78 60
Colorado 15.025 60
Nlinois 14.65 60
Kansas 14.65 60 Above 100 psig
Louisiana 15.025 60 Above 200 psig
Michigan 14.73 60
Mississippi 15.025 60
New Mexico 15.025 60
Oklahoma 14.65 60 Above 200 psig
Texas 14.65 60 Above 100 psig
Utah 15.025 60
West Virginia 14.85 60
Wyoming 15.025 60
Canada:
Alberta, 14.4 60 If deviation is more than 19,
British Columbia 14.4 60 If deviation is more than 1%,
Saskatchewan 14.65 60

soURCE: Compiled from data supplied by state agencies, U.S. Bureau of Mines, and

Phillips Petroleum Company.

fluid volumes and of reservoir pressuie are necessary for engineering analy-
sis of well and reservoir problems. Typical field data are shown graphically
in Fig. 1-16.

Reservoir Performance

The reservoir engineer is, of course, concerned with the production of
-oil and gas from the reservoir and primarily with the methods of stimulating
or increasing the recovery from the reservoir as a whole. A basic under-
standing of drilling and production operations is required in reservoir en-
gineering, as the hydrocarbon fluids are withdrawn from the earth through
the well bore. In addition, virtually all the information upon which a
reservoir engineer can base his studies must be obtained from these same
well bores in terms of well logs, formation samples, samples of oil and gas,
oil- and gas-production statistics, and reservoir pressures.

Efficient drilling and completion operations depend upon the physical
properties of the rocks which are penetrated and in particular upon the
properties of the producing formation. In addition, efficient production
operations depend on a knowledge of formation characteristics, distribu-
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tion of fluids within the formation, and the data requirements of the reser-
voir engineer. While this text is essentially a text on reservoir engineering,
its purpose is also to report and discuss those subjects in which reservoir
engineering, drilling engineering, and production engineering have com-
mon interests.
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Fig. 1-16. Typical field production history.

An oil field is comprised of an aggregate of well bores penetrating one
or-more petroleum reservoirs in the subsurface. Modern development
methods involve drilling of wells on a spacing of one well to each 20 to 40
acres. The question then arises, What forces the petroleum hydrocarbons
to the well bore so that they can be produced to the surface? Several
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sources of energy exist in the formation. One of these sources is the expan-
sive energy of the hydrocarbon fluid. In the case of gas the material is
confined under pressure, and when the formation is opened to a well bore
existing at a lower pressure, the fluid will tend to expand and flow toward
the pressure sink. This, too, is true of erude oil or liquid petroleum. If the
well constitutes a pressure sink, then fluid will migrate through the porous
reservoir material to the well bore. In the case of liquid petroleum, the
natural energy is the expansive energy of the liquid petroleum and the gas
dissolved in the liquid petroleum at the elevated pressure at which the
petroleum was confined. Frequently oil fields are found in which a part of
the reservoir is liquid-saturated and a part of the reservoir rock is gas-
saturated. This type of accumulation is referred to as an oil reservoir with
a gas cap. The liquid petroleum may be forced toward the well bores by
the expansive energy not only of the liquid petroleum and the dissolved gas
but of the overlying gas cap. In addition to the expansive energy of the
petroleum hydrocarbons, all petroleum aceumulations are associated with
water. The oil accumulation may be surrounded by water-bearing forma-
tions. This water also is subjected to elevated pressures in the subsurface,
and upon withdrawal of fluid from the petroleum reservoir, the reserveir
becomes a pressure sink and the contiguous water expands into the petro-
leum reservoir, thus displacing oil or gas toward the well bores. In addition
to the expansive energies present, there is also the force of gravity acting
at all times upon the fluids. The primary effect of the force of gravity
throughout most of the history of petroleum reservoirs is to promote the
segregation of the various fluids. That is, gas tends to occupy the higher
places in the accumulation; oil, being more dense than gas and less dense
than water, tends to oceupy the intermediate position ; and water, of course,
tends to underlie the petroleum accumulation.

Some reservoirs may be closed, owing to the geologic environment in
which they were formed, so that the associated volume of water is quite
small. In this case the energy available to displace the hydrocarbon to the
well bores is solely that of the hydrocarbon itself. A petroleum reservoir in
which originally no free gas cap and no associated active water existed is
referred to as a solution-gas-drive reservoir; the principal energy for pro-
ducing the petroleum is that of the £as in solution in the oil.

A petroleum reservoir containing an original free gas cap but with no
associated active water produces by a process or drive which is referred to
as solution-gas—gas-cap drive.

A petroleum reservoir which is associated with water-bearing formations
that are so active that little or no pressure drop ocecurs in the petroleum
reservoir on the withdrawal of hydrocarbon fluids is referred to as a water-
drive reservoir. That is, water from the surrounding aquifer enters the
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reservoir almost as rapidly as the hydroearbon fluid is withdrawn, there-
fore preventing any substantial decline in pressure.

The force of gravity does not become important as a driving mechanism
until the reservoir becomes substantially depleted. However, as previously
mentioned, gravitational forces are present in all the thrée preceding mech-
anisms and play a substantisl role in the distribution of the fluids in that
gravity tends to promote segregation of the fluids contained within the
Teservoir,

The various drives are characterized by pressure-production history.
Typieal pressure-production histories of the three major drives are com-
pared in Fig. 1-17. The solution-gas drive is characterized by 2 rapid pres-

1
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Fre. 1-17. Typical pressure-production histories of the three major drives. (From
Clark ™)

sure decline and a low recovery efficiency. In the gas-cap—drive reservoir
pressure is maintained at higher levels than in the solution-gas drive, and
recovery efficiency is thus improved. The degree of improvement depends
on the size of the gas cap relative to the oil zone and on the production
procedure used. Water drive is the most efficient in maintaining reservoir
pressure and usually yields the highest recovery efficiency. However, a
gas-cap drive, managed to secure the greatest aid from gravitational forces,
may yield a greater recovery efficiency than a water drive.

Most petroleum reservoirs are subjected to one or more drives either
simultaneously or at various times throughout the life of the reservoir.
For instance, a large reservoir after initial discovery may behave in its
early life as if it were solution-gas drive. Then after a short period of
production, the associated gas cap becomes effective and contributes sub-
stantially to the energy of the reservoir. Furthermore, after substantial
withdrawals have been made, enough pressure drop may have been estab-
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lished in the adjacent aquifer so that water drive may become an important
part of the reservoir mechanism. Reservoirs having more than one type of
drive present are referred to as combination-drive reservoirs. Petroleum
reservoirs confaining only material in the gaseous phase at reservoir con-
ditions are generally referred to 2s gas or condensate reservoirs.

The reservoir engineer must identify the drive mechanisms of a reservoir
and develop production procedures to secure the maximum economic re-
covery efficiency. The production procedures recommended may include
supplementation of natural energy by fluid injection. The fluid injection
may involve the return of gas, water, or gas and water to the reservoir.
One of the many possible injection procedures is shown schematically in
Fig. 1-18.

Water—injection Qil-producing Gas—-injection
well well well

Woter-oil zone

Water zone

Fra. 1-18. Diagram showing the supplementing of natural reservoir energy by water
injection into the water zone and gas injection into the gas cap.

If fluid injection is undertaken prior to the substantial depletion of the
natural reservoir energy, the process is usually referred to as pressure
‘maintenance. Fluid injection into a depleted reservoir is usually termed
secondary recovery.

This text and its companion volume will develop systematically the
fundamental concepts from which reservoir analyses can be made. The
measurement, collection, and reduction of data will be discussed. Methods
of evaluating well and reservoir performance will be developed, and appli-
cations presented. These methods will be extended to the prediction of
Teservoir performance under various modes of operation.
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CHAPTER 2

FUNDAMENTAL PROPERTIES OF
FLUID-PERMEATED ROCKS

INTRODUCTION

Naturally occurring rocks are in general permeated with fluid, water, oil,
or gas or combinations of these fluids. The reservoir engineer is concerned
with the quantities of fluids contained within the rocks, the transmissivity
of fluids through the rocks, and other related properties.

These properties depend on the rock and frequently upon the distribution
or character of the fluid occurring within the rock. In this and the follow-
ing chapter, properties of rocks containing fluids will be discussed.

This chapter deals with the properties which are considered fundamental
and from which other properties and concepts can be developed. The
properties discussed are the porosity—a measure of the void space in o
rock; the permeability—a measure of the fluid transmissivity of a rock;
the fluid saturation—a measure of the gross fluid distribution within a
rock; and the electrical conductivity of fluid-saturated rocks—a measure
of the conductivity of the rock and its contained fluids to elecirical current.
These properties constitute a set of fundamental parameters by which the
rock can be quantitatively described.

POROSITY

From the reservoir-engineering standpoint, one of the most important
rock properties is porosity, & measure of the space available for storage of
petroleum hydrocarbon. Porosity is defined as the ratio of the void space
in a rock to the bulk volume of that rock multiplied by 100 to express
in per cent. Porosity may be classified according to the mode of origin
as (1) original and (2) induced. Original porosity is that developed in the
deposition of the material, while induced porosity is that developed by
some geologic process subsequent to deposition of the rock. Original poros-
ity is typified by the intergranular porosity of sandstones and the inter-
crystalline and oolitic porosity of some limestones. Induced porosity is
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typified by fracture development as found in some shales and limestones
and by the vugs or solution eavities commeonly found in limestones. Rocks
having original porosity are more uniform in their characteristics than

-those rocks in which a large part of the porosity is indueced. For direct

quantitative measurement of porosity, reliance must be placed on forma-
tion samples obtained by coring.

Early investigations of porosity were conducted $0 a large extent by
investigators in the fields of ground-water geology, chemical engineering,
and ceramics. Therefore, much of the interest was centered on the inves-
tigation of the porosity of unconsolidated materials. In an effort to deter-
mine approximate limits of porosity values, Slichter' and, later, Graton
and Fraser’ computed the porosity of various packing arrangements of
uniform spheres. Unit cells of two of the packings studied are shown in
Fig. 2-1. The porosity for cubical packing (the least compact arrangement)
is 47.6 per cent, and that for thombohedral (the most eompact arrange-
ment) is 25.96 per cent. Considering cubic packing, the porosity can be
calculated as follows:

Porosity = 47.6% Porosity =25.96%

- . &
20° @}’ @
o
{a)

(&)

Fig. 2-1. Unit cells and groups of uniform spheres for cubic and rhombohedral pack-
ing. {a) Cubie, or wide-packed; (b) rhombohedral, or close-packed. (After Graton

and Fraser?)

The unit cell is a cube with sides equal to 2r where r is the radius of the
sphere. Therefore,
Bulk volume = (2r)® = 873

Since there are 8 (34) spheres in the unit cell,

Sand-grain volume = %4
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the porosity, therefere, is

Pore volume bulk volume — grain volume
Bulk volume < 100 = bulk volume X 100
_ 8Bt — %mt _ T
="gs le—l—ﬁ-X100=47.6percent

Of particular interest is the fact that the radii cancel and the porosity of
packings of uniform spheres is a function of packing only.

The investigators recognized that naturally occurring materials were
composed of a variety of particle sizes and that not only the arrangement
but the angularity and distribution of particle size would affect porosity.
The angularity of particles comprising a sandstone is shown in the thin
section of Fig. 2-2. The configuration of the pore space is obviously dif-
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Fie. 2-2. Thin section of sandstone il- Fio. 2-3. Cumulative grain-size distribu-
Iustrating grain and pore configuration. tions of graywacke. (@) Sand; (b) shaly
{(From NanzF®) sand. (From Nanz?®)

ferent from that which would be obtained from the packing of uniform
'spheres. Furthermore, & portion of the space is filled with clay and cement-
ing material. The diversity of particle size characteristic of a graywacke
sandstone is illustrated by the particle-size-distribution curves of Fig. 2-3.
The data were obtained by a standard sieve analysis.
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The particle-size-distribution curves of Fig. 2-3 were obtained by Nanz®
in the study of the origin and genesis of a Gulf Coast graywacke. The
nomenclature sand and shaly sand is used in the common oil-field sense
and implies firm sandstone and shaly sandstone, respectively. The shaly
sand may be represented, as in Fig, 24, as being composed of a framework

100
Framework L. nterstitial moterial
fraction and mud fragments
=
=z
2
5 50
(=]
L Y U —
2 Modol size
Max V
|/ ‘
O l

Decreasing —=—
Grain dicmeter

Fic. 24. Generalized texture of sand deposits. (From Nanz.®)

fraction and interstitial material. Other physical measurements on the
rocks indicate that increasing interstitial material reduces the pore space
of the rock.

Cirain-size distributions may be characterized in part by skewness of the
distribution. Skewness is a statistical measure of the uniformity of the
distribution of a group of measures. Tickell? has presented experimental
data indicating that for packings of Ottawa sand, porosity was a function
of skewness of the grain-size distribution (see Fig. 2-5). Other investigators
have measured the effects of distribution, grain size, and grain shape. In
general, smaller grain size and greater angularity tend to increase the poros-
ity while an increase in range of particle size tends to decrease porosity.

In dealing with reservoir rocks (usually consolidated sediments) it is
necessary, because the cementing materials may seal off a part of the pore
volume, to define (1) total porosity and (2) effective porosity. Total porosity
is the ratio of the lotal void space in the rock to the bulk volume of the rock;
effective porosity is the ratio of the interconnected void space in the rock to the
bulk volume of the rock, each expressed in per cent. From the reservoir-
engineering standpoint, effective porosity is the quantitative value desired,
as this represents the space which is occupied by mobile fluids. For inter-
granular materials, poorly to moderately well cemented, the total porosity
is approximately equal to the effective porosity. For more highly cemented
materials and limestones, significant difference in total porosity and effec-
tive porosity values may ocecur.
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In Fig. 2-6 are presented photographs of impregnated rocks having
essentially intergranular porosity.* The pore configuration is complex, but
the pores are relatively uniformly distributed. Complex pore configurations
arise from the interaction of many factors,in the geologic environment of
the deposit. These factors include the packing and particle-size distribution

38

37

Lo

(4]
™
fae--

Porosity, %
(40
g

AR

7

33

32
-010 -G08 -006 -004 -QQ2 0 +002 +004 +006 4008
Skewness

Fis. 2-5. Variation of porosity with skewness of Ottawa sand. (From Tickell et al®)

of the framework fraction, the type of interstitial material, and the type
and degree of cementation. The influence of these various factors can be
evaluated as statistical trends. However, a guantitative evaluation of the
porosity resulting from the interaction of the various factors is possible
only by laboratory measurements.

Materials having induced porosity such as the carbonate rocks shown in
Fig. 2-7 have even more complex pore configurations. In fact, two or more
systems of pore openings may occur in such rocks, The basic rock material
is usually finely crystalline and is referred to as the matrix. The matrix
contains uniformly small pore openings which comprise one system of pores.
This system is the result of the erystalline structure of the rock. One or
more systems of larger openings usually oceur in carbonate rocks as a result
of leaching or fracturing of the primary rock material. Vugular pore open-
ings are frequently as large as an ordinary lead pencil and are usually at-
tributed to leaching of the rock subsequent to deposition. Fractures also
may be quite large and contribute substantially to the volume of pore
openings in the rock. Both fractures and vugs may be closed or partially
closed by precipitated calcite or other similar material. Vugs and fractures
are highly variable in size and in distribution. Therefore, even more than
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(5]

Fic. 2-6. Cast of pore space of typical reservoir rocks. (a) Fine_ipteggranu]ar sand-
stone; (b) coarse intergranular sandstone. (From Nuss and Whiting®)
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Fic. 2-7. Typical carbonate reservoir rocks.

pin-point porosity;
Laboratories, Inc®)
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(¢) fractured dense dolomite;

(a) Vugular porosity; (b) vugular with

(d) conglomerate. (From Core
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for intergranular materials, laboratory measurements are required for quan-
titative evaluation of porosity.

Laboratory Measurement of Porosity

Numerous methods have been cieveloped-for the determination of the
porosity of eonsolidated rocks having intergranular porosity. Most of the
methods developed have been designed for small samples, roughly the size
of a walnut. As the pores of intergranular material are quite small, a de-
termination of the porosity of such a sample involves measuring the volurme
of literally thousands of pores. The porosity of larger portions of the rock
is represented statistically from the results obtained on numerous small
samples.

In the laboratory measurement of porosity it is necessary to determine
only two of the three basic parameters (bulk volume, pore volume, and
grain volume). All methods of determination of bulk volume are, in gen-
eral, applicable to defermining both total and effective porosity.

Bulk Volume. Although the bulk volume may be computed from meas-
urements of the dimensions of a uniformly shaped sample, the usual pro-
cedure utilizes the observation of the volume of fluid displaced by the
sample. This procedure is particularly desirable, as the bulk volume of
irregular-shaped samples can be determined as rapidly as that of shaped
samples.

The fluid displaced by & sample can be observed either volumetrieally or
gravimetrically. In either procedure it is necessary to prevent fluid pene-
tration into the pore space of the rock. This can be accomplished (1) by
coating the rock with paraffin or a similar substanece, (2) by saturating the
rock with the fluid into which it is to be immersed, or (3} by using mercury,
which by virtue of its surface tension and wetting characteristics does not
tend to enter the small pore spaces of most intergranular materials.

Gravimetric determinations of bulk volume can be accomplished by ob-

* serving the loss in weight of the sample when immersed in & fluid or by

observing the change in weight of a pycnometer when filled with mercury
and when filled with mercury and the core sample. The details of gravi-
metric determinations of bulk volume are best surnmarized by example
calculations.

Example 2-1. Coated Sample Immersed in Water.
A = weight dry sample in air = 20.0 gm
B = weight dry sample coated with paraffin = 20.9 gm (density of
paraffin = 0.9 gm/cc)
C = weight coated sample immersed in water at 40°F = 10.0 gm
(density of water = 1.00 gm/cc)
Weight of paraffin = B — 4 = 20.9 — 20.0 = 0.9 gm
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Volume of paraffin = 0.9/0.9 = 1 ce

Weight of water displaced = B — ¢ = 20.9 — 10.0 = 10.9 gm
Volume of water displaced = 10.9/1.0 = 10.9 ec

Volume of water displaced — volume of paraffin = 10.9 — 1.0 = 9.9 ce
Bulk volume of rock = 9.9 ce

Example 2-2. Water-saturated Sample Immersed in Water.
A = weight dry sample in air = 20 gm
D = weight saturated sample in air = 22.5 gm
E = weight saturated sample in water at 40°F = 12.6 gm
Weight of water displaced = D — E = 22,5 — 12.6 = 0.9 gm
Volume of water displaced = 9.9/1.0 = 9.9 ¢cc
Bulk volume of rock = 9.9 ce

Example 2-3. Dry Sample Immersed in Mercury Pycnometer.
A = weight dry sample in air = 20.0 gm
F' = weight of pycnometer filled with mercury at 20°C = 350.0 gm
G = weight pycnometer filled with mercury and sample at 20°C =
235.9 gm (density of mercury = 13.546 gm/cc)

Fic. 2-8. Eleciric pycnometer for measurement of bulk volume of small sambples.
(Courtesy of Refinery Supply Co.)
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Weight of sample 4+ weight of pycnometer filled with mercury =
A+F=20+350=370gm

Weight of mercury displaced = A +F — G =370 —235.9 = 134.1 gm

Volume of mercury displaced = 134.1/13.546 = 9.9 cc

Bulk volume of rock = 9.9 ce

Determination of bulk volume volumetrically utilizes a variety of spe-
cially constructed pycnometers or volumeters. An electric pycnometer
from which the bulk velume can be read directly is shown in Fig. 2-8. The
sample is immersed in the core chamber, which eauses a rise in the level
of the connecting U tube. The change in level
is sensed by the micrometer screw. The resuli-

ing change in level is read directly in volume Guly
from the micrometer scale. Kither dry or
saturated saroples may be used in the device.

The Russell volumeter shown in Fig. 2-9 also Graduated
provides for direct reading of the bulk volume. _ stem
A saturated sample is placed in the sample gﬁ?’?
bottle after a zero reading is established with .

Zero point

fluid in the volumeter. The resulting increase
in volume is the bulk volume. Only saturated .

. . Ground-glass
or coated samples may be used in the device. Joint

An evaluation of the foregoing and other =

. . Bottie
methods of determining bulk volume is pre- Somple %
sented in Table 2-1. Careful procedure with =
all the methods listed yields sufficiently reliable ¥ic- 2-9. Russell volumeter
. . for determining grain and
results for engineering purposes. bulk volumes of rock sarn-

Sand-grain Volume. The various porosity ples. (From Bussell®)
methods are usually distinguished by the
means used to determine the grain or pore volume. Several of the
oldest methods of porosity determination are based on determination of
grain volume.

The grain volume can be determined from the dry weight of the sample
and the sand-grain density. For many purposes, results of sufficient ac-
curacy can be obtained by using the density of quartz (2.65 gm/ec) as the
sand-grain density.

For more rigorous determination either the Melcher-Nutting® or Russeli®
methods can be employed. In each, the bulk volume of a sample is deter-
mined, then either that sample or an adjacent sample is reduced to grain
size, and the grain volume determined. In the Melcher-Nutting technique,
all the measurements are determined gravimetrically, utilizing the principle
of bouyancy. The Russell method utilizes an especially designed volu-
meter (Fig. 2-9), and the bulk volume and grain volume are determined
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volumetrically. The porosity determined is total porosity. In sands of
relatively uniform characteristics, the grain density can be determined
from the above measurements, and that density, together with an observed
dry weight and bulk volume, can be used to caleulate the porosity of ad-
jacent samples of the same lithology. The results are highly reproducible.
The Melcher-Nutting method is iHlustrated by Example 2-4.

Example 2-4. Sand-grain Volume by Melcher-Nutting Method.
A = weight dry erushed sample in air = 16.0 gm

A’ = weight crushed sample plus absorbed water = 16.1 gm
B = weight pycnometer filled with water at 40°F = 65.0 gm
€ = weight pycnometer filled with sample and water at 40°F = 75gm

Weight of pycnometer filled with water plus weight of crushed sam-
ple =B+ A =650+ 16.0 = 81.0 gm

Weight of water displaced = B+ A — € = 81.0 — 75 gm = 6.0 gm

Volume of water displaced = 6.0/1.0 = 6.0 ce

Grain volume of sample = 6.0 cc

The porosity is then computed by combining results of the grain-volume
determination (Example 2-4) and the bulk-volume determination (Example
2-1). Such a solution for porosity is given in Example 2-5.

Example 2-5. Determination of Total Porosity.
From Example 2-4,
Sand-grain density 16/6.0 = 2.67 gm/ce
From Example 2-1,
Weight of dry sample in air = 20 gm
Bulk volume of sample = 9.9 ¢c
wt of dry sample in air 20

Grain volume of sample = sand-grain density  — 2.67 — 7.5 ce

. ‘bulk volume — grain volume
Total porosity = ¢, = bulk Vdﬁf e

X 100

_99-175

590 X 100 = 24.2 per cent

The methods of determining grain volume deseribed above when com-
bined with an observation of bulk volume yield total porosity values. The
Stevens porosimeter is a means of measuring the “effective’” grain volume.
The porosimeter, shown in Fig. 2-10, consists of a core chamber which can
be sealed from atmospheric pressure and closed from the remaining parts
of the porosimeter by a needle valve. The volume of the core chamber is
known accurately. In operation a core is placed in the core chamber: a

FUNDAMENTAL PROPERTIES OF FLUID-PEEMEATED ROCKS 49

vacuum is established in the system by manipulating the mercury reser-
voir; the air in the core and chamber is expanded into the evacuated system
and then measured at atmospheric pressure in the graduated tube.l The
difference in volume of the core chamber and of the air extracted is the

Mercury
Feservorr,

Cap

Exponsion
chamber

Fic. 2-10. Stevens porosimeter. (From Stevensl®)

“effective” grain volume, the volume of the grains plus any sealed pore
space. Thus if the effective grain volume is subiracted fn?m the. bulk vol-
ume, the volume of interconneected or effective pore space is obtained. The
Stevens method is an adaptation of the Washburn-Bunting procedure,
which will be described in the section on measurement of pore volume.

Example 2-6. Determination of Grain Volume by Gas Expansion.
Stevens porosimeter:
A = volume of core chamber = 15 cc
Volume of air (1st reading) = 6.970
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-Pressure

e S e T . TR

Detail of
pressure bomb

- Burette

o TR

L

Fra. 2-11. Dureau of Mines gas-

expansion porosimeter. (From Rall and Taliaferra @)
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Volume of air (2d reading) = 0.03

Volume of air (3d reading) = 0

B = total of readings = 7.00 cc

Effective grain volume = A — B = 8 ¢e

Bulk volume of sample (from pycnometer) = 10 cc

Effective porogity = ¢ = [(10 — 8}/10] X 100 = 20 per cent

The Bureau of Mines gas expansion porosimeter (see Fig. 2-11) also
measures the effective grain volume and thus yields effective porosities.

Pore Volume. All the methods of measuring pore volume yield effective

Mercury
reservoir.

Stopcock

Core chamber

Frc. 2-12. Washburn-Bunting porosimeter. (From Sievens®)

porosity. The methods are based on either the extraction of a fluid from

the rock or the introduction of a fluid into the pore space of the rock.
The Washburn-Bunting porosimeter, shown in Fig. 2-12, measures the

volume of air extracted from the pore space by creating a partial vacuum
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in the porosimeter by the manipulation of the attached TErcury reservoir,
The core is exposed to contamination by mercury and is therefore not suit-
able for additional testing, The
Stevens method previously illus-
trated isa modifieation of the Wash-
burn-Bunting proeedure especially
designed to prevent contamination
of the core.

A number of other devices have
been designed for measuring the
pore volume, ineluding the Kobe
porosimeter and the Inercury pump
porosimeter. The mercury purmnp
porosimeter is so designed that the
bulk volume may be obtained ag
well as the pore volume.

The saturation method of deter-
mining poresity eonsists of saturat-
ing a clean dry sample with a fuid
of known density and determining
the pore volume from the gain in weight of the sample. The sample is
usually evacuated in a vacuum flask to which the saturation fuid may be
admitted by means of a separatory funnel. If care is exercised to
achieve complete saturation, this procedure is believed to be the best
available technique for intergranular materials.

The Kobe porosimeter and the mereury pump are illustrated in Fig.
2-13 and 2-14. An example problem will illustrate the saturation tech-
pique,

Fre. 2-13. Schematic sketch of Kobe po-
rosimeter. (From Beeson )

Example 2-7. Effective Porosity by the Saturation Method. From
the data of Example 2-2:
A = weight dry sample in air = 20 gm
D = weight saturated sample in air = 22.5 gm
Density saturating fluid (water) = 1.00 gm/cc
Weight of water in pore space = D — 4 =295 —20 =25 gm
Volume of water in pore space = 2.5 gm/(1 gm/cc) = 2.5 ce
Effective pore volume = 2.5 ¢¢
Bulk volume (Example 2-2) = 9.9 cc
Effective porosity = (2.5/9.9) X 100 = 25.3 per cent

A comparison of several methods of determining effective porosity 1s
summarized in Table 2-9.
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Fra. 2-14. Mercury porosimeter and capillary-pressure apparatus. (Courtesy of Core
Laboratories, Inc.)

Precision of Porosity Measurements

To investigate the precision with which ;?orosities were determined, ﬁvle2
major company laboratories participated in a porosity ci}eck prog}:am.
Ten selected samples were circulated among the laboratories, and t] edpf)—
rosity of each sample determined by routlfie methods nor@ﬂy used in
each laboratory. The methods used were either gas-expansion or sa.if;ur}i.—
tion techniques. Figure 2-15 and Table 23_summze the_results of the
check. Note that the gas-expansion method is consistently higher than the
saturation method. This is undoubtedly due to the fact that the errors
inherent in each tend to be in opposite directions. Ir_l the case of gas e}g—
pansion, errors due to gas adsorption would cause high valu_es to belo -
tained, while incomplete saturation of the sample woul.d result in low values
in the case of the saturation methods. The difference in thfa average vaﬁ:ae;
obtained by the two methods is about 0.8 per cent porosity. The sp .
between the high and low values ranges from 0.07 to almost 2_ per b(:_en
porosity. While the differences in the average jva.lues are noi:; disturbing,
the spread in high and low is of sufficient magnitude to contribute a.ppre;
ciable errors if single observations and a small number of samples are use
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Sample no.

Fre. 2-15. Results of porosity cheek. Dot-dash lines represent maximum values; dash
lines represent minimum values, Compare with Table 2-3 for more information on
the samples. (After Dotson et al®)

to characterize a reservoir rock. However, it is felt that all the methods
commonly used to determine effective porosity yield results with desired
degree of accuracy if carefully performed.

Carbonate Rocks

The foregoing discussion is applicable to materials of intergranular-type
porosity. Carbonate rocks are more heterogeneous, as was shown in Fig,
2-7. Small samples, such as used in the routine techniques, vield values
of porosity which do not include the effect of vugs, solution cavities, etc.
The saturation methods of determining pore volurne and bulk volume ar
unsatisfactory, as drainage will oceur from the larger pore spaces. The
various other techniques also have inherent errors when applied to vugular
materials. It is necessary, therefore, to use larger core samples and to de-
termine the bulk volume by measurement of the core dimensions. The
effective grain volume is obtained by using a large gas-expansion porosi-
meter similar to the Bureau of Mines type. Kelton' reported results of
whole core analysis, a method utilizing large sections of the full diameter
core. Figure 2-16 and Table 2-4 summarize s part of Kelton's work.
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Matrix porosity is that determined from small samples; total Poros?ty is
that determined from the larger whole core. Whole-core analysis satisfac-

torily evaluates most carbonate rocks, 190

However, no satisfactory technique %0

i available for the analysis of exten- 8 \ "]

sively fractured materials. 0 \ = wrteix porosity | _|
In coring materials which ¢n situ o Totol porosify

are extensively fractured, the core fre- ¢ 50

quently bresks along the natural ¥ 20

fracture planes. Therefore, it is diffi-

cult to determine the fraction of pore 30 WA Nl

space contributed to the reservoir 20 Goup: 123 yr

by such a fracture system. Recent 10 l ] I l

developments in formation evalua- T3 258 F 8 50

tion by production tests indicate Tatal porosity, %

that laboratory dete . - a.tif)rfs on Fie. 2-18. Comparison of large core
highly fractured pays give minimum analysis with conventional analysis.
values of porosity. (After Kelton™)

TaBLE 2-4. MaTRIX AND WHOLE-cORE DaTa FOR
ELLENBURGER, FULLERTON FIELD®

Group 1 2 3 4

Matrix porosity, % bulk | 1.98 | 1.58 | 2.56 ; 7.92

Total porosity, % bulk 221 | 262 | 3.17 | 8.40

Compressibility of Porous Rocks

The porosity of sedimentary rocks has been shown by Krumbein and
Sloss™ to be a function of the degree of compaction of the r(?ck. The com-
pacting forces are a function of the maximum depth of l':)urlzf.l of the rock.
The effect of natural compaction on porosity is shown in Fig. 2-17. The
porosity of shales are greatly reduced by compaction Ia.rgely beca,ufse
“bridging” is eliminated by the greater forces. T!ne effect illustrated in
Fig. 2-17 is principally due to the resulting packing a.n.'a.ngemenif after
compaction. Thus sediments which have been deeply buneq, even if 31.1b-
sequently uplifted, exhibit lower porosity values than sediments which
have not been buried a great depth. )

Apart from the effect of compaction on grain a:rrangement, rocl.cs_ are
also compressible. Geerstma® states that three kinds of_c?r.npresmblhty
must be distinguished in rocks: (1) rock matrix compressibility, (2} rock

bulk compressibility, (8) pore compressibility.
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Rock matrix compressibility is the fractional change in volume of the
solid rock material (grains) with a unit change in pressure. Rock bulk
compressibility is the fractiona] change in volume of the bulk volume of
the rock with a unit change in pressure. Pore compressibility is the frac-

50
a0f~
. S—_
T=~_ Sondsiones
2070
30 y T P e
=
g
o
a 20
Shales
10
]
o 1,000 2,000 3,000 4000 5000 6,000

Depth of burial, f+

F1a. 2-17. Effect of natural compaction on porosity. (From Krumbein and Sloss™)

tional change in pore volume of the rock with a unit change in pressure,

Rocks buried at depth are subjected to internal stress exerted by fluids
contained in the pores and to external stress which is in part exerted by
the overlying rocks. The internal stress is hydrostatic, while the external
stresses may have different values in different directions.

The depletion of fluids from the bore space of a reservoir rock results in
a change in the internal stress in the rock, thus causing the rock to be sub-
jected to a different resultant stress, This change in stress results in changes
in the grain, pore, and bulk volume of the rock. Of principal interest to the
Teservoir engineer is the change in the pore volume of the rock. The change
in bulk volume may be of Importance in areas where surface subsidence
could cause appreciable property damage.

Geertsma's and others have developed a theory of rock compressibility
which provides an insight into the mechanics of rock deformation under
oil-field conditions.

The theory can best be explained in terms of experimental techniques.
First consider the material forming the grains or solid portion of the roek.
The solids when subjected to a hydrostatic stress will deform uniformly.
The bulk deformation of this material can be expressed as a compressibility

"
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e = (1/V.)(dV./dP), where V, is the VOI@G of solids and P is the hy.dro-
static pressure. The value of ¢, for a pe_x.rtu_:ular rqck can be determined
simply by saturating the rock with a ﬂuld,_ immersing the.saturz}ted rock
in a pressure vessel containing the satura.tmg fluid, then. imposing 2 hy-
drostatic pressure on the fluid and observing thf; ch_ange in volume ¥V, of.
the rock sample. The ecompressibility of the solids is considered for most
rocks to be independent of the imposed pressure. _

Reservoir rocks are subjected to other conditions of loading tha_,n. (.ie-
scribed above. Therefore, it is necessary to introduce other compressibility
eoncepts. A rock buried at depth is
subjeeted to an overburden load due fé’r’;‘?'s’s’if/e
to the overlying sediments. This Gauge
overburden load may be considered
to exert an external hydrostatic
stress, which is in general greater
than the internal hydrostatic stress
of the formation flyids. .

In the laboratory it is possible to
design an experiment utilizing equip- -Otond aut ﬁﬁﬁ;ﬁz’ﬁf"
ment such as illustrated in Fig. Sland qouge
2-18.% A core sample is enclosed Hydroulic pump
in a copper jacket which is then
placed in a pressure vessel and con- j
nected to a Jerguson sight gauge.
The hydraulic-pressure system is
arranged so that a saturated core

Hydraulic
pump

Reservoir

Mercury slugs
Jerguson sight gauge

Hm H n
N O ring
:

N“~Copper-jocketed

care Reservoir

ANENRRNRNNRNY)

can be subjected to variable internal
pressures and overburden or exter-
nal pressures. The resulting inter-

Fic. 2-18. Experimental equipm_ent for
measuring pore volume compaction and
compressibility. (From Fatt*)

nal volume changes are indicated '
by the position of the mereury slug in the.51ght. gauge. Carpentez_' and
Spencer” used similar equipment; howew_zm.', in their equipment the inter-
nal pressure was maintained at atmospheric pressure. .

It is possible with the equipment illustrated to vary either the external

i ressure or both. o )
Oréﬁii)r:ges and Spencer in testing Woodbine cores with_s:mliar equip-
ment varied only the external pressure. Typical eurves obtamed_are shown
in Fig. 2-19. The ordinate is the reduction in pore space resulting fro_m a
change in overburden load. The change in pore space V., was determm.ed
by measuring the volume of water expelled from the jacketed core on in-
creasing the overburden pressure., Vi is the bulk volume, and ¢ the po-
rosity fraction. Therefore, Va¢p = ¥V, the pore volume. The*slope of thf
curves shown is a compressibility of the form (1/V,)(9V,/0P*)s where P
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is the external pressure and P is the internal pressure. It may be noted
that the slope of the curves can be considered constant over most of the
pressure range above 1,000 psi.

Hall®® performed tests similar to those of Carpenter and Spencer. The
compressibility term (1/V,)(8V,/3P*)», he designated as the formation
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Fie. 2-19. Rock compressibility, Curve 4: average of two compressibility tests at
91°F; curve B: compressibility test No. 3 at 146°F. Core data: Magnolia Petroleum
Co., John Radford well No. 5, Margaret Tennison Survey, Gregg County, Tex.;
top of producing stratum, 3,708 ft; total depth of well, 3,715 ft; depth at which core
was cut, 3,711% ft; imitial daily production, 12,000 bbl (From Carpenter and
Spencer™)
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Frc. 2-20. Formation compaction component of total rock compressibility. (From
Hall®)

compaction component of the total rock compressibility. In Fig. 2-20 is
presented a correlation of this function with porosity. The correlation in-
cludes the data of Carpenter.

In addition, Hall investigated the compressibility (1/V,)(8V,/0F) e at
constant overburden pressure. This he designated as effective rock com-
pressibility and correlated with porosity. The correlation is presented in
Fig. 2-21. In both Figs. 2-20 and 2-21, it may be noted that the compres-
sibility decreases as the porosity increases.
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Figc. 2-21. Effective reservoir rock compressibilities. (From Hall**}
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In the theory presented by Geertsma, the rock bulk compressibility e
is defined as (1/V5)(8Vs/9P*)s, which is, in general, & funetion of P and
P* The value of ¢ can be determined by measuring the change in bulk
volume of a jacketed sample by varying the external hydrostatic pressure
while maintaining a constant internal pressure.

For sandstones and shales, it can be shown that

de Cp

= =2 (dP* — dP
Vp “ﬁ ( )
angd that

“% ~ cy(dP* — dP)
B

provided that ¢, is much less than cs. Therefore,
av, ., 1dVs
Vz: ~ ¢’ VB

sinee Vo= ¢Vs AV, dVp

This states simply that the total change in volume is equal to the change
in pore volume. Carpenter made use of this principle in his experimental
technique.
Furthermare, if the external hydrostatic pressure P* on a rock is constant
in all directions as in a laboratory test of a jacketed core, dP* = 0, and
dv s 1 dV Ch
7:' =% dP or —'T/?p Ej’z =%
such that ¢»/¢ may be defined as the pore volume compressibility c,.
Geertsma has stated, however, that in a reservoir only the vertical com-
ponent of hydrostatic stress is constant and that the stress components in
the horizontal plane are characterized by the boundary condition that there
is no bulk deformation in those directions. For these boundary conditions,
he developed the following approximation for sandstones:

_ 1 dVe e _ 1,
VoadP T 2¢ 27
Thus, the effective pore compressibility for reservoir rocks on the depletion
of internal pressure is only one-hslf of that determined by present methods
in the laboratory.

Fatt reported results of tests on a limited number of samples having po-
rosities ranging from 10 to 15 per cent with one sample having s porosity
near 20 per cent. The results of these studies are presented in Figs. 2-22
and 2-23. Fatt," in effect, determined (1/V,)(aV,/8P)p+ for a range of
values of P*. The data reported are correlated with a so-called “net over-
burden pressure” defined as (P* — 0.85P). The factor 0.85 is introduced
to take into account that the internal pressure does not wholly react against
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Fia. 2-22. Pore volume compressibility as a function of net overburden pressure
(P¥ —085P). (A) Uncensolidated sand, 28- to 35-mesh flint shot, porosity 36 per
cent; {B) basal Tuscaloosa sandstone, Mississippi, porosity 13 per cent; {C) sand-
stone from wildeat, Santa Rosa County, Fla. porosity 15 per cent; (D) sandstone
from Ventura Basin Field, Calif., porosity 10 per cent; (E) sandstone from West
Montalvo Area Field, Calif,, porosity 12 per cent. (From Fatt™)
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Tic. 2-23. Pore volume compressibility as a function of net overburden pressure
(P*—085P). (A) Weber sandstone, Rangely Field, Colo., porosity 12 per cent;
(B) sandstone from Nevada wildeat, porosity 13 per cent; (C) Strawn sandstone,
Sherman Field, Tex., porosity 13 per cent; (I)) Bradford sandstone, Pennsylvania,
porosity 15 per cent. {From Fatt ")
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the external pressure. The factor is believed to be dependent on the strue-
ture of the rock and to range from 0.75 to 1.00 with an average of 0.85.
Fatt found, as illustrated in the curves, that the pore compressibility
was a funetion of pressure. Within the range of data considered, he did
not find a correlation with porosity.
In summary, it can be stated that pore volume compressibilities of con-
solidated sandstones are of the order of 5 X 10~% to 10 X 10~% reciprocal

psi.

PERMEABILITY

The previous section of this chapter diseussed the storage capacity of
underground formations. It is the purpose of this section to discuss the
ability of the formation to conduct fluids. From usage the name for fluid
conductance capacity of a formation is permeability. In the introduetion
to API Code 271 it is stated that permeability is a property of the porous
medium and is a measure of the capacity of the medium to transmit fluids.
The measurement of permeability, then, is a measure of the fluid conduec-
tivity of the particular material. By analogy with electrical conductors,
the permeability represents the reciprocal of the resistance which the porous
medium offers to fluid flow.

The reader is familiar with the concept of fluid flow in circular tubes and
conduits as described by Poiseuille’s and Fanning’s equations.

Poiseuille’s equation for viscous flow: '

a2 AP
v = 3%4L (2-1)
Fanning’s equation for viscous and turbulent flow:
2d AP
2 2-2
ol (2-2)

where » = fluid velocity, e¢m/sec
d = diameter of conductor, cm
AP = pressure loss over length L, dynes/sq em
L = length over which pressure loss is measured, cm
u = fluid viscosity, centipoises
p = fluid density, gm/ce
f = friction factor, dimensionless

A more convenient form of Poiseuille’s equation is

art AP
Q=7 2-3)

where r is the radius of the conduit in centimeters, ¢ is the volume rate of

FUNDAMENTAL PROPERTIES OF FLUID-PERMEATED ROCKS 65

fow in cubie centimeters per second, and the other terms are as previously

defined.
If the reservoir rock system is considered to be a bundle of tubes such

that the flow could be represented by a summation of the flow from all the
tubeg, then the total flow would be
xrt AP
QG=n SulL
where 7 is the number of tubes of radius r. If the rock consists of a group
of tubes of different radii, then

I3
11"1’,'4 AP
Qt mj; L S,LLL

where n; = number of tubes of radius r;
k = number of groups of tubes of different radii

The previous equation reduces to

&
Q=T nry @49
i=1

k
If 1-85 z ngri is treated as a flow coefficient for the particular grouping of
i=a

tubes, the equation reduces to

AP
Q. =C L (2-5)
2
where C= gE} it (2-6)
=

If the fluid-condueting channels in a porous medium could be defined as
to the dimension of the radii and the number of each radii, it might be pos-
sible to use Poiseuille’s flow equation for porous media. As there are nu-
merous tubes and radii involved in each segment of porous rock, if is an
impossible task to measure these quantities on each and every porous-
rock sample.

In the attempt to use Poiseuille’s low equation to define flow in a porous
rock, it was assumed that a series of tubes of length L comprised the flow
network. If these tubes are interconnected and are not individual tubes
over the length L, then the derivation would have to account for the inter-
connection of the flow channels.

A cast of the flow channels in a rock formation is shown in Fig. 2-24. It
is seen that the flow channels are of varying sizes and shapes and are ran-
domly connected. It is impossible to define the exact dimension of all the
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flow channels and their flow relationship to one another. Tt becomes appar-
ent that some means other than Poiseuille’s law had to be found to define
the flow coefficient of a rock.

In the preceding section on porosity, it was shown that the porosity was
independent of sand-grain size but dependent on the mode of packing, In
the same section, it was shown that the size of the openings between the
sand grains decreased as the sand-grain size decreased. Therefore, perhaps

Fia. 2-24. Metallic cast of pore spaces in a consolidated sand. (Courtesy of Humble
Oil & Refining Co.)

it is possible to derive a flow equation in terms of the mean diameter of the
‘sand grain. Fancher, Lewis, and Barnes? conducted experimental work on
porous systems to determine the relationship between sand-grain size and
fluid conductance of porous media. The resulting data were correlated
using Fanning’s flow equation so as to account for both turbulent and
viscous flow. The results of their study are shown in Fig. 2-25.
For unconsolidated sands it was found that an expression of the friction
factor f eould be obtained in terms of Reynolds number. But for consoli-
dated sandstones it was found that a different relationship existed between
the friction factor and Reynolds number for each sample investigated. If
a single relationship could have been obtained for consolidated sandstones
a8 Was obtained for unconsolidated sandstones, then it would have been
necessary to classify rocks only as to average grain diameter and whether
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consolidated or unconsolidated. As this is not possible, it again becomes
avident that another method of expressing fiuid conductance of rocks must
be used.

fog . Somgpis. No. Sand Porosity
R Lansolidcted Y
1 Srodford 125
4 2 gradfard 12.3
< 3 3rd Vancnge 16.9
4 Ceramic A 370
108 = 5 | Robinsen 20.3 -
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>, b N 7 Woodbine 197
S 8 jwiless 159
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\-
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A= i

i ieti 1 for flow of homoge-
. 2-25. Correlation of friction factor with Reynolds number
E(Iegus fluids through porous media, where d is defined as the diameter of the :a.ve_ra,ge‘I
grain and V is the apparent velocity, ie., volume rate of flow/total cross-sectiona
area. {After Fancher, Lewis, and Barnes.™)

The preceding attempts to determine a means Qf ca.lculating 'the condt_mt-
ance of a rock were made to augment or supplant the empirical relation-
ship of permeability as developed by Darcy.® The pore structure of rocks
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does not permit simple classification, and therefore empirical data are re-
quired in most cases,
In 1856, Darcy* investigated the flow of water through sand filters for
water purification. His experimental apparatus is shown schematically in
Fig. 2-26.% Darcy interpreted his
}___ observations so as to yield results
essentially as given in Eq. (2-7).

Q=Kalzh E by (2-7}
Here, Q represents the volume rate of
flow of water downward through the
cylindrical sand pack of cross-see-
tional area 4 and height L. A, and k»
are the beights above the standard
datum of the water in manometers
located at the input and output
faces respectively and represent the
3 hydraulic head at points 1 and 2. X
_H_L is a constant of proportionality and
y was found to be eharacteristic of the

Dorcy's law sand pack.
o= na 1=ty Darcy’s investigations were con-
z fined to flow of water through sand

=x27%  packs which were 100 per cent satu-
2 rated with water. Later investiga-
N ) ) " tors found that Darey’s law could
g:ijcf;:s exspcii_ ?E:if 3;3"5?5 'ff :E'FVZI;Z be extended to other fluids as well
through sand. (From Hubbert) as water and that the constant of
proportionality K could be written

as k/p where u is the viscosity of the fluid and & is a property of the rock
alone. The generalized form of Darcy’s law as presented in APT Code 27

"is Eq. (2-8).
= _k(dP oy dz
b= Ty (ds 10133 ds < 10_6) (2-8)
Here, s = distance in direction of flow and is always positive, em

v = volume flux across a unit area of the porous medium in
unit time along flow path s, cm/sec '
# = vertical coordinate, considered positive downward, cm
p = density of the fluid, gm/cc
g = acceleration of gravity, 980.665 cm/sec?
@P/ds = pressure gradient along s at the point to which », refers,
atm/ecm '

It
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g = viscosity of the fluid, centipoises
k = permeability of the medium, dareys

1.0133 X 10° = dynes/(sq em){atm)
dz/ds can be expressed as sin 8 where 8 is the angle between s and the

horizontal. », can further be defined
as /A where @ is the volume rate
of flow and A is the average cross-
sectional area perpendicular to the
lines of low. The coordinate system
applicable to Eq. (2-8) is shown in 5.~
Fig. 2-27. The convention of sign is
that ». should be positive when the S~
fluid is flowing toward increasing AN =
values of the coordinate s. The % |y

gquantity of Eq. (2-8) in parentheses V t
can be interpreted as the total
pressure gradient minus the gradi- #+ +z

ent due to a head of fluid. Thus if Fg. 2-27. Coordinate system to which
the system is in hydrostatic equi-  generalized Darcy’s law is referred.
librium, there is no fow and the

guantity inside the parentheses will be zero. Equation (2-8) can be_

written as follows:

-z

9 = Ei(M _ p) 29
* T hds\ 1.0133

The quantity (d/ds)[(pgz X 107%/1,0133) — P] can be considered to be
the negative gradient of a function ¢, where
_ p_ pgz X 107° 210
®=F =10 2-10)
& is a potential function such that flow will cccur from higher valt%es
of & toward lower values of ®. M. King Hubbert* defines a potential
function
B = g2 + f:’ (2-11)
which is equivalent to the above except the positive direction of 2z is taken
upward. Muskat®® defines a veloeity potential function

o1 = % (P = pg2) @-12)

where the plus sign corresponds to the upward direction of the positi‘v.e z
coordinate and the minus sign to the downward direction of the gosmve
¢z coordinate. The concept of a flow potential is shown to be useful in later

applieations.
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The dimensions of permeability can be established by substituting the

units of the other terms into Eq. (2-8).

Let L = length
M = mass
T = time
then
, L
T
M _M
R=LT *7I¢
p_M dP_ M
LT ds = LT
L . .
g= T% %: dimensionless

Substituting the dimensions in Eq. (2-8)
M M L)

T~ M/LT\DT: ~ 1:T*
_KT/( M M
M \LT? [T
=k
T LT
E= L2
A rational unit of permeability in the English system of units would be
the foot squared and in the cgs system, the centimeter squared. Both
were found-to be too large a measure to use with porous media. Therefore,

the petroleum industry adopted as the unit of permeability, the darcy,
which is defined as follows:

A porous medium has a permesbility of one darcy when a single-phase flnid of
one centipoise viscosity that completely fills the voids of the medium will flow
through it under conditions of viscous flow at a rate of one cubic centimeter per
second per square centimeter eross-sectional area under a pressure or equivalent
hydraulic gradient of one atmosphere per centimeter.

Conditions of viscous flow mean that the rate of low will be sufficiently
low to be directly proportional to the pressure or hydraulic gradient.

Darey’s law holds only for conditions of viscous flow as defined above.
Furthermore, for the permeability & to be a property of the porous medium
alone, the medium must be 100 per cent saturated with the flowing fluid
when the determination of permeability is made. In addition, the fluid
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and the porous medium must not react; that is, if a reactive fluid Hows
through & porous medium, it alters the porous medium, therefore changing
the permeability of the medium as flow continues.

Equation (2-8) is a useful generalization of Darcy’s law. However, sev-
eral simple flow systems are so frequently encountered in the measurement
and application of permeability that it
is appropriate to obtain the integrated
form for these systems.

%)

Horizontal Flow

Horizontal rectilinear steady-state
flow is common to virtually all meas- V :
urements of permeability. Consider a : l>/L
block of 2 porous medium as in Fig. I‘/

2-28. Here Q, the volume rate of flow, Fi 228, Sand model for rectilinear
is uniformly distributed over the inflow flow of Buids.

face of area A. If the block is 100 per

cent saturated with an incompressible fluid and is horizontal, then
dz/ds = 0, dP/ds = dP/dz, and Eq. (2-8) reduces to

T
£ © dx
4] kEdP
| ol Sl = (2-13)
separating variables,
Qiw= —Fap
A 7

integrating between the limits 0 and L in z and Py and P, where P, is the
pressure at the inflow face and P the pressure at the outflow face,

Q L k Py
Q - _E ™
A/ﬂda: #L

Q _ ko _py_ktp _
AL =0 = —2(P Py) u (P: — Py
or Q= kA(P:FE Py) (2-14)

If kA is permitted to equal the flow coefficient ' defined with Poiseuille’s
equation (2-5), it is seen that the two expressions are identical such that

I
kd =% ) nars
i=1

If a compressible fluid flows through a porous medium, Darcy’s law, as
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expressed in Eq. (2-8), is still valid. However, for steady flow, the mass
rate of flow is constant through the system rather than the volume rate of
flow. Therefore, the integrated form of the equations differs. Considering
rectilinear flow and steady flow of compressibie fluids, Eq. (2-8) becomes

_kpdp

u dr (2-15)

e =

where both the right-hand and left-hand members of Eq. (2-8) are multi-
plied by the density.
For steady flow pv, is a constant.
For a slightly compressible liquid the equation of state can be ex-
pressed as
= p.e* (2-16)
differentiating with respect to z

@ — P _CEE - — eP
dr = CPf az since p = p.e
— o3 1ldp _dP
T %z codxr  dz
by definition
@

V= =

A
substituting the above quantities in Eq. (2-15),

Q_ _kef1d
Pa~ & \cpdzx

by definition pQ = m = mass rate of flow; separating variables,

m k
it =— (2-17)
integrating,
m (L k[~
m de = 2% d
i) =g
k
ff(L—O) = =5 (e = p0)
_ M £1 = pe
m= ew L
if = p+ pcly
P2 = py + pocPs
then P1L— p2 = poe(Py — Py)
then POQD = m = MM

cu L
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kAP, — P _
therefore Q = TITE {2-18)

For isothermal flow of ideal gases Eq. (2-15) again applies.

Pz = ""deI ( .
since v, = @Q/4,
Q_ _k dp
PA - dex

but o) = Qs = constant where @ and ¢ are defined at flowing temper-
ature, and p = ps{P/Ps).

@ _ _k P dP

Therefore Py = ppz, P, dz
Py _ _k ,dP
A _dex

separating variables and integrating,

PbeL_ii(Pf—P{*‘)
A T p 2

gy = PA (B = P) (2-20)
2ul, P

Define P as (P, 4+ P5)/2 and @ as the volume rate of flow at P. Then
TPQ = Py, Substituting in (2-20) above

kA o
Pbe=P_=§E(P12—P2’)

P:—~ kA (P1 + P2)
or Plg ZQ‘—"E(Px—Pz) 12 :
g=raB=10 @-21)

s

which is the same form as (2-14). Therefore flow rates ?f ideal gases can
be computed from the equations for incompressible liquids as long as the
volume rate of flow is defined at the algebraic mean pressure.

Vertical Flow

Figures 2-29 to 2-31 illustrate three vertical flow systerr-ls frequently en-
eountered in practice. Each system is of uniform cross—sectipnal area A.. (I{l
the developments which follow the fiuids are considered ineompressible.}

First consider the case when the pressures at the inlet and outlet are
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equal {free flow) such that only the gravitational forces are driving the
fluids (Fig. 2-29).

For these conditions

g—? = {} by definition of fowing conditions

Flow under
head 4

Flow under
heed 4

Free flow
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F_ic. 2-29. Ver- Fig. 2-30. Verti- Fi1g.2-31. Vertical low
tical iree flow cal flow down- upward with head.
downward. ward with head,

Therefore Eq. (2-8) reduces to

_k _ 8
by = #Pg = A
kA
Q=Tpg (2-22)

Next consider the case of downward flow when the driving head (difference
in hydraulic head of inlet and outlet) is & (Fig. 2-30). Then

&e_, dP_dp_gh
ds ds dz L

Therefore from Eq. (2-8)
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i _k(ng _e
; kA (R

o=ty (L + 1) (2-23)

When the flow is upward and the driving head is A (Fig. 2-31) (z defined
as positive downward),

Therefore — kApgh (2-24)

Example 2-8. Linear Vertical Flow. In a city water-filtration plant, it
was desired to filter 5,000 gal of water per hour through a sand filter bed
to remove all the suspended matter and solids from the water. A vertical
cross—sectional view of the filtration unit is shown in Fig. 2-32.

]
N
\

Fic. 2-32. Vertical flow through filter bed with constant head.

Data:

Quantity of water to be filtered = 5,000 gal/br

Thickness of sand filter bed = 4 ft

Permeability of sand filter bed = 1,200 millidarcys
Cross-sectional area of pit (also sand filter bed) = 1,800 sq ft
Viscosity of water at 20°C = 1.0 centipoise

Barometric pressure = 14.7 psi, 760 mm Hg, 29.92 in. Hg
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What level of water must be kept in the pit above the sand filter bed in
order to filter 5,000 gal of water per hour? Assume that the solids removed
from the water do not alter the permeability of the bed.

- o o (3 )
Q= Tom3 x 0 \z T L
5000 (3,785) _ 1.2 (1,800)(30.48)%(1)(580) (h_ . 1)
3600~ 1(.0133 X 10% T

h
3 +1=272
h=172(4) = 688

Radial Flow

A radial-flow system, analogous to flow into a well bore from a cylindrical
drainage region, is idealized in Fig. 2-33.

i
'
T
1

Fig. 2-33. Sand model for radial flow of fluids to central well bore.

Considering the eylinder horizontal and radial How inward as equal o r,
it is possible to integrate Eq. (2-8) and obtain an equation fur steady-state
radial flow of an incompressible fuid.
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By definttion

ds = —dr g = 0
Therefore, from Eq. (2-8}
v = +E48 (2-25)
wdr
e_ Q9 _
AT 2mn = T
Q__ kdP
Therefore Ik mdr

Separating variables and integrating,

Q frdr k(™
2rh h?"—u_/‘wdp
2wkh{P, — P.)

g ln (re/ro) 2-26)

where € = volume rate of flow, cc/sec
k = permeability, darcys
h = thickness, cm
# = viseosity, centipoises
P. = pressure at external boundary, atm
P, = pressure at internal boundary, atm
re = radius to external boundary, em
r» = radius to internal boundary, cm
In = natural logarithm, base ¢

Equation (2-26) can be appropriately modified for the flow of compres-
sible fluids. The details of modifying the foregoing equation are omitted,
as they are essentially the same as the ones used in the horizontal, recti-
linear-flow systems.

After modification for variations in flowing volumes with changing
pressures Eq. (2-26) becomes

1. Slightly compressible fluids:

Q=

_ 2rkh(p: — pu)
T epln {re/ru) @-27)

__ 2xkh(P., — P.)
T pln (r/re)

or Q o

where @, is defined at the pressure P, where the density is p..
2. Ideal gases:
__ wkh(P# ~ P.%) y
O = Py In (rofr) @-28)
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= 2xkh(P, — Py)
O 5 S s -2
QT Q¢ i In (r/re) (2-20)
where @ is the volume rate of volume at the algebraic mean pressure
P.+ Py

&5

Conversion of Units in Darcy’s Law. In Darcy’s law and the special
Aow equations developed therefrom, the units were presumed to be either
a consistent set or those obtained from the definition of the darcy, the
accepted unit for the petroleum industry.

It is convenient in many applications of Darey’s law to introduce
commonly used ocil-field units. The following is a summary of the more
common equations with the conversion factors to convert to oilfield ter-

minology.
Linear Flow: Liquids (or Gases with Volume at Mean Pressure),

Rate in barrels per day:

Q= 1.1271 M (2-30)
wls
Rate in cubic feet per day:
Q = 6.3230 w (2-31)

where @ is the volume rate of flow, P; and P; are in pounds per square inch,
k is in darcys, u is in centipoise, A is in square feet, and L is in feet.
Gases at Base Pressure Py and Average Flowing Temperature T.
Linear:
3.1615EA (P — P)
= 2-32
Q ot (2-32)

Radial:
_ 19.88kR(P? — P,

Qo= = ePsln (r./r.) (2-33)
where @5 is in cubic feet per day at pressure P, and flowing temperature
T;, Py is in psia, p is in centipeises, L 1s in feet, k is in dareys, 7. and 7y
are in consistent units, 4 is in square fest, h is in feet, and Py, Ps, P,

and P, are in psia.
Radial Flow: Liquids (or Gases with Volume at Mean Pressure).

Rate in barrels per day:

_ (P, — P.)
Q = 7.082 o) (2-34)
Rate in cubic feet per day:
Q = 39.76 L = L) 2-35)

In (re/7.)
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where @ is the volume rate of flow, P, and P. are in pounds per square
inch, k is in darcys, p is in centipoises, A is in feet, and r, and r,, are in con-
sistent units.

The above equations describe the flow in the porous medium when the
roek is 100 per cent saturated with the flowing fluid. Appropriate modifi-
cations will be discussed In later sections to take into account presence of
other fluids. Since the above equations describe the flow in the medium,
appropriate volume factors must be introduced to account for changesin
the fluids due to any decrease in pressure and temperature from that of
the medium to standard or stock tank conditions.

Example 2-9 lists various unit conversions to change from the unif of
the darey to other systems of units.

Example 2-9. Permeability Conversion Factors.

1 darey = 1,000 millidareys; 1 millidarcy = 0.001 darey

= Ql-‘
* (4A)@AP)/L
1 darey = {cc/sec){cp)

(sq em}{atm)/em
{ce/sec){ep)
sq em[dyne/(sq cm)(ecm)]
9.869 X 10 sq cm
1.062 X 10" sq ft
7o x 1o+ LYool

[cu ft/(sec)](ep)
(sq ecm){em water}/cm

L127 bbl/(day)]{cp)
) (sq f£)(psi)/it

(gal/(min)](cp)
(sq ft) (ft water)/ft

= 0.869 X 10~

It

= 0.679 X 16~

It

1.424 X 107°

Permeability of Combination Layers

Fhe foregoing flow equations were all derived on the basis of one con-
tinuous value of permeability between the inflow and outflow face. It is
seldom that rocks are so uniform. Most porous rocks will have space
variations of permeability. If the rock system is comprised of distinct
layers, blocks, or concentric rings of fixed permeability, the average
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permeability of the flow system can be determined by one of the several

averaging procedures.
Consider the case where the flow system is comprised of layers of porous
rock separated from one another

by infinitely thin impermeable
G A "5 barriers as shown in Fig. '2-34,
2 #y Iﬂ, The average permeability k can be
0——;-— " 15, =g  computed as follows:
N2 Q=0 +&+e
w 3
~N— - ho=hthth=) b
Fi6. 2-34. Linear flow, paralle]l combina- i=1
tion of beds. Ewhg(Pl — Py)
Q: = T
where wh, = A.
Q = klw;h(Pl -_— P2)
1 #L
Q = kz'whz(Pl - Pz)
2 wyL
Q — k3Wha(P , — P 2)
3 ""‘““_‘_'_# 7
Therefore
Ewh (P, — P3) — kawoh (P, — Po) + kswhao(Py — Pa) + kaswhs(Pn — Ps)
ple uL wL wL
and Fn, UL P _ WP = P o 4 fon, ot Rk
ul wl
3 3
or k_z hi = z kih; 4
=t =t LA,
then generalizing, S-S 0 :

#r
(2-36) l :

. . Fic. 2-35. Radial A el bina-
From Fig. 2-35itisnoted that the ti;c; of bads. 182 How, paratiel combina

same terms appear in the radial-flow
network as in the linear system. The only difference in the two systems is
the manner of expressing the length over which the pressure drop oceurs.

L gV B
K
&

a1
It
ad

h;

1

ol

w
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As all these terms are the same in each of the parallel layers, an evaluation
of the parallel radial system would yield the same solution as obtained in
the linear case.

Ezample 2-10. Average Permeability of Beds in Parallel. What is the
equivalent linear permeability of four parallel beds having equal widths
and lengths under the following conditions?

Pay thickness, | Horizontal permeability,
Bed £t millidareys
1 20 100
2 15 200
3 10 300
4 5 400

5: kh;
Foi—

), b

i=1

S0
k-_100X20+200X15+300X10+400X5_ 10,000
- 20+15+10+5 T 50

= 200 millidarcys

Another possible combination for flow systems is to have the values of
different permeability arranged in

series ags shown in Fig. 2-36. In
case] of linear flow the average & 5
series permeability for the total 0 b kol 1
volume can be evaluated as follows: s nal  an —Q !

= =0C=>0; h\ Ly TLpt— Ly — l

W,
Pr— Py = APy - AP; + AP; \
3 T —

F1¢. 2-36. Linear flow, series combination

L=L1+L2+L3=ZL:'

=t of beds.
Q _ Ewh(P; —_ Pz) Q _ klwh AP],
‘T ul te #LI
. kz'wh AP: — k;'wh APs
Q= A @ L
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Solving for pressure and substituting for AP in the equations above,

QL = hpls + Qeuls + Qanls
Fwh ook kewh  kawh
L@Qu Qe (Ll L, Ly
or e i B =R
Fuh wh\k T ka)
L L
and == ) FH
¥ then generalizing,
P 5=_L
2": I (2-37)
Ak
» The same reasoning can be used

in the evaluation of the radial sys-
tem (Fig. 2-37) so as to yield the

|
I
i
I
I
f
| @
J
I
[
|
|
H

equation
= log re/rs
n
Fic, 2-37. Radial flow, series combination ZM (2-38)
of beds. i k;

Example 2-11. Average Permeability of Beds in Series. What is the
equivalent permeability of four beds in series, having equal formation
thicknesses under the following conditions: (1) for a linear system and
(2) for a radial system if the radius of the penetrating well bore is 6 in.

" and the radius of effective drainage is 2,000 ft?

Bed Length of bed, | Horizontal permeability,
it millidarcys
1 250 25
2 250 50
3 500 100
4 1000 200

Assume bed 1 adjacent to the well bore.
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Linear system

250 + 250 + 500 -+ 1,000 _ 2,000
T 250 , 250 , 500 | 1,000 10+5+5+5
25 T 50 T 100 T 200

= 2000 40 millidarcys (2-37)
Radial system
= log re/rw

Eﬂ Iog 1",‘/?‘:‘ 1

. k;

FEDS
_ log 2,000/0.5
~ log250/0.5 , log 500/250 , 1og 1,000/500 , log 2,000/1,000

25 50 100 200
(2-38)

= 30.4 millidarcys

Channels and Fractures in Parallel

Only the matrix permeability has been discussed in the analysis to this
point. In some sand and carbonate reservoirs the formation frequently
coniains solution channels and natural or artificial fractures. These chan-
nels and fractures do not change the permeability of the matrix but do
change the effective permeability of the flow network. In order to deter-
mine the contribution made by a fracture or channel to the total condue-
tivity of the system, it is necessary to express their conductivity in terms

of the darey.
Channels. Recalling Poiseuille’s equation for fluid conductivity of

capillary tubes,
ot AP (2-3)

8ulL

‘The total area available to flow is
A=z

So that the equation reduces to

0%,
gl

g=4
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From Darcy’s law it is also known that

AP
Q = Ak E’:
Equating Darey’s and Poiseuille’s equations for fluid flow in a tube,
r2
=3 2-39

where k and r are in consistent units,
If r is in centimeters, then & in darcys is given by

e
k= —
8(9.869) (107 — 12:50 X 10%

where 9.869 X 10~? is a conversion factor from Example 2-9,
Then if r is in inches,

k= 12.50 X 105(2.54)%°
80 X 105 = 20 X 1052

where d is the diameter of the opening in inches
Therefore, the permeability of a ecireular o i in. i
3 pening 0.005 in. ius i
2,000 dareys or 2,000,000 millidareys. ¢ i redis i
Consider a cube of reservoir rock 1 ft on i i
e re the side and having a matrix
lp_uermeablhty of 10 millidarcys. If a Liquid of 1-centipoise viscosity flows
inearly tlgough the rock, under a pressure of gradient 1 psi per ft, the rate
Sﬁ flow will be 0.011271 bbl per day. If a cireular opening (.01 in. in
toa.}r)ne;}«:r tzaverseslthe same rock, then the rate of flow can be considered
o , . .
o e above value plus the rate of flow Q through the eircular opening,

) P
-1 L
@ = tizea £
= 1.1271(2,000) 2% . 1
(2,000 3 7ad 11y
_ 0.785(2254.2)(0.0001)
144
_ 0.785(0.92542
= _"1—44——)- = 0.00122 bbl/day

E‘;}:lirerofr:hthe gombined rate is 0.012491, or an increase of about 11 per

. e cube matrix has 1-millid ili i

be 108 per o millidarcy permeability, the increase would

Fractures. For flow throu
. . gh slots of fine ¢l it wi

Buckingham (see Croft*) reports that earances and unit widh

12un,
AP = 7

(2-40)
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where k is the thickness of the slot. By analogy to Darey’s law where

- L
ap = &
R? .
then k=15 (241)

where % is in centimeters and k in darcys. The permeability of the slot is
given by

I 2
k= leseeyoT) — x4 X 10%

When hk is in inches and % is in dareys,
k= 54.4 X 10%R?

The permeability of a fracture 0.01 in. in thickness would be 5,440
dareys or 5,440,000 millidarcys.

Under the same flowing conditions used for the eircular opening, & frac-
ture 0.01 in. in thickness across the width of the block would contribute a
flow rate @”, computed as
kA AP

uL

1.1271(5,440) (0-01/1 1(21))(1) 1)

1.1271({5,440) (0.00083)
= 5.1095 bbl/day

The combined rate is 5.12077 bbl per day, or an increase of 45,437 per
cent. It is obvious that én situ fractures and solution cavities contribute

substantially to the productivity of any reservoir.

Q" = 11271

I

Analogy of Darcy’s Law and Other Physical Laws
In using Darey’s law to define fluid flow in porous media it is often found
that complex flow systems make a solution practically impossible. In
analyzing Darcy’s law it was found that it was comparable to Ohm’s law
for conductance of electrical current and Fourier’s equation for conduect-
ance of heat In a solid.
Ohm’s law as commonly written is

=% (2-42)
where I = currenf, amp

E = vyoltage drop, volts
r = resistance of the circuit, ohms
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L L

but r=r3 or r=

where p = resistivity, ohm-em

¢ = 1/p = conductivity
L = length of Aow path, ¢m
A = cross-sectional area of conductor, sq ¢m

Therefore == (2-43)
eL :

Comparing to Darcy’s law for a linear system

E , AP
Q= M 45 (2-44)
note that
k1 AP E

Q~1I PR ) (245)

Using the analogue between fluid and electrical systems it is possible to
obtain solutions of complex fluid-flow networks by use of electrical net-
works. Further analogies of fluid systems with electrical parameters are
possible.

The Fourier hest equation can be written as

¢=ratl (2-46)
where ¢ = rate of heat flow, Btu/hr
A = cross-sectional area, sq ft
AT = temperature drop, °F
L = length of conductor, ft
¥ = thermal conductivity, Btu/ (hr)(ft) (°F)
From (2-44) e ’
k., AP _AT
Q~g I~k LT (247)

As in the case of Ohm’s law, further analogies are possible and will be
discussed in later sections.

The above-listed analogies are useful in that many complex problems of
both heat and electrical conduction have been solved analytically so that
the mathematics can be extended readily to problems of flow through
porous media. In addition, many fluid-flow problems involving complex
geometry can be solved by appropriate electrical or heat models socaled
down in size or time for convenient Iaboratory performance.

Measurement of Permeability

The permeability of a porous medium can be determined from samples
extracted from the formation or by in-place testing. The procedures dis-

B
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cussed in this section pertain to the permeability determinations on small
media.
sar%s:gsnf:thods are used to evaluate the permeabilit_\'; .of cores. The .metllloc%
most used on elean, fairly uniform formz},tiogs utilizes sma.ll c.yhndncEL
samples, perm plugs, approximately % in. in dmme'ter and 1 in. in lengtf ;
The second method uses full-diameter core samples in lengths of 1 to I}é | t.
The fluids used with either method may be gas or any n.onrea.ctlve ]._1qu1d.
Perm Plug Method. As core samples ordinarily conta_m residual oil and
water saturation, it is necessary that the samplfa he subjected to prep'ara&
tion prior to the determination of the pem}eablhty. Perm plugs are drille
from the larger cores parallel to the bedding planes. The perm plugs are
dried in an oven or extracted by a soxhlet extractor and then subsequently
dried. The residual fluids are thus removed, and _the core sample _becomes
100 per cent saturated with air. The perm plug is then inserted in a core

Frc. 2-38. Permenbility apparatus. (From Stevens™)
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holder of a permeability device such as illustrated in Fig. 2-38. An appro-
priate pressure gradient is adjusted across the perm plug, and the rate of
flow of air through the plug is observed. The requirement that the perme-
ability be determined for conditions of viscous flow is best satisfied by
obtaining data at several flow rates and plotting results as shown in Fig.
2-39 from either Eq. (2-20) or (2-21). For conditions of viscous flow, the

° ]

5 Turbulence
4 /,""
=
™~ 3
I Wscau.://
2 /, :
7
00 Of 02 Q3 04 05 06 Q7 08 Q9 10
(A=A /L
{a}
€
/q_-o—o-
5
P
4 ,
= Viscous
Q3
& ~
2
1 = -
|
o]
¢ 01 02 03 04 05 08 07 08 08 10

2_ .2
(P-P)/2L
(5}
Fre. 2-39. (o) Plot of experimental results for caleulation of permeability, from

k=QL/A(P,— P.); (b) plot of experimental results for caleulation of permeability,
from kb = 20WPL/A(P? — PE). (From Stevens™)

data should plot a straight line, passing through the origin. Turbulence is
indicated by curvature of the plotted points. The slope of the straight-
line portion of the curve is equal to %/u, from which the permeability can
be computed. To obtain & in darcys, § must be In cubic centimeters per
second, A in square centimeters, P; and P, in atmospheres, L in centi-
mneters, and u in centipoises.
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A permeameter designed for the determination of the permeability o_f
rocks with eithér gas or liquid is illustrated in Fig. 2-40. Data are ordi-

i ; -holder
1g. 2-40. Ruska universal permeameter. {A)} Rubber stopper; (B) core d
geeve; (C) core holder; (D) flow-meter selector Yalve; {E) pressure-regulating
valve; (F) pressure gauge (G) fill mipple; (H) liquid-gas valve; (I) discharge-fill
valve; (J) burette. (From Stevens™)

narily taken from this device at only one flow rate. To assure conditions
of viscous flow, it is the lowest possible rate which can be accurately

measured.

Example 2-12. Permeability Measurement. 1. The following dai:,a. were
obtained during a routine permeability test. Compute the permeability of
this core.

Flow rate = 1,000 ce of air at 1 atm abs and 70°F in 500 sec

Pressure, downstream side of core = 1 atm abs, flowing temperature,
70°F o

Viscosity of air at test temperature = 0.02 centipolse

Cross-sectional area of core = 2.0 5q cm

Length of core = 2 cm
Pressure, upstream side of core = 1.45 atm abs

P1V1 = Psz = PV
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_Pi+P 14541
P = =y = 1295
_ 1X 1,000 = 1.225V
V =815 ce
F_Y _815_
g = T = 5o = 163
p_ QL
Aap*

_ 1.63{(2){0.02)
= T 9045 * 1,000

= 72.5 millidareys

2. Assuming that the data indieated above were obtained but water
was used as the flowing medium, compute the permeability of the core.
The viscosity of water at test temperature was 1.0 centipoise.

_ Q,L_:_IL _ 2L o1E
k= A AP = 2(0.45) X 1,000 = 4.450 millidarcys

Whole-core Measurement. The core must be prepared in the same
manner as perm plugs. The core is then mounted in special holding de-
vices as shown in Fig. 2-41. The measurements required are the same as
for the perm plugs, but the caleulations are slightly different.

Mefal plug
Low air Lore
; . pressure ,
Al pressure End view FFiows _’_'_ Screen,
ITI o Core r Low oir
ek pressure
: Rubber (Flow) \
Manometer 3 fubing : . )
High air
r 8558
Core High air fsea ,',-”;5
pressure
Gaske {seating} Vacuurm .
Spiit pipe Vacuum 1" Bubber disc
— Pipe 7o flowmeter
To Flowmeter To flowmeter
Gaskef opening
Vertical flow Horizontat flow

{e) (8}

Fia. 2-41. Permeameters for large core samples. (a) Clamp type; (b) Hassler type.
{From Kelton>)
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In the case of the clamp-type permeameter, the geometry of the flow
paths is complex and an appropriate shape factor must be applied to the
data to compute the permeability of the sample. The shape factor is a
function of the core length and the size of the gasket opening.

The values of permeability obtained from large core measurements to
those for perm plugs (designated as matrix samples) are compared in
Table 2-5. Measurements of permeability on large core samples generally

TapLe 2-5. CoMPARISON OF MATRIX AND WHOLE-CORE PERMEABILITY
OBsSERVATIONS FOR ELLENBURGER LIMEsTONED

Core group 1 2 3 4

Maximum whole core permeability 10 409 23 94
Whole core permeability,
measured at 90° to dow

direction of maximum value 0.6 1.2 | 10 38
Matrix permeszbility
from perm plugs 0.3 0.2 0.3 3.7

yield better indications of the permeability of limestones than do the small
core samples. However, rocks which contain fractures n situ frequently
separate along the natural planes of weakness when cored. Therefore, the
conductivity of such fractures will not be included in the laboratory data.
In general, the laboratory measurement of permeability represents a min-
imum value except in the ecase of highly argillaceous materials.

Factors Affecting Permeability Measurements

In the techniques of permeability measurement previously discussed,
certain precautions must be exercised in order to obtain accurate results.
When gas is being used as the measuring fluid, corrections must be made
for gas slippage. When liguid is the testing fluid, care must be taken that
it does not react with the solids in the core sample. Also corrections can
be applied for the change in permeability beeause of the reduction in con-
fining pressure on the sample.

Effect of Gas Slippage on Permeability Measurements. Klinkenberg®
has reported variations in permeability as determined using gases as the
flowing fluid from that obtained when using nonreactive liquids. These
variations were ascribed to slippage, a phenomenon well known with re-
spect to gas flow in capillary tubes. The phenomenon of gas slippage
occurs when the diameter of the capillary openings approach the mean
free path of the gas.

The mean free path of a gas is a function of the molecular size and the
kinetic energy of the gas, Therefore, the “Klinkenberg effect” is a function
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of the gas with which the permeability of the porous mediuvm is determined.
Figure 2-42 is a plot of the permeability of a porous medium as determined
at various mean pressures using hydrogen, nitrogen, and carbon dioxide as
the flowing fluids. Note that for each gas a straight line is obtained for the

& Carbon dioxide

2 5 ] 1 1 1 ] i l_ L
- 0.2 04 06 08 10 1.2 14
Recipracal mean pressure, ATM™!

» 90

&t /

T 45 * L

:E I~ /

=40 L S

= e / /

= L

Q

e 35 .f/ d_/ /n/ 7

a;-’. - / / ® Hydrogen
§ 30— o Nifrogen -
b

]

o

Fre. 2-42. Permeability of core sample L to hydrogen, nitrogen, and carbon dioxide
at different pressures. Permesability to isooctane, 255 millidarcys. (From Klinken-
berg.™)

observed permeability as a function of the reeiproeal of the mean pressure
of the test. The data obtained with lowest molecular weight gas yield the
straight line with greater slope, indicative of a greater slippage effect. All
the lines when extrapolated to infinite mean pressure (1/P = 0) intercept
the permeability axis at & common point. This point is designated %, or
the equivalent liquid permeability. Klinkenberg and others established
that the permeability of a porous medium to a nonreactive homogeneous
single-phase liquid was equal to the equivalent liquid permeability.

The linear relationship between the observed permeability and the re-
ciprocal of mean pressure can be expressed as follows:

k1
BTy em R

m
b=E (2-48)

where kr = permeability of medium to a single liquid phase completely
filling the pores of the medium

k, = permeability of medium to a gas completely filling the pores
of the medium
P = mean flowing pressure of the gas at which %, was observeé
b = constant for a given gas in a given medium
m = slope of the curve

PR aa—— |

FUNDAMENTAL PROPERTIES OF FLUID-PERMEATED ROCKS 93

The constant b in the above equation depends on the mean free path of
the gas and the size of the openings in the porous medium. Since permea-
bility is, in effect, a measure of the size openings in a porous medium, it is
found that b is a function of permeability. Figure 2-43 represents a corre-

i0
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3
2 M

S8 8

Klinkenberg factor &
&

Q.1
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003
Q.02

004
COtO0Z003 Q05 04 0203 05 10 23 5 10 20 30 50 $00 200 300 500 1000
Permeability to nonreccting liquid £ , millidarcys

Fic. 2-43. Correlation of Klinkenberg factor b with permeability. (From American
Petroleum Imstitute®)

lation of & with k., determined from measurements made on 175 samples.”
The factor b increases with decreasing permeability as slippage effects be-
come proportionately greater for smaller openings.

To obtain accurate permeability measurements on small samples re-
quires approximately 12 flow tests. Permeability values should be deter-
mined for four flow rates, each at three different values of mean pressure.
This procedure permits the obtaining of three values of permeability under
viscous flow conditions at three mean pressure values, from which the per-
meability to liquid can be graphieally determined.

Effect of Reactive Liquids on Permeability. While water is commonly
considered to be nonreactive in the ordinary sense, the occurrence of swell-
ing clays in many reservoir rock materials results in water being the most
frequently occurring reactive liquid in connection with permeability deter-
minations. Reactive liquids alter the internal geometry of the porous
medium. This phenomenon does not vitiate Darcy’s law but rather results
in a new porous medium the permeability of which is determined by the
new internal geometry.

The effect of elay swelling in the presence of water is particularly im-
portant in connection with the determination of the permeability of the
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graywackes common to the Gulf Coast and the arkosic sediments of Cali-
fornia. The degree of hydration of the clays is a function of the salinity of
the water. Permeability changes of 50-fold or more may be noted between
that determined with air and that determined with fresh water. The effect
of water salinity on the observed permeability is illustrated in Table 2-6

TABLE 2-6. EFFECT OF WATER SALINITY ON PERMEABILITY OF NATURAL
Corps?® (Grains per gallon of chloride ion as shown®)

Field | Zone K. Koo Ksn K Ko K K.
S 34 4,080 1,445 1,380 1,290 1,190 885 17.2
s 34 24 800 | 11,800 | 10,600 | 10,060 9,000 7,400 147
S 34 40,100 | 23,000 | 18,600 | 15,300 | 13,800 8,200 270
s 34 39,700 | 20,400 | 17,600 | 17,300 | 17,100 } 14,300 1,680
S 34 12,000 5,450 4,550 4,600 4,510 3,280 167
S 34 4,850 1,910 1,430 925 736 326 50
K] 34 22,800 | 13,600 6,150 4,010 3,490 1,970 19.5
) 34 34,800 | 23,600 7,800 5,460 5,220 3,860 9.9
8 34 27,000 | 21,000 | 15,400 | 13,100 { 12,900 | 10,900 1,030
8 34 12,500 4,750 2,800 1,680 973 157 24
s 34 13,600 5,160 4,640 4,200 4,150 2,790 197
S 34 7,640 1,788 1,840 2,010 2,540 2,020 119
8 34 11,100 4,250 2,620 1,500 B66 180 6.2
S8 34 6,500 2,380 2,080 1,585 1,230 794 41
T 36 2,630 2,180 2,140 2,080 2,150 2,010 1,960
T 36 3,340 2,820 2,730 2,700 2,690 2,490 2,460
T 36 2,640 2,040 1,920 1,860 1,860 1,860 1,550
T 36 3,360 2,500 2,400 2,340 2,340 2,280 2,060
T 36 4,020 3,180 2,900 2,860 2,820 2,650 2,460
T 36 3,090 2,080 1,900 1,750 1,630 1,490 1,040

@ For example, K, means permeability to air; Kwy means permeability to 500 grains
per gal chloride solution; K,, means permesbility to fresh water.

While fresh water may cause the cementation material in a core to swell
owing to hydration, it is a reversible process. A highly saline water can be
flowed through the core and return the permeability to its original value.
The reversibility of the effect of reactive liquids is illustrated in Fig. 2-44.

© Care must be taken that laboratory permeability values are corrected
to liquid values obtained with water whose salinity corresponds to forma-
tion water. An example of the variation of air permeability and formation
water permeability is shown in Fig. 245. California and Gulf Coast sands
will normally exhibit lower formation permeabilities than those measured
by air in the laboratory.

S
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Overburden Pressure. When the core is removed from the formation,
all the confining forces are removed. The rock matrix is permitted to ex-

pand in all directions, partially

changing the shapes of the fluid-flow 1000 -
paths inside the core. i‘é%— Core—5+ ——
Compaction of the core due to 200 Core6°~77
overburden pressure may cause as 100 } ;il %
much as a 60 per cent reduction in 5oy -
the permeability of various forma- % o4 | i‘t 14 H%\
tions, as shown in Fig. 246. It is § 1ol LA RN é\
noted that some formations are 7 St Rﬁ i i, | %-Ij -
much more compressiblethan others; 2 ; lpodf 1 1T 4 : " water
thus more data are required to 3 | | I 5 AR 1M
develop empirical correlations which £ s ! ! ; ;,l '} ! ! LK
will permit the correction of sur- ~ %% T g T i
face permeability for overburden Q2 PR T
pressures. 0_8; L T
004t ———— =i
Factors in Evaluation of Permea- opz| 0L W | 0 iswlwlol lapwsliw o
Fiuid sequence —= J

bility from Other Parameters Qo1

Permeability, like porosity, is a f'IG- Si‘i‘i- The dpermeab}ilﬁty }i!)i_stotrg’d g
H 2 WO EVENS SaNd cores when subjec
variable which can be I}:Eea.sured f?r and measured with various fluids. (From
each rock sample. To aid better in  Myskat™
the understanding of fluid flow in
rocks and possibly to reduce the number of measurements required on

racks, correlations among porosity, permeability, surface area, pore size,
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Fra. 2-45. Relationship of permeabilities measured with air to those measured with
water having a concentration of 20,000 to 25,000 ppm chloride ion.
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and other variables have been made. The reasoning behind some of the
correlations among porosity, permeability, apd surface area are presented
here to enable the reader to gain some understanding of the interrelation
of the physical properties of rocks. Although these relations are not
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F1g. 2-46, Changes in permeability with overburden pressure. (a) Curve A—Colo-
rado; 3.96 millidarcys; B—Southern California coast, 40.9; C—San Joaquin Valley,
Calif, 45.0; D—Arizona, 436; F—Arizona, 632; F—San Joaquin Valley, Calif,, 405;
G—San Joaquin Valley, Calif,, 55.5; H—Southern California coast, 3188. (b) A—basal
Tusecaloosa, Miss., 229 millidareys, 15 per cent porosity; B—basal Tuscaloosa, Miss,,
163, 24; C—Southern California coast, 335, 25; D—Los Angeles basin, Cakf., 110, 22.
. (From Fatt and Davis™®)

quantitative, they are indicative of the interdependence of rock charac-
teristics.

Use of Capillary Tubes for Flow Network. The simplest expression for
the rate of flow in a circular conduit'is Poiseuille’s equation, which, like
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Darey’s law, holds for viscous conditions of flow. It has previously been

shown that

72
k= 3 (2-39)

If 2 porous system is conceived to be a bundle of capillary tubes, then
it can be shown that the permeability of the medium depends on the pore
size distribution and porosity.

Consider a medium formed of a bundle of capillary tubes with the spaces
between the tubes sealed by a cementing material. If the conductors are
all of the same size and are arranged in eubic arrangement, then, neglecting
wall thickness of the tubes, the number of tubes per unit area is given by

Porosity  »/4 _ 1
Area/tube  #r* 412

The rate of fow is then given by

Therefore k= 32

If the arrangement of the tubes is the most compact possible, the num-
ber of tubes per unit area is given by

= . __1
Tsn60c T ™ T 3468
where the porosity ¢ = ;1#6{?
Therefore E= ﬁ%

Note, therefore, that the permeability for this simple case is a function
not only of the pore size but of the arrangement of the tubes. The arrange-
ment of the tubes is defined by the porosity ¢ for these simple cases.

Consider a system comprised of a bundle of capillary tubes of the same
radii and length; k, the permeability, can be written as a function of po-

rosity as follows:
B=t
8

The internal surface area per unit of pore volume can be derived as
follows:

Surface area = n2wrL

Pore volume = nariL

n2erl 2
T

2
Therefore S, = ey r=%
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where §, is the internal surface area per unit pore volume. Substituting
the above into the preceding expression gives

b de _ 14
83 28,2
if, for the constant 13, 1 /k. is substituted,

k=

&
&S7 (2-49)
which is the Kozeny equation where k. is the Kozeny constant.

Wyllie®* derived the Kozeny relation from Poiseuille’s law as follows

{symbols in egs units):
d* AP .

= 32uL

where o = velocity of flow, cm/sec
d = diameter of conduit, cm
AP = pressure loss, dynes/sq em
p = fluid viscosity, poises
L = average path length, em

v

Introducing the concept of mean hydraulic radius m, where

___volume of conduit
"~ area of wetted surface

for a eircular pipe,

" L d
T 2mL 4
which when substituted into Poiseuille’s Jaws yields
_ mAD
v= 2 ulL

Poiseuille’s law in this form is applieable to noneircular conduits.
Wyllie®! then suggests that the factor 2 in the denominator of the above
expression be-generalized and replaced by a shape factor %, which takes
on values for porous materials ranging from 2.5 to 3.0.

The conduit in a porous medium is conceived by Wyllie to be of a cross-
sectional area ¢A, where ¢ is the fraetional porosity and A is the cross-
sectional area of the porous medium. A further correction must be applied
to the length of the conduit, for the average distance traversed by the
fluid is greater than the distance L between two mutually perpendicular
faces across which flow is oceurring. The actual Auid velocity », within the
pores of the medium is greater than the macroscopic velocity v, such as im-
plied by /A, where @ is the volume rate of flow and A is the cross-sectional
area of the porous medium. The increased velocity is due to the decreased
area actually available for flow and to the increased length of the actual

e
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flow path L, as compared with the length L across the porous medium.
Then

v L,
Ug = oL
Correcting Poiseuille’s law for the actual fiow conditions gives
v Le _ m AP
¢ Lk L,
_ ¢ AP ;L_)z
or = WL \IL.

In a porous medium, m is equal to the ratio of the pore space per unit
volume of the medium ¢ to the surface per unit volume s, so that

The surface per unit volume of the medium s is related to the surface
per unit volume of pore space S, as follows:
s = o8,

therefore m = é—z)
¢ AP/LY\?
Then v = 2 tF (f)
From Darey’s law
v =E55 @14)
PR (£)2
koSt \Lq
where k is the permeability of the porous medium.
Let (L./L)* = .= tortuosity of the porous medium
k., = kyr = Xozeny constant
then k= kjé’,,? (2-49)

Carman® reported that the value of k. was in all cases about 5. To apply
Eq. (2-49) to the calculation of permeability, the porosity &, the surface
ares, per unit pore volume S, and the Kozeny constant k. must be known
Rapoport and Leas®™ have reported a method of caleulation of permesability
based on Eg. (249) and determination of 8, from capillary data. Other
investigators have reported discrepancies in the assumption that k. = 5.
In consolidated porous media there is little reason to believe k. to jbe a
constant, but rather, k, depends on k and = for the particular medium.
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Wyllie™ and others have reported that k, can be evaluated from. electrical
properties of the porous material when saturated with an electrolyte.

FLUID SATURATIONS

In the previous sections of this chapter the storage and conduction ca-
pacity of a porous rock were discussed. To the engineer there is yet another
important factor to be determined. What is the fluid content of the rock?
In most oil-bearing formations it is believed that the rock was completely
saturated with water prior to the invasion and trapping of petroleum. The
less dense hydrocarbons are considered to migrate to positions of hydro-
statie and dynamic equilibrium, thus displacing water from the interstices
of the structually high part of the rock. The oil will not displace all the
~ water which originally ocecupied these pores. Thus, reservoir rocks nor-
mally will contain both petroleum hydrocarbons and water (frequently
referred to as connate water) occupying the same or adjacent pores. To
determine the quantity of hydrocarbons aceumulated in a porous rock for-
mation, it is necessary to determine the fluid saturation (oil, water, and
gas) of the rock material,

Methods of Determining Fluid Saturation

There are two approaches to the problem of determining the original
fuid saturations within a reservoir rock. The direct approach is the select-
ing of rock samples and measuring the saturations of these samples as they
are recovered from the parent formations. The indirect approach is to de-
termine the fluid saturation by measuring some other physical property of
the rock. The direct approach is all that will be discussed here. The in-
direct approach, such as using electric logs or capillary-pressure measure-
ments, will be discussed in later chapters.

Determination of Fluid Saturations from Rock Samples

In determining fluid saturations directly from a sample removed from a
reservoir, it is necessary to understand first how these values are measured;
second, what these measured values represent; and third, knowing what
they represent, how they can be applied.

In order to measure values of original rock saturations there have been
essentially three methods devised. These methods involve either the evap-
oration of the fluids in the rock or the leaching out of the fluids in the rock
by extraction with a solvent.

One of the most popular means of measuring the initial saturations is
the retort method. This method takes a small rock sample and heats the
sample so as to vaporize the water and the oil, which is condensed and
collected in a small receiving vessel. An electric retort is shown in Fig.
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9.47. The retort method has several disadvantages as far as commercial
work is concerned. First in order to remove all the oil, it is necessary to
approach temperatures on the order of 1000 tq 11_00°F. At t.emp‘eratures
of this magnitude the water of crystallization within the rock is driven off,

Tye. 2-47. Retort distillation apparatus. (From Stevens™)

causing the water-recovery values o be greater thz_m jt'lst the mterstmﬁ.l
water. An example of such a system is illustrated in Flg_. 2-48.. .Here the
water removed in the first 30 min was approximately the mterst.ma.} water.
As the application of heat was continued, the water of crystallization was
removed, amounting to approximately 2 ce of water Put of & toifa,I Tecovery
of 8 ce. Thus, it is seen that an error of 33 per cent i3 pos&‘ple if the water
of erystallization is not accounted for. The second error v?'hlch occurs from
retorting samples is that the oil itself when heated to high temperaturtiss
has a tendency to crack and coke. This change of a hydrocarbon molectle
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tends to decrease the liquid volume and also in some cases coats the internal
walls of the rock sample itself. The effect of cracking and coking in a re-
tort is shown in Fig. 2-49, wherein 0.4 ce of oil actually in the sample yields
about 0.25 cc in the receiving vessel. Thus a fluid correction must be made
on all sample data obtained with a retort. Before retorts ean be ﬁsed, cali-
bration curves must be prepared on various gravity fluids to eorrect for
the losses from cracking and coking with the various applied temperatures.
Ancther correction curve can also be obtained which eorrelates recovered
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Fia. 2-48. Typical retort calibration curve
fo_r water from a Wilcox sand. Altair
Field core, depth 8,270 ft, 107 millidareys,

g, 2_-49. Typical retort calibration curve
for ol from a Wilcox sand. Clay Creek
Field, 43°APT oil, observed trace =0.1

226 per cent porosity. 62 cc plateau cc in retort. (From Emdohi™)
reading. (From Emdahi®)

API qil gravity with initial API oil gravity. It is normal for the oil gravity
of the recovered liquid to be less than the oil gravity of the liquid originally
in the rock sample. These curves can be obtained by running “blank”
runs (retorting known volumes of fluids of known properties). The retort
is a rapid method for the determination of fluid saturations, and utilizing
the corrections yields satisfactory results. It gives both the water and oil
volumes, so that the oil and water saturations can be calculated from the
following formulas:
water, cc
* " pore volume, c¢ (2-50)

_ ail, ee .
8o = pore volume, cc (2-51)

&
I
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The other method of determining fluid saturation is by extraction with
a solvent. Extraction can be accomplished by a modified ASTM method
or a centrifuge method. In the
standard distillation test the core is
placed so that a vapor of toluene,
gasoline, or naphtha rises through
the core and is condensed to reflux
back over the core. This process
leaches out the oil and water in the —
core. The water and extracting fluid
are condensed and are collectedin a
graduated receiving tube. The water
settles to the bottom of the receiving  Graduated fube
tube because of its greater density,
and the extracting fluid refluxes back
into the main heating vessel. The
process is eontinued until no more
water is collected in the receiving
tube. The distiliation apparatus is -
shown in Fig. 2-50. The water satu- Fie. 2-50. Modified ASTM extraction ap-
ration can be determined directly; Pparatus.
e,

Condenser

Thimbie ond core

Solvent
Electric heafer

_ water, ¢¢
pore volume, ce

SW

The oil saturation is an indirect determination. It is necessary to note
the weight of the core sample prior to extraction. Then, after the core has
been cleaned and dried, the sample is again weighed. The oil saturation
as & fraction of pore volume is given by
g = (wt of wet core, gm — wt of dry core, gm — wt of water, gm)
e (pore volume, cc)(density of oil, gm/cc)

(2-53)

The core can be completely cleaned in the ASTM extraction apparatus,
or once all water is removed, the remainder of the cleaning e¢an be done in
a soxhlet extractor (Fig. 2-51). The mechanics of the soxhlet extractor
are essentially the same as the ASTM extraction apparatus except thai nu
receiving vessel is supplied for trapping water. The cleaning solution is
continually vaporized and condensed on the core. This action leaches out
the oil and water from the core. The ASTM extraction method does less
damage to a core sample and results in perhaps the cleanest core of any
of the saturation determinations. The core sample is ready for porosity
or permeability determinations after this extraction process.

Before permeability and porosity can be measured, it is necessary to
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clean the core sample in a device similar to the soxhlet extractor or one
which uses centrifugal force. Thus, using the ASTM distillation only one
additional step is required to obtain information from which to calculate
fuid saturations in the core.

Another method of determining
water saturation is to use a centri-
fuge (Fig. 2-52). A solventis injected
into the centrifuge just off center.
Owing to centrifugal force it is
thrown to the outer radii, being
forced to pass through the core
sample.” The solvent removes the
water and oil from the core. The
outlet fluid is trapped, and the quan-
—~— tity of water in the core is measured.

The use of the centrifuge provides a

very rapid method because of the high
Soxhlet extrgctor  LOTCes which can be applied. At the

same time that the water content is

determined, the core is cleaned in
Thimble preparation for the other measure-
ments. The values of water and oil
saturation are calculated by using
Egs. (2-50) to (2-53) as for the ASTM
extraction method.

There is another procedure for
saturation determination which is
used with either of the extraction
methods. The core as received from
the well is placed in a modified mer-
cury porosimeter (Fig. 2-14) wherein
the bulk volume and gas volume are
measured. The volume of water is
determined by one of the extraction
methods. The fluid saturations ean
be ealculated from these data.

In connection with all procedures for determination of fluid content, a
value of pore volume must be established in order that fluid saturations
can be expressed as percentage of pore volume. Any of the porosity pro-
cedures previously described can be used. Also the bulk volume and £a8
volume determined from the mereury porosimeter can be combined with
the oil and water volumes obtained from the retort to caleulate pore vol-
ume, porosity, and fluid saturations,

Condenser

Electric heatfer

T1c. 2-51. Soxhlet extractor.

105

FUNDAMENTAL PROPERTIES OF FLUID-PERMEATED ROCES

Fre. 2-52. Centrifugal core cleaning. (Courtesy of Core Laboratories, Inel)

Factors Affecting Fluid Saturations of Cores

The core sample delivered to the laboratory for fluid-saturation deter-
minations was obtained from the ground by rotary, side-wall, or cable-
tool coring. In all cases, the fluid content of these samples ha'.s _been altered
by two processes. First, especially in the case of rotary c'lrﬂhng, the for-
mation is under a greater pressure from the mud column in the well than
from the fluid in the formation. The differential pressure across the well
face causes mud and mud filtrate to invade the formation immediately gd—
jacent to the well surface, thus flushing the formation with mud and _1ts
filtrate. As most drilling is done with water-base mud, water filtrate n-
vades the core and displaces some of the oil and perhaps some qf _the
original interstitial water. This displacement process cha'nges the original
fluid contents of the in-place rock. Second, as the sample is brought to the
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surface, the confining pressure of the fluid column is eonstantly decreasing,
The reduction of pressure permits the expansion of the entrapped water,
oil, and gas. Gas, having the greater coefficient of expansion, expels oil
and water from the core. Thus, the contents of the core at the surface have
been changed from those which existed in the formation. The core has
been invaded with water, and the contents subsequently subjected to a
solution-gas-drive mechanism. As the invasion of the filtrate precedes the
core bit, it is not possible to use pressurized core barrels to obtain undis-
turbed samples.

In the case of drill cuttings, chips, or cores from cable-tool drilling, they
also have undergone definite physical changes. If little or no fluid is main-
tained in the well bore, the formation adjacent to the well surface is de-
pleted owing to pressure reduction. As chips fall into the well, they may
or may not be invaded, depending on the fluids in the well bore and the
physical properties of the rock. In all probability, fiuid will permeate this
depleted sample, resuiting in flushing. Thus, even cable-tool cores have
undergone the same two processes as was noted in the case of rotary coring
but in reverse order.

In an attempt to understand better the over-all effect of the physical
changes which oceur in the core beeause of Aushing and fluid expansion,
Kennedy, Van Meter, and Jones® undertook a study to simulate rotary
coring techniques. In this study a cylindrical sample was used which had
a hole drilled in the middle to represent the well bore (Fig. 2-53). Mud
under pressure was supplied to the middle hole, allowing filtrate to enter
the core sample. The oil and water forced from the core were collected,
and the amount was measured at the outer boundary. The values gave
the change in saturation ecaused by the flushing action of the filtrate. The
pressure on the core was reduced to atmospheric pressure, and the amount
of water and oil that remained in the core was determined. The total
effect of both flushing and expansion because of pressure reduction was
thus measured.

Schematie illustrations of the changes in saturation resulting from these

two processes for oil-base and water-base muds are shown in Fig. 2-54. Tt
is noted that the original flushing action reduced the oil saturation by
approximately 14 per cent. The expansion to surface pressure displaced
water and additional oil. The final water saturation was greater than the
water saturation prior to coring. In coring with an oil-base mud, the
filtrate is oil, so that the flushing action did not alter the initial water
saturations but did result in replacement ot approximately 20 per cent of
the initial oil. On pressure depletion a small fraction of the water was ex-
pelled, reducing the water saturation from 49.1 to 47.7 per cent. The oil
saturation was reduced by both processes from 50.9 to 26.7 per cent. Thus,
even when high water saturations are involved, up to approximately 50 per
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cent, the water-saturation values obtained with ocil-base muds may be con-
sidered to be representative of the initial water saturations in the reservoir.
Hence, it is possible to obtain fairly representative values of in-place water
saturations by selecting the fluids with which the core samples are obtained.
Kennedy et al. studied cores with permeabilities ranging from 2.3 to 3,040
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Fie. 2-53. Sectional view of test cell with core in place., (From Kennedy, Van Meter,
and Jones ™)

millidarcys and porosities ranging from 5.2 to 21.7 per cent. The drilling
fluids used were clay bentonite, lime starch, and cil-base muds with vis-
cosities from 65 to 133 centipoises and water losses from zero- fof the oil-
base mud to 6.8 ce API for the elay bentonite mud.

Kennedy et al. correlaied hydrocarbon saturations before and after cor-
ing. These correlations are shown in Fig. 2-55. It is noted that for cores
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of 5- and 10-millidarcy permeability, the initial and final hydrocarbon
saturation yields an approximate straight line for initial saturations greater
than 15 per cent. Data for cores of from 127- to 3,040-millidarcy perme-
ability were correlated in the same manner as the data for the low-perme-
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calculate the volume of filtrate and reservoir water in the core. A large
fraction of the initial reservoir water may have been displaced by the in-
vading filtrate, so the tracer method would give low values of reservoir

* water saturation.
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Fig, 2-54. Typical changes in saturation of cores flushed with water-base and oil-base
muds. (a) Water-base mud; (b) oil-base mud. (From Kennedy, Van Meter, and
Jones.®)

ability samples. These also resulted in a straight-line correlation for initial
hydrocarbon saturations greater than 15 per cent.

Correlations such as presented in Fig. 2-55 can be used to correct satu-
rations measured from cores to original conditions. Additional data are
required before universal correlations can be established.

Attempts have been made to use tracers in the drilling fluid to determine
the amount of water in the core which is due to mud filtrate invasion. The
theory was that mud filtrate displaced only cil. Thus, when the core is
recovered to the surface, the salt concentration of the core water ean be
determined. Knowing the salt concentration in the reservoir water and
the tracer concentration in the drilling fluid, it was thought pessible to

{£)

Fig. 2-55. Laboratory determination of fluid saturation of oil-field cores subjected to
mud flushing and pressure depletion. (From Kennedy, Van Meter, and Jones™)

In order to obtain realistic values of fluid saturation it is necessary to
choose the proper drilling fluid or resort to correlations similar to that re-
ported by Kennedy et al. or to use indirect methods of saturation deter-
mination.

The Use of Core-determined Fluid Saturations

The saturation values obtained directly from roeck samples are usually
not reliable for determining the quantity of each fluid in the rock. Qther
uses exist for fluid-saturation determinations from core samples. It has
already been shown that water saturations obtained from core samples cut
with oil-base mud are essentially reliable. The saturations of cores cut
with water-base mud are used to determine the original oil-gas contact,
original oil-water contact, and whether a sand is productive of cil or gas.
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The determination of contacts is made by carefully studying the resid-
ual il saturations of the cores as a function of depth. In the oil-saturated
regions the samples will have essentially a constant value for residua! oil
saturations, probably 15 per cent or greater. In the gas region the oil satu-
ration is small or vanishes. Thus the depth of the gas-oil contact is defined
by a sharp increase in oil saturation. In the water zone, the oil saturation
gradually disappears with depth. By observing these changes in oil satu-
ration, it is possible to ehoose the depth of the water-cil contact.

It is possible to establish a correlation of the water content of cores and
permeability from which it can be determined whether a formation willbe

productive of hydrocarbons. Such

00 a correlation is shown in Fig. 2-58,

i IS wherein it can be noted that low-

0 AT voper simir o permeability formations with core

E, L1 Zt;}‘a;ﬂza;fs for | water saturations as high as 55 per

& Lo i sanes cent may be considered productive.

i:' 10 = For higher permeability formations

g the upper limits of water satura-
£

tions may be slightly less than 50
- = per cent. Thus, from the investiga-
. s tion of saturation values of cores
1570 20 30 40 50 60 70 80 90 10 one can gather that a formation

Total water confent, % pore space would be productive if the water
Fic. 2-58. Limiting values of total core sSaturation in the surface samples
water for oil and gas production—water- were less than 50 per cent.
base muds. (From Emdahl*) Another reason for measuring fuid

saturations of surface samples is to
obtain other correlations such that direct or indirect measurements of other
physical properties may also give indications of initial fluid distributions.
The measurement of electrical resistivity of the core samples, prior to
cleaning, permits correlations of electrical resistivities with other physical
properties to aid in electrical log interpretation.

Thus, in summary, it is seen that although fluid-saturation determina-
tions made on core samples at the surface may not give a direct indication
of the saturations within the reservoir, they are of value and do yield Very
useful and necessary information.

ELECTRICAL CONDUCTIVITY OF FLUID-SATURATED ROCKS

Resistivity Relations
Porous rocks are comprised of an aggregate of minerals, rock fragments.
and void space. The solids, with the exception of certain clay minerals, are
nonconductors. The electrical properties of a rock depend on the geometry
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of the voids and the fluids with which those voids are filled. The Auids of
interest in petroleum reservoirs are oil, gas, and water. Oil and gas are
nonconductors. Water is a conductor when it contains dissolved salts.
Current is conducted in water by movement of ions and can therefore be
termed electrolytic conduction. The resistivity of z material is the re-
ciprocal of conductivity and is commonly used to define the ability of a
material to conduct current. The resistivity of 2 material is defined by the
following equation:
-2 (2-54)

where p = resistivity

r = resistance

A = cross-sectional area of the conductor

L = length of the conductor

For electrolytes, p is commonly reported in ohm-centimeters, r is ex-
pressed in ohms, 4 in square centimeters, and L in centimeters. In the
study of the resistivity of soils and rocks, it has been found that the resis-
tivity can be expressed more conveniently in ohm-meters. To convert to
ohm-meters from chm-centimeters, divide the resistivity in ohm-centi-
meters by 100. In oil-field practice, the resistivity in ohm-meters is com-
monly represented by the symbol £ with an appropriate subseript to define
the conditions to which B applies.

Formation Factor. The most fundamental concept in considering elec-
trical properties of rocks is that of formation factor.

As defined by Archie®, the formation factor is

B,
where E, is the resistivity of the rock when saturated with water having a
resistivity of R..

The relationships between the electrical properties and other physical
properties of the rock are complex but ean be illustrated by the following
developments.

Consider a cube of salt water (cube 1, Fig. 2-57) having & cross-sectional
area A, a length L, and a resistivity B.. If an electrical current is caused
to flow across the eube through an area A and a length L, the resistance of
the cube can be determined. Let this resistance be . Then

o Bel
A
In Fig. 2-57 cube 2 represents a cube of porous rock of the same dimen-

stons of eube 1 and 100 per cent saturated with water of resistivity E..
Considering the solids to be nonconducting, the electrical flow must then

i (2-55)
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be through the water-filled pores. The cross-sectional area available for
conduction is now 4,, actual or effective cross section of the water-filled
pores. The path length of current flow is increased to a value L,, the av-
erage length that an ion must traverse in passing through the pore channels,

kS
\...1 mez'er-y

{a)

Fiq. 2-57. 1dealized saturstion distributions for determination of electrical resistance.
(a) Cube 1; resistivity .of a cube of NzCl solution. (b) Cube 2; F = B./R. (basic
definition, resistivity of a cube of rock 100 per cent saturated with water). (c)
Cube 3; resistivity of a cube of rock—interstices filled with water and hydrocarbons.
(From Winn™)

The resistance r2 of such a cube can be determined as for the cube of
water:

RuL.
T = ——

[
[

By definition, R, =

Hence R, =

Therefore F = R, _LJL _ V7 (2-56)
where 7 is the tortuosity.

Resistivity Index. If the cube of porous rock contains both water and
hydrocarbons (Fig. 2-57, cube 3), the water is siill the only conductor. The
cross-sectional ares available for conduction is reduced further to 4., and
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the path length changed to L. In a similar manner to the foregoing ex-
amples, the resistance of the cube is given by
R.,L;
Ag
The resistivity of a partially water-saturated rock is defined as

R¢=£L3é'

and V R, = sz;,zA {2-57)

The second fundamental notion of eleetrical properties of porous rocks
is that of the resistivity index I:

3 =

yif)

I= . (2-58)
A /AL
Therefore I= i:;—Lf._ (2-59)

Both the formation factor and the resistivity index are shown fo be
functions of effective path length and effective cross-sectional area. It is
desirable to relate these quantities
with other physical parameters of
the roek. To do so requires the use
of idealized models of porous sys-
tems, as the internal geometry of
the pores is too complex to express 4
analytically.

Three idealized representations
have been introduced in the litera-
ture from which relations have been 5

developed relating F and I with b= — L |

porosity ¢ and tortuosity r. Fic. 2-58. Straight capillary-tube model
The first of these models was pre- of porous medis. (After Wyllie and
sented by Wyllie® et al. and is as Spangler.™)
shown in Fig. 2-58. In the model,
it is considered that the various pore openings are continuous. The cross-
sectional areas of the pore openings vary along their length but in sucha
manner that the sum of the areas of the pores is constant. L, in such a
model represents the average path length through the pores.
Tn such a model,

A, = A, + Ay = ¢4
Therefore, substituting ¢A for 4. in Eq. (2-56),

po Lo/l _ Ll

=T (2-60)
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If a hydroearbon is introduced into the pores, the water saturation 8,
can be expressed as a fraction of the pore volume. Presence of the hydro-
carbons further reduces the effective cross-sectional area available for flow
to A}, and the average path length is altered to L:. Again considering that
the cross-sectional area available for flow is the same at each plane in the
cube,

Az = ¢S4
then substituting ¢S..4 into Eq. (2-59),

oA/¢SwA _ Lz 1
La/Lz’z - La Sw

Cornell and Katz® have presented
a slightly different model as illus-
trated in Fig. 2-59. In the simplest
form of this model, the pores can be
considered uniform in cross sections
but oriented so that they have an
effective length L, which is greater
than L. The ecross-sectional area
available for flow is once again con-
sidered constant at each plane in the
model.

The effective cross-sectional area

I=

(2-61)

¥y

b L |
Fic. 2-59. Inclined eapillary-tube model
of porous media, {(After Cornell and

EKatz®) A, is the area normal to the direction
of flow in the pore;

therefore A, = Al

L
but Al = A’ fa

L
Therefore A, = ¢pA I
and substituting in Eq (2-56)

L./L (Lc.)2 1 -
Fe—HE"—"— =) ~-=~ 2-62)
sa/tyA ~\L) 6™ s (

Following the same reasoning as above and considering a hydrocarbon
saturation present,

Ap =AY

A =45

FUNDAMENTAL PROPERTIES OF FLUID-PERMEATED ROCES 115

L
and Ay = ¢8.4 therefore A; = ¢S..4 77
then substituting into Eq. (2-59)
I= SA(L/La)/6S AL/ Lz
B L./L;
AY
- (BY L @)

Wyllie and Gardner® have recently introduced a third model which is
shown in Fig. 2-60. In this model, the cross-sectional area of the pores i8

Frq. 2-60. Capillary tube model of porous media. (After Wyllie and Gardner®®)

again considered constant. However, it is conceived that the effective flow
.cross section is only the net exit area at each plane. Thus the probability
that a selected point will fall in a pore opening in one plane is ¢, that it

will fall also in a pore opening in the contiguous plane is (¢)7
therefore A. = (9)4

Substituting in Eq. (2-56),

In such a model flow is considered only in matching pore openings such
that L, = L. .
Therefore =g (2-64)

If a hydrocarbon saturation is admitted, on the basis of the previous

assumptions AL = (384

and Li=L,=1L

Substituting in Eq. (2-59),
(9)?A /484

it =5 (2-65)

I=
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From the analysis of the electrical properties of the foregoing models,
general relationships between electrical properties and other physical prop-
erties of the rock can be deduced. The formation factor has been shown
to be some function of the porosity and the internal geometry of the rock
system. In particular, it can be stated from examination of Eqs. (2-60),
(2-62), and (2-64) that the formation factor can be expressed in the follow-
ing form:

F=C(¢™ (2-66)

where C is some function of the tortuosity and m is a function of the num-
ber of reductions in pore opening sizes or closed-off channels. Since C isa
function of the ratio L./L, it is suggested that C should be 1 or greater.
The value of m has been shown from theory to range from 1 to 2.

Both the formation factor F and the resistivity index I depend on ratios
of path length or tortuosities. Therefore, to compute the formation factor
or resistivity index from the equations developed above, it is necessary to
determine the electrical tortuosity. Direct measurement of the path length
is impossible. Therefore, reliance has been placed primarily on empirical
correlations based on laboratory measurements. Winsauer® et al. devised
a method of determining tortuosity by transit time of ions flowing through
the rock under a potential difference. The observed tortuosities were be-
lieved to be reliable. The dats obtained were correlaied with the product
F¢ as suggested by Eq. (2-62), rearranged as follows:

Lm 1.67
(z=) " =ro

The deviation from the theory is believed to be an indication of the greater
complexity of the actual pore system than that of the model on which the
theory was based.

The dependence of the formation factor on porosity was suggested by
Sundberg? in 1932. Table 2-7 summarizes Sundberg’s computations for

(2-67)

TapLE 2-7. PEYsSICAL AND ELECTRICAL CHARACTERISTICS OF SIMPLE
Pacrmigs oF Seaerical Grains oF UnNiForM Sizgt

Packin Porosity, | Resistivity of packing fully saturated
g A with water of resistivity, pw
Cubic 47.6 2.64p,
Rhombhic 39.5 Perpendicular }to plane 4.40p.,
Parallel of paper 3.38p.
Hexagonal 25.9 5.81p,

uniform spheres arranged systematically. Archie®, in 1942, correlated ob-
served formation factors with porosity and permeability. He suggested
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that the correlation with porosity was the better correlation and that the
formation factor could be expressed
F=¢m (2-68)

where ¢ is the fractional porosity and m is the cementation factor. Archie
further reported that the cementation factor probably ranged from 1.8 to
9.0 for consolidated sandstones and for clean unconsolidated sands was
about 1.3. Figure 2-61 presents the family of curves defined by Eq. (2-68)

Cementation foctor. m 200
22
Highly cemented | 2¢ \
20 100
f. g ALY
Moderately cemented { 721y
7.7 DAY 150

Stightly cemenfed

Reservoir choracier

16 \\\‘ .
15 \ 8-
Very slightly cemenfed{ 2 \\\\\ \ &
o AN o &
Unconsolideted—1.3 N\ \ S
\\ §
N 10 £
NN £
\\\\ S
T 5
!
Rhombic paclkin'g—-a-l
i 2

Hexagonol packing I—-ﬂl
Cubi"c packif;g : .
L
10 20 304030
Porosity ¢, per cent

o

Tia. 2-61. Formation factor F versus per cent porosity for various reservoir char-
acters or cementation classes. (From Pirson')

and cementation factors ranging from 1.3 to 2.2. The dashed lines indicate
the values computed for systematic packing of uniform spheres.

Measurement of Electrical Resistivity of Rocks
Laboratory measurements of electrical properties of rocks have been
made with a variety of devices. The measurements require a knowledge
of the dimension of the rock, the fluid saturation of the rock, the resistivity
of the water contained in the rock, and a suitable resistivity cell in which
to test the sample.
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A simple cell is shown in Fig. 2-62. A sample cut to suitable size is placed
in the cell and clamped between electrodes. Current is then passed

23

Fic. 2-62. Core sample resistivity cell. {(From Rust.*)

* through the sample, and the potential drop observed. The resistance of
the sample is computed from Ohm’s law:

I

=% (2-69)
and R (the resistivity) is computed from
rd

R=7 (2-70)

where A is the cross-sectional area of the sample and L is the length of the
sample. The saturation conditions of the test can be established at known
values prior to measurement or determined by an extraction procedure
after measurement.
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A second type of cell is shown in ¥Fig. 2-63 which is a combined capillary-
pressure and resistivity cell. This device has the advantage that two dif-
ferent tests can be performed simul-
taneously. The disadvantage is the
length of time required for a capil-
lary-pressure test. Capillary-pressure
tests are discussed in Chap. 3 of this
volume.

QWWW

Empirical Correlation of Electrical
Properties
Archie, as previously mentioned,
reported the results of correlating
laboratory measurements of forma-
tion factor with porosity. He ex-
pressed his results in the form
F=g¢™m
Archie derived from experimental
data that F = ¢~13. Slawinski and
Maxwellt® derived theoretical expres-
sions for the formation factor based
on models of unconsolidated spheres.
8lawinski stated that for spheres in
contact

Fic. 2-63. Combined interstitial water
and resistivity cell (From Rust.*)

(1.3219 — 0.32194)*
ry

For dispersed spheres, not necessarily in contact, Maxwell states that

F =

—¢
F= 2— o

Wyllie® investigated the influence of particle size and cementation on
the formation factor of a variety of materials. Unconsolidated materials
were packed in tubes, and some were artificially consolidated.

Wyllie’s experimental data are compared with the results calculated
using Archie’s and Slawinski’s and Maxwell’s expressions in Fig. 2-64.
Archie’s and Slawinski’s equations fit the data reasonably well except for
the aggregate of cubes. The data for the cubes fall above the other data
as well as above all three lines calculated from the equations. This could
possibly be indicative of a greater tortuous path length in such a system.

Observed formation factors for artificially cemented aggregates are shown
in Fig. 2-65. It may be noted that cementation results in inecreased values
of formation factor over that observed for uncemented aggregates. Fur-
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thermore, the cemented aggregates exhibit a greater change in formation
factor with a change in porosity than the unconsolidated aggregates. The
curves no longer pass through the point F = 1, ¢ = 100 per cent.

From these data Wyllie concluded

S NG that the general form of the relation
15 Stowinsti o Spheres between formation factor and po-
a Cubdes 3
rosity sho
Morwaif o Cormaers ¥ should be
10 x Qttowa sond

F=C¢m (2-66)

=-—8evch sand

and creek where m is a constant depending
on cementation and ¢ a constant
controlled by the porosity of the
unconsolidated matrix prior to ce-
mentation. This is identieal with
the general form [Eq. (2-66)] de-
2 duced theoretically using simple
models,

Winsauer®! et al. reported a similar
relationship based on correlations of
data from a large number of sand-

[C &0
T TTrrrITe

Formatien foctor
H
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W
]

1 1 1 E 11 1 114
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Porosity, %

F1z. 2-64. Formation factor—porosity
data of unconsolidated porous aggre-
gates. ¢ =124 — 56 per cent. (From
Wiyllie *)

stone cores. This equation, com-
monly referred to as the Humble
relation, is

F = 0.62 ¢—215 (2-71)

In discussing the theory it was stated that ¢ should be greater than 1
and that m should be 2 or less. The discrepancy between theory and ex-
periment must at this time be attributed to limiting the values of € and
m to constants for a wide range of porosities.

Improved correlations should result from considering other parameters
such as permeability as variables in the relations,

A comparison of suggested relationships between porosity and the for-
" mation factor is shown in Fig. 2-66.

Since the formation factor is a function of porosity and some unknown
effect of the complex internal geometry, it is suggested that the constants
in formulas similar to Eq. (2-71) are functions of the depositional environ -
ment and must be determined on each formation to yield the most reliable
results. Of the correlations presented in Fig. 2-66, the Humble relation
appears to be of the greatest geperal utility.

Effect of Conductive Solids. It was pointed out in the opening discus-
sion that clay minerals might act as conductors and contribute to the con-
ductivity of a water-saturated porous rock. Investigations by Wyllie®
indicate that clays contribute substantially to the conductivity of a rock
when the rock is saturated with a low-conductivity water. The effect of
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water resistivity on the formation factor for sands containing clay minerals
is shown in Fig. 2-67. The formation factor for a comparable clee?n (clay-
free) sand is a constant. The formation factor for the clayey sand increases

150 =
— u Gloss sphere
120 [ mixture, grodes
100 Zond 3
— ® Glass sphere
&0 | mm‘ur;, grodes
5ond
S0~ @ Gloss sphere
50~ mixture, grodes
Sand 12
40 X Gloss spheres
30 © Glass spheres
25 A Beagch send
Archie
5 20 x .
L
L2
2 15
= -
2 -
T o
€ L
£ 8
&— Unconsolidated
S5 beach sand
4
3 Unconsolidated - |
spheres
2 b—
' 1 A N B T A
10 20 30 40 5060 80 100

Porosity, %

Fic. 2-65. Effect of artificial cementation on the formation factor-porosity relation-
. .  fo
ship of uncomsolidated aggregates. (From Wyllie®)

with deereasing water resistivity and approaches a constant.: value at a
water resistivity of about 0.1 chm-m. The apparent formation factor F
was caleulated from the definition of the formation factor and observed
values of R.. and R,. Wyllie proposed that the observed effect of clay
minerals was similar to having two electrical circuits in parallel: the con-
ducting clay minerals and the water-filled pores. Thus
1 1 1 g

=%ﬂi and E—G=E+TPR—W (2-72)
where R, is the resistivity of a shaly sand when 100 per cent sa.t:ura.ted.
with water of resistivity R, R. is the registivity due to the.cla.y minerals;
FR, is the resistivity due to the distributed water, and F is the true for-

F,
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mation factor of the rock (i.e., the constant value of formation factor
approached when the rock contains low-resistivity water).

600
T
400 - \
N
200 N \
\ \ \‘/?}‘.u'er’s relation for
Y consolidated Formation
100 \ \\
\Y
80 N
60 FEAR
5 VWY
§ 40 A\
— “ \\
[ L. . : Ay \\
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€20 N,
B Y, \
o
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Fra. 2-66. Comparison of various formation factor correlations. (From Owen )

The data presented in Fig. 2-68 represent graphically the confirmation
of the relationship expressed in Eq. (2-72). The graphs were plotted by
deWitte® from data presented by Hill and Milburn.® The plots are linear
and are of the general form

1 1
E.-"R. + & (2-73)
where m is the slope of the line and b is the intercept. Comparing Eq.
(2-72) with Eq. (2-73), it may be noted that m = 1 /Fandb = 1/R.. The
curve labeled suite 1, No. 40, indicates a clean sand, since the line passes
through the origin, therefore
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El—=0 Theni=mR—1u;=F}3” or R, =FR,
The remaining samples are from 100
shaly sands which have a finite con-~
ductivity of the clay minerals as
indicated by the intercepts of the
lines. The linearity of the plots
indicate that 1/R. is a constant
independent of R,. This phenome-
non can he explained in terms of
the ions adsorbed on the clay.
When the clay is hydrated, the
adsorbed ions form an ionic conduct-
ing path which is closely bound to Ol 10 10 100
the c]ay_ The number of adsorbed Waoter resistivity &, , ohm-meters
ions iz apparently little changed by Fuwe. 2-67. Apparent fcf;rmgtion factog
3 H ver. water resisfivity fo v A
:iliii:?fv:t(; ?_?entratwn of the inter- of ;l;slon?a. Fieeld, (Ilali}f’. (;'r;:z elf?fsinsi.")
Equation (2-72) can be rearranged to express the apparent formation
factor in terms of R, and FR.,.

b=

A comparable cleon sond
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Apporent formation foctor, £,

_ R.R, __ R )
Rna = Rw F (RC/F) and Fu = Rw + (R:/F) (2 72)

AsR,—0,lim F, = K _ F. Therefore F, approaches F as a Hmit as
B Rc/ F

E., becomes small. This was observed in Fig. 2-67.

Hill and Milburn® presented a somewhat more complex correlation of
the formation factor of shaly sands. The eorrelation was based on measure-
ments on a large number of samples. They state that the contribution of
clay minerals to the conductivity of a rock is not a constant as proposed
by Patrmode® and deWitte.® Their correlation is as follows:

Fo = Fou100R,? o (100R) (2-74)

where Fyq is the formation factor of the rock when saturated with water
having a resistivity of 0.01 ohm-m. The quantity b in the exponent is de-
fined as a shaliness factor and was correlated with the cation-exchange
capacity. The cation-exchange capacity is related to the clay content of
the rock and provides an independent determination of the amount of
shale in a rock. ‘

Additional work is required to determine how the effect of clay in a rock
can best be evaluated.-

The experimental data discussed are largely from measurements on sand-
stones or similar materials having intergranular porosity. Little data are
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available on the electrical properties of limestone, Tixier™ states that a
cementation factor m of 2.0 in Archie’s formula yields a satisfactory cor-
relation.
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Fic. 2-68. Water-saturated rock conductivity as a function of water conductivity.
{From deWitte*)

Resistivity of Partially Water-saturated Rocks. A rock containing both
water and hydrocarbon has a higher resistivity than the rock when fully
saturated with water. The resistivity of partially water-saturated rocks
has been shown to be a function of the water saturation S..

The resistivity index introduced earlier is a convenient function for cor-
relating experimental data on the resistivity of rocks with water satura-
tion. Equations (2-61), (2-63), and (2-65) indicate that the resistivity in-
dex is a function of the water saturation and the path length. From the
theoretical developments, the following generalization can be drawn:
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I = C’Sw_”‘ (2-75)

where I = R,/R,, the resistivity index; €’ is some function of tortuosity;
and # is the saturation exponent.

Archie compiled and correlated experimental data from Wyeckoff,5
Leverett,® Jakosky,® and Martin®

from which he suggested that the 10,000
data could be represented by
I =38,* (2-76)
Williams® studied consolidated 1.000

sands, the results for which are
shown in Fig. 2-69. The solid line
was fitted to the data points by the
method of least squares. The equa-
tion of the best fitting line is

100

Resistivity Index, -&
Fo

I =8, (2-77) 3 A?a‘;/ie.'s_,__,
|- relario
The dashed line is a plot of ﬂ
Archie’s relation [Eq. (2-76)] for 100

comparison,

In Fig. 2-70 are presented results
obtained by Rust* on consolidated
samples from Woodbine sand out- 1 10 100
crop. The saturation exponent n
ranges from 2.3 1, to 2.40. Fic. 2-69. Resistivity index versus inter-

All the equations fitted to the stitial water saturation. (From Wil
experimental data have assumed Homs™)
that both ¢’ and = of Eq. (2-75)
were constants and furthermore that € = 1. From the theory, it would
be expected that C’ is a function of saturation and that n would Tange
between 1 and 2. Additionalstudy is required to ascertain the diserepancy
between theory and experiment.

Morse™ et al. presented data showing the effect of fluid distribution on
the saturation-resistivity relationship. In Fig. 2-71 curves 2 and 3 are
from data by Morse while curve 1 is for Archie’s relation. The data for
curve 2 are from artificially consolidated sands containing water and air,
while those for curve 3 are from the same material containing water and
oil. The difference in the results is attributed to the distribution of the
fluids within the rock. The material was believed to be water wet in the
water-air tests and oil wet in the water-oil tests. The difference in wet-
tability would cause a different distribution of fluids to be established at
the same value of water saturation.

Whiting® et al. reported tests of the saturation relationship in limestones.

Interstitial water saoturation
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Fra. 2-72, Comparison of elecirical resistivity-brine saturation relationships ob-
tained in dynamie and static experiments. (From Whkiting et al™)
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2. Dynamie air in whick only air was introduced at the inlef, displacing
buth air and water from the outlet

3. Static air in which air displaced water from the sample through 2
capillary barrier which prevented the flow of air from the sample

It may be noted that the dynamic air procedure consistently yielded
lower values of the resistivity ratic. This effect may be attributed to a
difference in water distribution.

Conductive clays affect the saturation-resistivity relationship as shown
in Fig. 2-73. The conducting path through the clays is little affected by
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Fic. 2-73. Effiect of conductive solids on the resistivity-index saturation relationship
in Stevens sandstone core. (From Painode and Wyllie®®)

the presence of hydrocarbon. Thus as the water saturation is reduced to
gero, the resistivity approaches the resistivity of the clay path rather than
approaching infinity as in clean sands. The relationship of saturation and
resistivity in shaly sands is complex and will not be considered at greater
length.
Use of Electrical Parameters in Characterizing Porous Media. In the
_section on permeability, the Kozeny equation was developed as follows:

=2 (2-49)

kT S,2
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where k is the permeability, ¢ is the porosity fraction, k. is a shape factor,
S, is the internal surface area per unit pore volume, and r is the Kozeny
tortuosity.

L.\
By definition, T = (f)
and from Eq. (2-60) '

T = F¢? (2-78)
which on substitution in Eq. (2-49) leads to
1
=y 2-79
k= oS 79)
However, from Eq. (2-62)
r=Fo (2-80)
which on substitution in Eq. (2-49) leads to
1
k= Fa (2-81)
The only experimental measurements of L./L yielded, as previously stated,
La 1.87 _
(f) ~ Fo (2-67)
L 2
or .= (f) — (Poyns (2-82)
which leads on substitution to
_ ¢
k= PERE (2-83)
The quantity
8= = (2-84)

where r,, is the mean hydraulic radius. Thus, the general form of the re-
lationship can be stated

_ ¢’
k= h(Fo) (2-85)
ol _ o (F9)°
or = ko n (2-86)

The above relations have been partially verified by experiment.
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CHAPTER 3

PROPERTIES OF POROUS MEDIA
CONTAINING MULTIPLE FLUID SATURATIONS

In preceding chapters the physical properties of reservoir rocks are de-
fined in terms of single-fuid systerms. Such a simplified case is seldom
found in actual petroleum reservoirs. In petroleum reservoirs two fluids
are present, and many times three fluid phases are involved. All the basie
definitions must be modified and other definitions added for a complete
classification of the properties of a petroleum reservoir.

The simultaneous existence of two or more fluids in a porous rock re-
quires that terms such as capillary pressure, relative permeability, and
wettability be defined. When only one fluid exists in the pore spaces,
there is only one set of forces to consider, the attraction between the rock
and the fluid. When more than one fluid phase is present, there are at
least three sets of aetive forces affecting capillary pressure and wettability.
In the preceding chapter, permeability was defined and discussed in terms
of a rock saturated with a single fluid. The material which follows amplifies
the previous definitions and introduces concepts which are required for
multifluid systems. The measurements and use of these various factors

also will be discussed.

SURFACE FORCES AND CAPILLARY PRESSURE

In dealing with multiphase systems, it is. necessary to consider the effect
of the forces acting at the interface when two immiscible fluids are in con~
tact. When these two fluids are liquid and gas, s, the interface is normally
referred to as the liquid surface. All molecules are attracted one to the
other in proportion to the product of their masses and inversely as the
square of the distance between them. Considering water and oil, fluids
commonly found in petroleum reservoirs, it is found that an interfacial
tension always exists between the fluids. A water molecule which is remote
from the interface is surrounded by other water molecules, thus having a
resulting net attractive force on the molecule of zero. However, a mole-
cule at the interface has a force acting upon it from the oil lying immedi-
ately above the interface and water molecules lying below the interface.

133



134 PETROLEUM RESERVOIR ENGINEERING

The resulting forces are unbalanced and give rise to interfacial tension.
The unbalanced attractive force between the molecules creates a mem-
branelike surface. A certain amount of work is required to move a water
molecule from within the body of the liquid through the interface. This
work is frequently referred to as the free surface energy of the liquid. Free

surface energy, in ergs per square centimeter, may be defined as the work

necessary to create a unit area of new surface. The interfacial tension is

the force per unit length required to create a new surface. Interfacial ten-
sion"and surface tension are commonly expressed in dynes per centimeter,
which is numerically equal to the surface energy in €rgs per square ecenti-
meter. Surface tension is measured in the laboratory by standard means
such as a tensiometer, the drop method, or other methods which can be
found described in physical chemistry texts.

Fundamentals of Surface and Capillary Forces

In dealing with hydrocarbon systems, it is necessary to consider not
only the interface between a gas and a liquid but also the forces that are
active at the interface between two immiscible liquid phases and between
the liquids and solids. The combination of all the active surface forces
determines the wettability and capillary pressure of a porous rock,

Wetting. The adhesion tension, which is a function of the interfacial
tension, determines which fluid will preferentially wet the solid. A sketch
is shown in Fig. 3-1, wherein two
liquids, oil and water, are in contact
with a solid. By convention, the
contact angle theta (8) is measured
through the denser liquid phase and
ranges from 0 to 180°. Based on

cos 0= O50 ~ Osw
Swo the above convention of expression
Fiz, 3-1. Equilibrium of forces at a water- the adhesion tension is defined in
oil-solid interface. (After Benner and Eq. (3-1).
‘Bartell)

AT = Tg0 ™ T = Gyo COS 3,,0 (3-1)

Ar is the adhesion tension, o,, is the interfacial tension between the solid
and lighter fluid phase, ., is the interfacial tension between the solid and
denser phase, and o, is the interfacial tension between the fluids,

A positive adhesion tension indicates that the denser phase preferen-
tially wets the solid surface. An adhesion tension of zero indicates that
both phases have an equal affinity for the surface. The magunitude of the
adhesion tension, as defined by Eq. (3-1), determines the ability of the
wetting phase to adhere to the solid and to spread over the surface of the
solid. If the adhesion tension value is large or the contact angle ¢ is small,
the denser phase will readily spread and tend to coat the surface. If the
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eontact angle is large, an outside source of energy will be required to.cause
the denser phase to spread over the surface. The degree of spreading as
affected by the contact angle of the system is illustrated in Fig. 3?2,
wherein various multiliquid systems are in contact with silica and calcite

—g=300 = T[L6=83T i — — (g}

? ==
SRV

Isocctone +5.7% isequineline  Nophthenic acid

rganic =
Org Iseactane isoquinoline

fiquid

(8}

Fws. 3-2. Interfacial contact angles. (a) Silica surface; (b) caleite surface. (From
Benner and Bartell)

surfaces. It is noted that when water and isooctane are used, the water
preferentially wets both the calcite and silica surfaces. When naphthenic
acid is used, it is observed that water preferentially wets the silica surface
with a contact angle of 35° whereas naphthenic acid preferentially wets
the calcite surface with a contact angle of 106°. The other two systems,
water—isooctane-plus and water-isoquinoline, yield results similar to.the
two previously discussed systems. This illustrates the effects that n}lght
be expected from varying the mineralogy of the rock and the composm(?n
of the two liquid phases. It further illustrates that for an oil-water-solid
system, it is possible to have either a water-wet or oil-wet surface, depend-
ing on the chemical compositicn of the fluids and rock.

Rise of Fluids in Capillaries. Consider the case of capillary fubes
wherein the internal diameter of the tube is extremely small. If thf: tube
is placed in a large open vessel containing Hquid, liquid will rise in t.he
capillary fube above the height of the liguid in the large vessel. This rise
in height is due to the attractive forees (adhesion tension} between the
tube and the liquid and the small weight represented by the column of
liguid in the tube. The adhesion tension is the force tending to pu.ll the
liquid up the wall of the tube. The liquid will rise in the tube until the
total foree acting to pull the liquid upward is balanced by the weight of
the column of liquid being supported in the tube.

The total upward force can be expressed as

Ar X 2nr = force up (3-2)
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The weight of the column being supported is
xr%hgp = force down (3-2a)

where A7 = adhesion tension, dynes/cm
r = radius of tube, cm
h_= height of liquid column, cm
p = density of liquid in tube, gm/ce
g = force of gravity, em/sect

Equating these two quantities would yield a force balance such that the
total adhesion tension force would be just balaneing the gravitational pull
on the column of liquid. The pressure existing in the liquid phase beneath
the air-liquid interface is less than the pressure which exists in the ga.seous
phase above the interface. This difference in pressure existing across the
interface is referred to as the capillary pressure of the system. This pres-
sure can be calculated on the basis of a U tube, balancing the pressure
between the two points.

. Figure 3-3 represents the conditions that exist when a capillary tube is
immersed in a beaker of water. If the equilibrium height & of the interface

_—
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F16. 3-3. Pressure relations in
capillary tubes.

Ba l
—A Ptz

Water Water

Fia. 3-4. Pressure relations in
capillary tubes.

is small, the head of the air is negligible. Therefore, the pressure in the air
immediately above the interface is essentially equal to the pressure in the
air immediately above the free water level in the large vessel. However,
owing to the greater density of the water, the pressure in the water just
beneath the interface differs from that at the bottom of the column due to
the head of water h. Since the beaker is large compared with the capillary
tube, the gas-water interface in the beaker is essentially horizontal. The
capillary pressure is zero in a horizontal or plane interface. Therefore the
pressure in the water at the bottom of the column is equal to the pressure
it the gas at the surface of the water in the large vessel. The pressure in
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the water at the top of the water column is equal to the pressure in the
water at the bottom minus the pressure due to a head of water . By de-
noting the pressure in the water at the top by P, and P, as the pressure
in the gas at both the top and bottom and the pressure in the water at the

bottom, from hydrostatics
Pa_Pw=ngh=Pc (3'3)
where p,,, = density of water

= acceleration due to gravity
h = height of the column of water in the tube above that in the

large vessel
Since the pressure in the air at the top is also P, and by definition the
capillary pressure is the pressure difference across an interface, an expres-
sion for the height of fluid rise in the tube is obtained by balancing the up-
ward and downward forces.
27rrAT = thgpw
- 2‘111’AT _ QAT
TgPw  TGPw
by substituting from Eq. (3-1)
- 20 159 COS oy (3-4)
TGPw
Substituting the above value for the height in Eq. (3-3}, an expression for
capillary pressure in terms of the surface forces is obtained.
P, = . 204y (;05 ;. (3-5)
Consider the capillary tube immersed in a beaker of water wherein oil
is the other fluid rather than air (Fig. 3-4).

Let P, = pressure in oil at 4
P, = pressure in oil at point B
P, = pressure in water at point 4
P.; = pressure in water at point B

Once again, if the beaker is large, the interface at A is a plane interface
and the capillary pressure is zero. Therefore

Poa=Pwa

at the free water level in the beaker. The density of both the oil and the
water must be considered in deriving the pressure relationship at point B.

Pobsz—p,gh
wa=Pm_ngh
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The pressure difference across the interface is therefore
Pob_wa=(Pm_Po)gh=Pc (3_6)

Therefore, the capillary pressure must be in equilibrium with gravitational
forees if the fluids are in equilibrium and not flowing. The expression of
capillary pressure in terms of the surface forces is obtained in the same
manner as that for air and water and results in the same expression.

2 we owo
P, = "o 25 Tee 37

It is noted in Eq. (3-7) that the capillary pressure is a function of the
adhesion tension (y, ¢os 8,.) and inversely proportional to the radius of
the capillary tube. Figure 3-5 illustrates the effect of varying the wetting

2
. 7
7 /?/

{o) (5}

N\

Fre. 3-5. Dependence of interfacial curvature upon pore size and coniact angle.
(a)lSame contact angle, different pore size; (b) same pore size, different contact
angle.

characteristics of the system and of varying the radius of the capillary
tube. If the wetting characteristics remain constant and the radius of the
tube is increased, the weight of the water column inereases as the square
of the radius whereas the magnitude of the adhesion force increases in
“direct relation to the radius. Therefore, the height of the water column
will be decreased proportionally to the increase in the tube radius. This
fact is illustrated in Fig. 3-5 wherein it is noted that the smaller the radius
of the tube, the higher the water column will rise before an equilibrium
system is obtained.

The changes in wetting characteristics are such that the greater the ad-
hesion tension, the greater the equilibrium height obtained. If the only
variable is the wetting characteristic of the solid, it is noted that the smaller
the contact angle 8, the stronger the adhesion tension and the greater the
height to which the liquid column will rise before equilibrium is obtained.
This fact is illustrated in Fig. 3-5b, wherein it is noted that for small values
of the contact angle, a large height is obtained.
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When the radius of the tube or the adhesion tension is changed, the
capillary pressure is altered accordingly. From the variation indicated by
Fig. 3-5, the following statements can be made: (1) The greater the affinity
of the denser phase for the solid, the greater will be the capillary pressure
across the interface for a given size tube; (2) the smaller the radius when
the wetting characteristics are the same, the greater will be the capillary
pressure.

Capillary Pressure in Packings of Uniform Spheres. A general expres-
sion for capillary pressure as a function of interfacial tension and curvature
of the inferface is due to Plateau? and is given in Eq. (3-8).

1 1

P.=o (E + R2) (3-8)
where R, and R, are the principal radii of curvature of the interface and ¢ is
the interfacial tension between the two fluids. The distribution and meas-
urement of these two radii in & porous system are shown in Fig. 3-6. It is
noted that these two radii are measured in perpendicular planes. Compar-
ing Eq. (3-8) with the equation for capillary pressure as determined by the
capillary tube method, it is found that the
mean radius B, is defined by

L _ (1 1\ _ 20080 _ degh .
r-(z+%)- =28 3

Te

It is practically impossible to measure the
values of R, and R,, so they are generally re-
ferred to by the mean radius of curvature and
empirically determined from other measure-
ments on a porous medium,

The distribution of the liquid in a porous
system is dependent upon the wetting charac-
teristics. It is necessary to determine which is*
the wetting fluid so as to ascertain which fluid
occupies the small pore spaces (Fig. 3-6). From
packings of spheres, the wetting-phase distri-
bution within a porous system has been de-
seribed as either funicular or pendular in
nature. In funicular distribution, the wetting ]
phase is continum_ls, completely cove.ring_the f:gt fog;ﬁ‘;v:&?;:zggi 1 c;:é
surface of the solid. The pendular ring is a spherical grains. (From
state of saturation in which the wetting phase  Levereit®
is not continuocus and the nonwetting phase is
in contact with some of the solid surface. The wetting phase occupies the
smaller interstices. These distributions are illustrated in Fig. 3-7a and b,
the pendular ring distribution in Fig. 3-7a, and the funicular saturation
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distribution in Fig. 3-7b. It is noted in Figs. 3-6 and 3-7 that as the wetting-
phase saturation progresses from the funicular to the pendular ring distri-

() (4)

F16. 3-7. Idealized representation of dig-
tribution of wetting and nonwetting
fluid phase about intergrain contacts of
spheres. (a) Pendular-ring distribution ;
(b) funicular distribution. (From
Fancher et al*)

bution, the quantity of the wetting
phase decreases and the mean curva-
ture or values of B, and E. both tend
to decrease in size. Referring to Eq.
(3-8), it is seen that if B; and R,
both decreased in size, the magni-
tude of the capillary pressure would
in turn have to increase in size. It
is therefore possible to express the
capillary pressure as a function of
rock saturation when two immisei-
ble phases are used within the porous
matrix. As will be illustrated later,
it is also possible to approximate
the pore distribution of this parti-
cular system because the capillary

pressure would be dependent upon
the radii of the various pores for any particular value of saturation.
For the capillary pressure to be zero in a porous system with two Liquid
phases, it would be necessary that By and Rs be infinitely large or that the
interfacial tension & be zero.

It was previously shown in the case of the capillary tube that the greater
pressure is always on the concave side of the interface. It can be seen from
Figs. 3-6 and 3-7 that the curvature of the interface is such that the pres-
sure in the nonwetting phase is greater than the pressure in the wetting
phase. Therefore the wetting phase in a porous material is at a lower
pressure than the nonwetting phase.

Saturation History. To study the effect of saturation history, it is
necessary to consider various-size interconnected pores. Tn the case of a
capillary tube of varying diameter, the height to which the fluid will rise
in the tube depends on the adhesion tension, fluid density, and variation
of tube diameter with height. If pressure is applied to the interface, the
interface moves to a new equilibrium position, thus decreasing the volume
of water within the tube. This decrease in water volume means a reduction
in saturation and is accompanied by an increase in capillary pressure.
This fact is illustrated in Fig. 3-8 wherein the capillary pressure would be
greater for the small radius of curvature than for the large radius of curva-
ture. This behavior indicates that there is an inverse functional relation-
ship between eapillary pressure and the wetting-phase saturation. Also, it
indicates that the lower the saturation, the smaller will be the radii of
curvature and the wetting-phase material will then exist in the smaller

B U
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crevices and openings of the system, leaving the large open channels to the
nonwetting phase.

Not only is saturation a function of capillary pressure, but it is also a
funetion of the saturatien history of the particular pore matrix that is

F16. 3-8. Dependence of interfacial eurvature on fluid saturation in a nonuniform pore.
Same pore, same contact angle, different fluid saturation. (From McCardell®)

being considered. For example, in a continuous capillary tube which
changes in diameter from small to large to small, as illustrated in Fig. 3-9,
the’ saturation for capillary pressures of equal magnitude depends upon
whether the system is initially 100 per cent saturated with a wetting fuid

Low cupillary pressure —= Higher copitlary pressure High capillory pressure == Lower capillary pressure

g .
Scturation =100% —»  Scturgtion = 30% Saturgtion=0 ~  —  Saturgtion = 10%
Copillary presswre = /2. Capillary pressure = high value Capillary pressure = /2
(a) (&}

F1c. 3-9. Dependence of equilibrium fluid saturation upon the saturation history in a
nonuniform pore. {a) Fluid drains; (b} fluid imbibes. Same pore, same contact angle,
same capillary pressure, different saturation history. (From McCardell®)

Cuopillary pressure = fow volue

or it is being saturated with the wetting fluid. Forecing the entry of a non-
wetting fluid into a tube saturated with a wetting fluid causes the wetting
fluid to be displaced to a point such that the capillary pressure across the
interface is equal to the applied pressure plus the pressure due to the column
of suspended fluid. In the case of Fig. 3-9, the rock is 80 per cent saturated
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with the wetting phase for the higher value of capillary pressure. Now
consider the case where the tube is initially saturated with a nonwetting
phase and is immersed in a container filled with a fluid which will prefer-
entially wet the tube. The wetting fluid will be imbibed owing to the ad-
hesion force between the wetting fluid and the surface of the tube until
the adhesion foree is equal to the weight of the ecolumn of fluid. The satu-
ration thus obtained as illustrated in Fig, 3-9 is only 10 per cent. In this
example, saturations of 10 and 80 per cent are obiained for identical values
of eapillary pressure. From this oversimplified example, it is seen that the
relationship between the wetting-phase saturation and capillary pressure is
dependent on the saturation process. A higher value of saturation for a
given capillary pressure would be obtained if the porous system were being
desaturated than if the porous system were being resaturated with the
wetting-phase fluid. :

It is thus seen that the capillary-pressure saturation relationship is de-
pendent upon (1) the size and distribution of the pores, (2) the fluids and
solids that are involved, and (3) the history of the saturation process.
Thus, in order to use capillary-pressure data properly, these factors must
be taken into consideration before the data are actually applied to reser-
voir caleulations.

Laboratory Measurements of Capillary Pressure

The results of a capillary-pressure experiment on an unconsolidated sand
pack conducted by Leverett® are illustrated in Fig. 3-10. In conducting
the experimental work, long tubes filled with sand were saturated with a
liquid and suspended vertically. The experiments were performed in such
a manner that imbibition and drainage capillary-pressure curves were
defined. To obtain the drainage curve, the sand pack was saturated with
water and then one end was lowered into a container having a free water
level. The water saturation in the tube was then determined at wvarious
positions above the free water level in the container. The data cbtained
are shown in Fig. 3-10 as the drainage curve. The tube was also initially
packed dry and then lowered into the water container so that water was
imbibed by the sand pack owing to the capillary forees. Again the satu-
rations were measured at various heights above the free water level in the
container, and the data are illustrated in Fig. 3-10 as the imbibition curve.
Note the difference between the drainage and the imbibition curves as de-
termined by Leverett. The difference in the curves is due to a hysteresis
effect which is dependent on the saturation process. Similar data to those
reported by Leverett have been obtained by other investigators on differ-
ent types of systems.

The capillary pressures of Fig. 3-10 are expressed in terms of a dimen-
sionless correlating function. This futionen is equal to the product of the
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mean radius of eurvature, Eq. (3-9), and the square root of the permeability
divided by the porosity (Ap gh/e)(k/$)"2. The correlating function was
proposed so that capillary-pressure data from different sands could be ex-
pressed in generalized form. If the correlating function were universally
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Frc. 3-10. Correlation of data from height-saturation experiments on clean um-
consolidated sands. (From Levereit’®)

applicable, one curve would be obtained for all samples. This particular
correlating function will be considered in more detail later in the text,

It is not possible to determine the capillary properties of naturally
oceurring rock materials by a method such as used by Leverett. Core
samples of natural materials are necessarily small and are not available
in continuous sections of sufficient length for study by the simple drainage
method. Therefore other means of measuring capillary pressure have been
devised. Essentially five methods of measuring capillary pressure on small
core samples are used. These five methods are (1) desaturation or dis-
placement process through a porous diaphragm or membrane (restored
state method of Welge®), (2) the centrifuge or centrifugal method, (3) the
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dynamic capillary-pressure method, (4) the mercury-injection method,
and (5) the evaporation method.

Porous Diaphragm. The first of these, illustrated in Fig. 3-11, is the
displacement cell or diaphragm method. The essential requirement, of the
diaphragm method is a permeable membrane of uniform pore-size distri-
bution containing pores of such size that the selected displacing fluid will

(Nifragen pressure
~—Saran fube =
\%H Crude oil =
Neoprene stopper E ~—Scale of
/ £ sguared
H paper
P 7 =
[ =
3 =
| é
~—Alicke/- E
plared =
spring = L-Seal of
s red oif
Core 53
— Kleenex - H
poper =+
= Ultra-fine
Fritted =
glass disk

Fre. 3-11. Porous diaphragm ecapillary-pressure device, (From Welge and Bruce.®)

not penetrate the diaphragm when the pressures applied to the displacing
phase are below some selected maximum pressure of investigation. Various
materials including fritted glass, porcelain, cellophane, and others have
been used successfully as diaphragms. The membrane is saturated with
the fluid to be displaced; the test sample is placed on the membrane with
some suitable material, such as Kleenex, to aid in establishing contact;

MEDIA CONTAINING MULTIPLE FLUID SATURATIONS 145

and the test sample is subjected to displacement in a stepwise fashion.
Pressure applied to the assembly is increased by small inerements. The
core is allowed to approach a state of static equilibrium at each pressure
level. The saturation of the core is calculated st each point defining the
capillary-pressure eurve. Any combination of fluids can be used: gas, oil,
and/or water. Complete determinations of capillary-pressure curves by
the diaphragm method are time-consuming, varying from 10 to 40 days
for a single sample, owing to the vanishing pressure differentials causing
flow as the core approaches equilibrium at each imposed pressure. As low
saturations are approached, the reduction in effective permeability to the
displaced phase also contributes to the slow approach to equilibrium.
Although most determinations of capillary pressure by the diaphragm
method are drainage tests, by suitable modifications, imbibition curves
similar to Leverett’s ean be obtained.

Mercury Injection. The mercury capillary-pressure apparatus (Fig.
3-12) was developed to accelerate the determination of the capillary-
pressure-saturations relationship. Mercury is normally a nonwetting fuid.

C-200 psi pressure gouge

? ? 0-2,000 psi pressure
gauge

Reguioting valve

Cylinder

“l

F1g. 3-12. Capillary-pressure cell for mercury injection. (From Purceil”)

The core sample Is inserted in the mercury chamber and evacuated. Mer-
cury is forced in the core under pressure. The volume of mereury injected
at each pressure determines the nonwetting-phase saturation. This proce-
dure is continued until the core sample is filled with mercury or the injection
pressure reaches soime predetermined value., Two important advantages
are gained: The time for determination is reduced to a few minutes, and
the range of pressure investigation is increased as the limitation of the
properties of the diaphragm is removed. Disadvantages are the difference
in wetting properties and permanent loss of the core sample.
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Centrifuge Method. A third method for determination of capillary
properties of reservoir rocks is the centrifuge method® illustrated in Fig.
3-13. The high accelerations in the centrifuge increase the field of force on
the fluids, subjecting the core, in effect, to an increased gravitational force.

: \ﬁ‘-:-‘v&:i:@x\w\\\wa«w\\
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Fie. 3-13. Centrifuge for determination of capillary properties of rocks. (From
Slobod et al®)

When the sample is rotated at various constant speeds, a complete capil-
lary-pressure curve can be obtained. The speed of rotation is converted
into force units in the center of the core sample, and the fluid removed is
read visually by the operator. The cited advantage of the method is the
increased speed of obtaining the data. A complete curve can be established
in a few hours, while the diaphragm method requires days. It is difficult
"to account for the increase in speed of reaching equilibrium as compared
with the diaphragm method, since the same resisting forces appear to be
involved in the core, '

Dynamic Method. Brown?® reported the results of determination of
capillary-pressure—saturation curves by a dynamic method. Figure 3-14
shows, schematically, the test apparatus. Simultaneous steady-state flow
of two fluids is established in the core. By the use of special wetted disks,
the pressure of the two fluids in the core is measured and the difference
is the eapillary pressure. The saturation is varied by regulating the quan-
tity of each fluid entering the core. It is thus possible to obtain a complete
capillary-pressure curve.
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Comparison of Methods of Measurement. Intuitively, it appears that
the diaphragm method (restored state) is superior in that oil and water

can be used, therefore more nearly

Purcell” on capillary properties de-
termined by the diaphragm and
mereury-injection methods. Note
that the pressure scale for the

approaching actual wetting condi- ogﬁ; i?,?;
tions. Hence, the diaphragm method 1 I \r
is used as the standard against ¥\
which all other methods are com- e
pared. ‘

In Fig. 3-15 are presented data of w\\

curves determined by mereury injec-

tion is greater by a factor of 5 than L— _
that for the curves determined by OIF inlet
drainage of water displaced by air To otmosphere L porcetoin

in a displacement eell. Purcell as- plate
sumed that the contact angle for 0il burette

mercury against the rock surfaces
was 140° and that of water was 0°.

By analogy to capillary tubes, the  Fiq. 3-14. Dynamie capillary-pressure ap-
ratio of mercury capillary pressure Daratus (Hassler’s principle). (From
to water-air capillary pressure is Brown.”)

P omcos 140°
Pew  aucos0° (3-10)

taking o, = surface tension of mereury = 480 dynes/cm
o, = surface tension of water = 70 dynes/cm

The above ratio

Pom
Pop °
The agreement of the data when eorrected by this ratio is good, as shown

in Fig. 3-15.

There is some doubt as to the validity of incorporating the contact angle
into the ratio of pressures. The geometry of the pores of a rock is complex,
and the relutionship between the curvature of the interface and the radius
of the pore is not necessarily a function of the cosine of the contact angle.

It appears that an equally valid assumption is that the mean curvature
of an interface in rock is 2 unique function of fluid saturation. This assump-
tion permits the ratio of pressure to be defined as follows:
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F1g. 3-15. Typical capillary-pressure curves obtained from di
isplace £ eel
and from mercury apparatus (Hg). (From Purcell”) splacement cell (H0)
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With the exception of curves € and D in Fig. 3-15, a superior correlation

is established using a conversion
factor of 6.57 rather than 5. Brown®
found that the correlating factor
between the diaphragm and mer-
cury-injection methods was not
solely a funetion of interfacial ten-
sions and contact angles. It is noted
in Fig. 3-16 that for a sandstone
core, the correlating factor is 7.5.
For the same fluids it is shown that
the correlating factor for a lime-
stone core is 5.8. It appears that a
universal conversion factor cannot
be defined, as it is different for each
type of porous rock.

Good agreement of centrifuge
data with those from the dia-
phragm method was reported by
Slobod.* A typical curve showing
reproducibility between suceessive
determinations with the centrifuge
as well as the correlation with data
obtained by the diaphragm method
isshown in Fig. 3-17. Unlike the
mercury-injection method, there is
no need of conversion factors to cor-
rect for wetting properties. The
same fluids are used in the centrif-
ugal and diaphragm methods.

The excellent correlation ob-
tained by Brown® between the
diaphragm and dynamic methods is
illustrated in Fig. 3-18. The dyna-
mic data were obtained by simul-
taneous steady flow of oil and gas
through the porous sample at a
predetermined level of pressure dif-
ference between the fluids. Care was

taken to maintain uniform saturations throughout the core as well as to con-
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Fr1o. 3-16. Capillary pressures by restored-
state and mercury-injection methods
(From Brown®)

duct the test so thai a close correspondence to drainage conditions existed.
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Interstitial-water Saturations

the determination of connaté-

t0 the reservoir engineer for

or interstitial-water saturations. These

methods are (1) coring formations with oil-base or tracer-bearing fluids
(2) ealeulated from electric log analysis and (3) determined from capillary
pressure data.
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F10. 3-19. Relation of the air permeability to the water content of the South Coles

Levee cores. (From Gates et al'®)

MEDIA CONTAINING MULTIPLE FLUID SATURATIONS 151

A correlation between water saturation and air permeability for cores

obtained with oil-base muds is shown in Fig. 3-19. A general trend of in-
creasing water saturation with decreasing permeability is indicated. It is
accepted from field and experimental evidence that the water content de-
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Fre. 3-20. Comparison of the connate-water-permeability relationships for various
formations. (From Welge and Bruce.®)

termined from cores cut with oil-base mud reflects closely the water satu-
ration as it exists in a reservoir except in transition zones, where some of
the interstitial water is replaced by filtrate or displaced by gas expansion.

In Fig. 3-20 are shown permeability—connate-water relationships re-
ported in the literature for a number of fields and areas. There is no gen-
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eral correlation applicable to all fields. However, an approximately linear
correlation between connate water and the logarithm of Permeability exists
for each individual field. The general trend of the correlation is decreasing
co.nna.te water with increasing permeability.
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Fie. 3-21. Comparison of water distribution as determi i ressu.
electric-log data. (From Owen™) stermined by capillary-p e and

If eapillary-pressure data are to be used for determining fuid saturations
the values obtained should be comparable to those of other methods:
Water distributions as determined from electric logs and capillary—preésuré
f-la.ta. are ?orma.lly in good agreement. A comparison of these two methods
is shown in Fig. 3-21. Shown also is the approximate position of the gas-oil
contact as determined from other test data. In the gas-bearing portion of
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the formation there is no significant variation in water saturation with
depth or method of determination. However, in the oil-bearing portion of
the rock there is a significant variation in the water saturation with depth.
The cil segment is almost wholly in the oil-water transition zone. Varia-
tions in water saturations with depth within that zone must be taken into
account in order to determine accurately average reservoir connate- or
interstitial-water saturations.

Water Saturation from Capillary-pressure Data. Before going into the
actual determinations of water distributions from capillary-pressure data,
it is best to discuss the basis upon which these determinations are made.
In the prior section, using the classic capillary tube, it was shown that

P. = gh(pr — py) (3-6)

where P, = capillary pressure
g = gravitational constant
k = height above plane of zero capillary pressure between fluids
1 and 2
p = density of heavier fluid
pe = density of lighter fluid

It was also shown that P, = ¢ (i + i) (3-8}
B, R.

When these equations are put in oil-field terms, the capillary pressure
in pounds per square inch ¢an be stated as

P.= % (p1 — p2) (3-12)

where k is in feet, p; and p; are the densities of fluids 1 and 2, respectively,
in pounds per cubic feet at the conditions of the capillary pressure.
Converting Laboratory Data. To use laboratory capillary-pressure dats
it is necessary to convert to reservoir conditions. Laboratory data are
obtained with a gas-water or an oil-water system, which does not nor-
mally have the same physical properties as the reservoir water, oil, and gas.
There are essentially two techniques, differing only in the initial assump-
tions, available for correcting laboratory capillary-pressure data to reser-
voir conditions. As shown previously, by means of the capillary tube, the
capillary pressure is expressed as
_ 20cos8
T 7

P,

Considering a specific case wherein the laboratory values are determined
with gas and water, the capillary pressure becomes
w B
(P = 26 g €08 Buy (3-5)

r
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where o, is the interfacial tension between gas and water used in labora-
tory test:?‘, and 7 is the radius of the capillary. The capillary pressure which
would exist if reservoir fluids, oil and water, were used in the same capillary
would be

(Pc)R = 20'1170 (;OS ewo

where o, = interfacial tension between reservoir water and oil at reservoir
temperature and pressure
#2. = contact angle for reservoir water and oil
r = radius of eapillary

F)o_mpa,ring the equations for laboratory and reservoir capillary pressure,
it is found that the reservoir capillary pressure is

Ty COS Uiy
(P = 22t ber ), (3-13)

Thus reservoir capillary pressure can be caleulated from laboratory eapil-
lary pressure when the interfacial tensions and contaet angle between oil
and water in the reservoir and gas and water in the laboratory are known.
This relationship assumes that the saturations as measured in the labora-
tf)ry remain equal to the saturations in the reservoir so that the height of
rise in capillary tubes of equal radii are the same. It is difficult, if not
impossible, to determine the exact value of the contact angle for fluids in
& porous matrix. The cosine of the contact angle can vary between —1
and 1, which can cause considerable variation in the resulting conversion
of laboratory data, and therefore it is often desirable to neglect the contact
angle in Eq. (3-13).

A second technique, a relationship neglecting the contact angle, for con-
verting laboratory data to reservoir conditions can be obtained by stating
the capillary pressure as

N S
Pe=o (Rl * Rz) (3-8)
where P, = capillary pressure, dynes/sq em

o = interfacial tension, dynes/cm
Ry and B, = principal radii of curvature, cm

If it is assumed that the radii of curvature are uniquely defined by the
sia,turation in the wetting phase for a given displacement process {imbibi-
tion or drainage), an equation expressing the capillary pressure as a fune-
tion of saturation canr be written as

P, = o[f(8.,)]

where f(S,) is a funetion of saturation which can be determined by a lab-
oratory test for laboratory conditions, so that

. therefore
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P = ou[f(8)]

Per = ar[f(S4)]

For reservoir conditions

P, P,
f(Sw) = —--a’“ = =B
L

R
go that

Pr=2Fp, (3-14)
oL

Since the interfacial tensions enter as a ratio, pressure in any consistent
units can be used together with the interfacial tension in dynes per cen-
timeter.

As was noted in the discussion on mercury-injection tests, the capillary-
pressure data obtained with one set of fluids cannot be exactly converted
to the basis of another set of fluids by either Eq. (3-13) or (3-14). In the
case of mereury-injection tests, Eq. (3-14) yielded the better results. As
this relationship is simpler and does not require knowledge of the contact
angles under reservoir conditions, it will be used in all future conversion
calculations in this text.

Averaging Capillary-pressure Data. As capillary-pressure data are ob-
tained on small core samples which represent an extremely small part of
the reservoir, it is necessary to combine all the capillary data to classify
2 particular reservoir. As would be expected from Fig. 3-20, fluid-satura~-
tion—capillary-pressure relationships are affected by the permeability of
the sample. It therefore becomes necessary to evaluate the various sets of
capillary-pressure data with respect to the permeability of the core sample
from which they were obtained.

There are two proposed methods of correlating capillary-pressure data
for a reservoir. The first method is that proposed by Leverett® wherein a
correlating function, commonly called the J function, is used. The second
method, which was best illustrated by Guthrie,” is a statistieal approach
to the problerm.

The J-function correlating term uses the physical properties of the rock
and fluid and is expressed as

P (E\}%
J(8,) = > ( ¢) (3-15)
where P, = capillary pressure, dynes/sq em
¢ = interfacial tension, dynes/cm
k = permeability, sq cm
¢ = fractional porosity

Some authors alter the above expression by including the cos 8 (where 8
is the contact angle) as follows:
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- P (k%
(82 = Lo ( ¢.) (3-16)

The inclusion of the cos 8 term will not be used herein by the authors, and
the J function will be as defined by Eq. (3-15).

The J function was originally proposed as a means of converting all
capillary-pressure data to 2 universal curve. There are significant differ-
enees in correlation of the J function with water saturation from formation
to formation, so that no universal curve can be obtained.

Correlation of the .J function with water saturation for a number of
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Figure 3-23a shows the correlation obtained for all samples available from
the field. There is considerable dispersion of data points, although the
trend of the correlation is good. Brown found that the correlations could
be improved by dividing materizls on a textural basis. The core materials
were subdivided into limestone and dolomites, both materials oceurring
within the productive section of the Edwards formation. The correlation

materials is illustrated in Fig. 3-22. Note that there is an independent
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Fia. 3-22. Capillary retention curves. (From Rose and Bruce)

correlation for each material considered. Brown? considered the J function
as a correlating device for capillary-pressure data. In an evaluation of
samples from the Edwards formation in the Jourdanton Field he used the

expression
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(d) microgranular limestone cores; (e) coarse-grained limestone cores. (From Brown.®)
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for the limestone samples is shown in Fig. 3-235 and for the dolomite sam-
ples in Fig. 3-23c. The dolomite samples indieate a good correlation, while
the limestone samples exhibit a scattering of data in the range of low water
saturations. In an attempt to obtain a better correlation, the limestone
cores were further subdivided into microgranular and coarse-grain samples.
The J curves for microgranular and coarse-grained limestone samples are
shown in Fig. 3-23d and e, respectively. The dispersion of data pointsis
greater for the coarse-grained limestone samples than any other group.
This is to be expected, as the coarse-grained lmestone contains solution
cavities, vugs, and channels which are not capillary in size, hence the de-
viations from trends established in capillary-pressure data.

The second method of evaluating capillary-pressure data is to analyze
a number of representative samples and treat the data statistically to
derive correlations which, together with the porosity and permeability
distribution data, can be used to compute the connate-water saturations
for a field. A first approximation for the correlation of capillary-pressure
data is to plot water saturation against the logarithm of permeability for
constant values of capillary pressure. An approximately linear relation-
ship usually results such as those shown in Fig. 3-20. A straight line can
be fitted to the data for each value of capillary pressure, and average
capillary-pressure curves computed from permeability distribution data
for the field. The resulting straight-line equation takes the general form of

Se=alogk+C 3-17)

There are indications, however, that water saturation at constant cap-
illary pressure is not only a function of permeability but also some function
of porosity. In Fig. 3-24, the results of fitting an equation

Se=ap+alogk+C (3-18)

to the field data for 5-psi capillary pressure is shown. The upper portion
of Fig. 3-24 shows the three-dimensional aspect of such a correlation. The
lower part shows lines of constant porosity (light dashed lines) fitted to
the data. The heavy black dashed line is the straight line [Eq. (3-17)]
fitted to the data wherein the effect of porosity is omitted.

In Eq. (3-17) and (3-18), 8., is the water saturation, ¢ the porosity,
k the permeability, and ay, a», and ' are constants which must be deter-
mined from the sample data. The method of least gquares can be used to
determine the constants of the best fitting lines as deseribed by (3-17) and
(3-18). The effect of ignoring the porosity is to predict lower water satu-
rations for low-permeability materials. Equation (3-18) can be modified
to a polynomial form so that

Sw = ap 4 a6 + azlog k + au(log k) + C (3-19)
Note the change in three-dimensional aspects when the polynomial form
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of the correlation is used (Fig. 3-25). In the lower portion of the figure are
shown curves of constant porosity resulting from correlations using Eq.
(3-19). A better correlation is obtained using Eq. (3-19) rather than Eb.

= +
S=aé+aloghk+l S=a,¢ + 0,97 + o, logk + g{leg 4 + ¢
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(3-17), but for most engineering purposes, with limited data, correlations
as implied by the latter equation are satisfactory. .
Fluid-distribution curves are reported for several values of permeability,
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ranging from 10 to 900 millidarcys in Fig. 3-26. These data may be con-
sidered also to be capillary-pressure curves. The ordinate on the right
reflects values of capillary pressure determined by displacing water with
air in the laboratory. The ordinates on the left include the corresponding
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F16. 3-26. Reservoir fluid-distribution curves. (From Wright and Wooddy ™)

oil-water capillary pressure that would exist at reservoir conditions and
the fluid distribution with height above the free water surface. The cap-
illary-pressure ordinates presented in Fig. 3-26 were back-calculated from
data presented by Wright.!

Figure 3-27 represents the application of Eg. (3-17) to the data of
Fig. 3-26. The results of a correlation previously discussed, of the capillary-
pressure data presented in Fig. 3-26, by means of the second technique are
shown in Fig. 3-27.

The reader should note the linearity of the curves for each value of
- capillary] pressure and the tendency of all capillary-pressure eurves to
converge at high-permeability values. This behavior is what would
normally be expected because of the larger eapillaries associated with high
permeabilities.

it is now possible to eonvert all laboratory data to values which are
suitable for application to a particular reservoir system and average these
values to obtain a reservoir fuid distribution. The capillary-pressure—
saturation data have to be converted into height-saturation data to be
applicable to the reservoir. Such data are illustrated in Fig. 3-21 wherein
capillary-pressure—saturation data are compared with saturation data cal-
culated from electric logs. In Fig. 3-21 it is noted that the water saturation
within the oil zone varies from 100 to approximately 24 per cent and the
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water saturation in the gas zone varies from 24 to 20 per cent. Such a
large variation of water saturation in the oil zone could cause a large error
in the estimated oil reserve if not properly accounted for. It therefore be-
comes imperative that the water distribution with height within the oil
zone be determined so that a mean

water saturation for the oil zone is "OOE—=m—
obtained for use in determining oil “;
reserves. —L
To convert capillary-pressure—sat- *ﬁ\ % % = ,é
uration data to height saturation, it ALY Pz 15
is enly necessary to rearrange the ) ﬁg :gg
terms in Eg. (3-12) so as to solve \Q\\% Fe =73
for the height instead of the capil- <
lary pressure so that = \
b P 184 : WL
P — po Z 100 =
where h = height above free water & “‘“‘{‘\".‘ s
surface, ft & '3‘\\"\‘\“ iy
pw = density of water at res- 1\?“-\\ %
ervoir  conditions, WL\
Ib/eu ft \\\\\\ \ \
po = density of oil at res- WHL Y
ervoir conditions, \\ \
Ib/cu £t
P. = capillary pressure at \\\ \
some particular sat- 3 20 oo 6300

uration for reservoir

conditi whi .

qns’ ?Ch Fra. 3-27. Correlation of water satu-
means 1t must first o0 with permesbility for various
be converted from capillary pressures. (From Wright and

laboratory data Wooddy™)

By use of this equation, it is possible to convert laboratory capillary-
pressure data into a water-saturation curve as a function of height as was
shown in Fig. 3-21. This type of system, then, would be represented by
an idealized fluid distribution as shown in Fig. 3-28. Here, two cores are
used for illustrative purposes where core 4 represents a core sample within
the oil zone and core B represents a core sample within the oil-gas zone.
By use of capillary-pressure data, it is possible to caleulate the water satu-
rations that exist in cores A and B,

It is emphasized here that all height measurements are from the free
water surface. This surface is not necessarily defined by the level at which
only water is produced but is that surface defined by zero capillary pres-

Water sofuration, %
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sure. The free water surface is dependent upon the capillary pressure and
the relative permeability of the porous system. For this reason, the means
of selecting or calculating the proper free water surface will be delayed
until after the discussion of relative and effective permeabilities for multi-

43 Gas and water %5
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Fic. 3-28. Fluid distribution in a petroleum reservoir. (From Welge and Bruce.?)

phase systems. For the time being, it will be considered that the free water
surface can be defined and that all measurements can be made from that
surface. In order that the relationship used to convert capillary-pressure
data to height above the free water surface be valid, it is necessary that
the following conditions be satisfied:

1. The pressure in the oil and water are equal at the free surface.

2. The water and oil columns are continuous and connected throughout
the range of the ealeulations.

3. The system is in static equilibrium.

If any of these three conditions are not satisfied, then the equation for
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calculating the height of a saturation plane above the free water surface is
not valid. ‘ .
It is possible to determine the range over which the conversion equ:atlon
is valid from the laboratory data. The wetting phase is said to be discon-
tinuous when the capillary pressure inereases without changing its satura-
tion. Referring to Fig. 3-26, it is seen that the wetting phase, water,
becomes discontinuous at a height of approximately 130 ft above the free

water surface. ‘ . .
By determining the free water surface from coring, electric logs, or drill-

stem tests, it is possible to caleulate the water saturations as a function of
height above the free water surface by using Eq. (3-14).

Exzample 3-1. Calculation of Height of Saturation Plane from Labora-
tory Capillary-pressure Data.

If P.. = 18 psi for 8, = 0.35,

Two = 24 dynes
o = 68 1b/eu it
owg = 72 dynes

po = 53 Ib/cu ft
then, from Eq. (3-14),
24) _18

Pm=18(7—2 —§=6p31

P.p(144) _ 6(144) — 5(1%4) o 58 ft

Pw — Pg 68 — 53 15

Thus, a water saturation of 35 per cent exists at a height of 58 ft above
the free water surface.

h:

To caleulate the fluid saturation in the gas zone, it is necessary to con-
sider all three phases: oil, water, and gas. If all three phases are continu-
ous, it can be shown that

(Pc)wg = (Pc)wo + (Pc)oq

where (P.)w, = capillary pressure at given height above free water surface
determined by using water and gas
(P.)w, = capillary pressure at given height above free water surface
using oil and water
capillary pressure at height above free oil surface using oil

and gas
If the wetting phase becomes discontinuous, then the wetting-phase

saturation takes on a minimum value, and at all heights above th_e po.irft
of discontinuity the wetting-phase saturation cannot be less than this mini-

H

(Peos
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mum value. It is then possible to ealculate the fluid i
. saturations above th
free oil surface by the following relations: °

1. Sy at &, calculated using oil and water as the continuous phases

2. S;ath calculated using oil and i
- » gas as the continuous pha [
height denoted by the free oil surface phases and
3. Sg =] — St
_ 4- So = St b Sw

Exampl.e 3-2. Calculation of Water and Oil Saturation in Gas Zone |
from Capillary-pressure Data. Let oil zone thickness 2, = 70 ft i

Fuwg = 72 dynes po = 53 Ib/eu ft
G0y = 50 dynes pw = 68 1b/cu ft :
Two = 25 dynes pe = 71Ib/euft ‘

From Fig. 3-36 for a 900-millidarcy sample
let P.r = 54 psi by the method illustrated in Example 3-1

PcE =18 pSI

ks = height above free water level = 120 ft

S, = 16 per cent at a height of 70 ft or greater (read from curve)
As the oil zone is only 70 ft thick, then the height of 120 ft above the free
“;:te? surface must be at least 50 £t into the gas-saturated zone. The first
step 1s to calculate the total fluid saturation S, usi iz
oy s ¢ using gas and il as the con-

hfo=hfw-hg=120—70=50ft

Ao
(PCR)W = ﬁ (po — £a)
50
=m><(53—'7) =1‘%X46
= 15.96 psi
= Tuwg 72 .
P P.r cos 15.96 X 56 = 23 psi

From Fig. 3-26 {or a laberator il i ili
Fig ¥y capillary pressure of 23 psi, permeabilit
of 900 millidarcys, the total wetting saturation is ? 7
S: = 18 per cent,
therefore S, = 8, — 8, =18 — 16 = 2 per cent
8, =100 - 8, = 100 — 18 = 82 per cent

ft

It must bfz understood that the relationships used in calculating the fluid
saturafticfns In the gas zone were based upon continuity of all three phases.
As this is not normally the case, it might be expected that saturations
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somewhat different from the calculated values might exist. As the capil-
lary pressure for a discontinuous phase could vary from pore to pore, it is
impossible to ascertain the exact relationships that should exist. Hence,
the preceding method of calculating fluid distributions is not exact but is
usually as accurate as the data available for making the computation.

Calculation of Wettability

Wettability of Reservoir Rocks. As mentioned earlier in the discussion
of capillary pressure, the curvature of an interface confined in a pore is
some function of the contact angle,
which, in turn, is a function of the
wetting properties of the fluids and
the rock surfaces. The degree to
which fluids wet a solid surface was
shown to depend on the interfacial
tensions between the various con-
tacts, fluid-solid and fluid-fluid.

There are two means of expressing
the degree of wettability. The first
is expressed in terms of the contact
angle. A contact angle of zero would HllPore shace gocupied I Fore sace. Sceupied
indicate complete wetting by the
more dense phase, an angle of 90° @) o @l
indicates that nefher phase profor. P 338 Woiing fn Meslied g of
entially wets the solid, and an angle e (From Calhoun)
of 180° indicates complete wetting by
the less dense phase. The contact angle is, therefore, a2 measure of the
relative wetting of a solid by a fluid.

[ 1Pore space occupied [ Pore space occupied
by Hp0 by Hz0
B Rock eatrix Rock matrix

Another convenient index of wet-
tability is the sessile drop ratio, de-
fined as the ratio of the height of
a droplet on a surface to the
breadth of the droplet. A sessile
drop ratio of 1 indicates complete
nonwetting, whereas a ratio of zero
indicates complete wetting.

25 cos @ The wettability of reservoir rocks
L to the fluids present in these rocks
is of great importance in that the.
distribution of the fluids within the
interstices is a function of the wet-
tability. Figure 3-29 is an idealized representation of the change in fluid
distribution in a given pore due to a change from oil wetting to water

Water - Mercury

F1s. 3-30. Tllustration of relation between
wettability and capillary pressure.



166 PETROLEUM RESERVOIR ENGINEERING

wetting. Because of the attractive forces, the wetting fluid tends to
occupy the smaller interstices of the rock and the nonwetting fuid
occupies the more open channels,

Since reservoir rocks are, for the most part, aggregates of small mineral
and f'ock fragments, it is not possible to determine the wetting properties
by direct measurement of contact angles or sessile drop ratios. However
by .a.nalogy with the effect of wetting properties on capillary pressure ix;
capillary tubes, an indirect measurement is indicated. In Fig. 3-30 are
shown the capillary rise of water in a tube and the capillary depression of
mereury. A wetting fluid tends to enter a pore or tube spontaneously
while a nonwetting fuid resists entry. It is suggested that the contacig
angle and some degree of wettability can be calculated from the threshold
pressure (pre_ssure just causing nonwetting fluid entry) of a porous system

Data obtained by Calhoun and Yuster' on core samples for the thresh-
old pressure as a funection of permeability are reported in Fig. 3-31. The
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Fie. 3-31. Threshold pressure as a funection il
18, ; of permeabilit; d ili -
Oil into water; (—) water into oil. (From Calhoun and };}da;er;%ettabﬂlty. =)

dashec_i curve is for_water entering a rock containing oil, while the solid
in?urve is for oil entering a water-bearing rock. The lower pressures required
or water entry are coneluded to be indicative of prefi i i
e
the core samples by water. preferential wetfing of
Slobodlf e_:xtended the‘ concept of using threshold pressures as a means
gi determining the wetting characteristics to compute a wettability num-
r and an apparent contact angle. The wettability number and apparent
contact angle are both defined by Eqgs. (3-20) and (3-21). ‘

Wettabilit — €08 Buo Prus 00
ability number P (3-20)
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Contact angle = cos fuo = ;@E (3-21)
Toa Two

where €08 8 = 1
cos 8, = contact angle between water and oil in core

cos f,, = contact angle between air and oil in core

1l

Pruw. = threshold pressure of core for oil to enter when core
initially saturated with water
Pr,. = threshold pressure of core for air to enter when core

initially saturated with oil
0oe 80d o4, = interfacial tensions between air and oil and oil and
water, respectively

Table 3-1 summarizes the data presented by Slobod. A wettability
number of 1.0 would indicate complete wetting by water; of zero, complete
wetting by oil. In general, intermediate weiting is exhibited for the core
samples reported on in Table 3-1.

The effects of wettability must be considered in all laboratory deter-
minations of residual oil saturations, capillary pressure, and other similar
tests. Important changes in the physical properties of core samples have
been noted which are apparently due to changes which occurred in the
rock-wetting characteristics during laboratory extraction with solvents.

Some of the unexplained irregularities in eapillary pressure and other
laboratory core data eould possibly be attributed to the uncertainties in
the wetting properties of the rock samples and possible changes in these

" wetting properties due to aging and laboratory procedures.

Pore-size Distribution and Calculation
of Permeability from Capillary-pressure Data

In the discussion of permeability in Chap. 2, the analogy between fluid
flow in tubes and the permeability of porous media was noted. Further-
more, it wag stated that if 2 porous medium was conceived to be a bundle
of capillary tubes, the permeability could be shown to be some func-
tion of the porosity or, more rigorously, the arrangement of the tubes. In
one form or another all the above relationships conneet the fluid-conduct-
ing capacity with the volume storage capacity of a flow system.

As the pores of a rock vary in size, the concept of pore-size distribution
must be introduced before relationships connecting the permeability and
porosity of 2 porous matrix can be derived.

As noted in the capillary-pressure curves previously presented, the capil-
lary pressure is a function of the fluid properties and of the saturation.
Feor a given rock-fluid system and saturation history, the saturation at a
given capillary pressure is some function of the pore geometry. If the
porous medium is conceived to be a bundle of capillary tubes of various
radii, then the capillary-pressure—saturation curve relates the number and
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Tarie 3-1. CoMPARISON OF WETTABILITY AMONG CORE SaMpPLES oF
DrrFerEnT OrRIGINSAT

Initial desaturation
Oo%e | Description | presare, gy | Wettabiliy | AZparent
No. P ’ number?
angle, deg
Air-oil Oil-water
BTL | Devonian 6.5 6.1 0.835 33.4
BTN Limestone 6.8 6.2 0.811 35.8
BTO 6.25 6.0 0.854 31.3
BTP 6.4 3.9 0.541 57.2
1588 | Yates 0.86 0.32 0.331 70.7
1589 sandstone 0.85 0.3 0.314 714
1590 0.85 0.31 0.324 71.1
1591 1.00 0.4 0.356 69.1
1542 | Alundum 0.70 0.25 0.318 715
1543 (RA 1139) 0.70 0.28 0.356 69.1
1544 0.63 0.4 0.522 58.5
1545 | Synthetic 0.67 0.28 0.372 68.2
1592 | Clearfork 0.72 0.24 0.297 72.7
1593 0.54 0.32 0.528 58.1
1594 { Limestone 1.58 0.32 0.180 79.6
1595 2.96 0.45 0.138 82.1
1620 | Tensleep 086 0.21 0.217 77.5
1621 sand 0.86 0.21 0.217 77.5
1622 0.68 0.12 0.157 81.0
1623 0.86 0.27 0.280 73.8

¢ Routine extraction with chloroform preceded wettzbility tests except alundum,
which has been regenerated at 1400° F for 3 hr.
® Air-oil surface tension = 24.9 dynes/em. Oil-water interfacial temsion = 28.0

dynes/crn.

size of pores penetrated by the nonwetting fluid at a given capillary
pressure.

Purcell” and Burdine'® both have reported on computation of perme-
ability from capillary-pressure data obtained by the mercury-penetration
method. Purcell utilized the concept of pore-size distribution without
evaluating the distributions. He applied the data directly to the eompu-
tation of permeability. Burdine reported pore-size distributions as well us
the results of computation of permeability.

The equation presented by Purcell for the caleulation of permeability
from the pore properties of a rock is developed as follows:

———
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The minimum capillary pressure required to displace a wetting fluid
from or inject a nonwetting fluid into & capillary tube of radius r is given by

2¢ ios i} (3-5)

The flow rate from a single tube of radius r is given by Poiseuille’s law

P. =

art AP
Q= Sl (3-22)

Sinee the volume of the capillary is V = #72L, substituting the volume in
Eq. (3-22) above gives

Q= V2 AP
T 8ul2
Solving Eq. (3-5} for r and substituting yield
Q= (o cos 8)2V AP
T 2ulA(P)?

If the porous medium is conceived to be comprised of n capillary tubes of
equal length but random radii, the total rate of flow is given by

(o cos 6) AP = |
Q: = {3-23)
2ul? L Poéd
From Darey’s law of fluid fiow in porous media
kA AP
=— 3-24
Q# F'L ( )

Combining Egs. (3-23) and (3-24) a relation for permeability as a function

of pore volume and capillary pressure is obtained, Eq. (3-25):

=n

g (geos o'V,
T 24L 4 (Pa?

i

(3-25)

The volume V; of each capillary can be expressed as a fraction S; of the
total void volume Vr of the system, so that
. 7
Vr
Sinee AL is the bulk volume of the system and ¢ is the fractional porosity,
Vr

AL

=8

Substituting in Eq. (3-25),

2 i=n ]
) (}’,332 (3-26)
i=1 v ®*
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To account for the deviation of the actual pore space from the simple
geometry used in the derivation, Purcell introduced g lithology factor A
into the final equation. Introducing conversion factors and generalizing,
Eq. (3-26) reduces to

8=1 dS

k = 10.24( cos 8)%¢ A (3-27)
s=0 (P

where % = permeability, millidarcys
¢ = fractional porosity
8 = fraction of total pore space oceupied by liquid injected or
forced out of sample
P. = capillary pressure, psi
¢ = interfacial tension, dynes/cm
¢ = contact angle
Purcell assumed that the contact angle for mercury was 140° and that
the interfacial temsion of mereury was 480 dynes/cm. Therefore, using
mereury capillary-pressure data, Eq. (3-27) further reduces to

k= 14260p ) [ 98 328
= N ¢’ £=0 (Pc)2 ( B )

I

To evaluate Eq. (3-28) the integral is found by reading values of P,
from the capillary-pressure curve st various saturations, calculating values
of 1/(P.y, and plotting these values as a function of the corresponding
values of saturation which existed on the original capillary-pressure curves.
The value of the integral is the ares under the curve 1/(P.)? (see Fig. 3-32).
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Fi6. 3-32. Graphical presentation of capillary-pressure data for caleulating perme-
ability. (After Purcell?)
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TaBLE 3-2. OBsErRvED VALUES oF LiTHOLOGY FacToR’

Factor A [Eq. (3-28)] .
required to ;ake cal- lPermeablhty caleu- Observed air
v ated from Eq. (3-28) o
Sample no. | culated and observed usiog an average A perm_eablllty,
permesbilities millidarcys
. . of 0.216
identical
Upper Wilcox Formation
1 0.085 3.04 1.2
28 0.122 21.2 12.0
3 0.168 17.3 13.4
4 0.149 53.5 36.9
5 0.200 61.9 574
6 0.165 91.6 70.3
7 0.257 92.3 110
8 0.256 97.5 116
9 0.191 163 144
10 0.107 680 336
i1 0.216 430 430
12 0.273 348 439
13 0.276 388 496
14= 0.185 902 772
15 0.282 816 1,070
16 0.363 865 1,459
Paluxy Formation
17 0.003 <0.1
18 0.10 <1
19 0.182 422 35.7
20 0.158 54.9 40.2
21 0.231 172 o 184
22 0.276 183 235
23 0.215 308 307
24 0.163 422 320
25 0284 383 506
26 0.272 502 634
27 0.338 734 1,150
Av 0.216

s “Cuttings.”

Table 3-2 presents Purcell’s summary of observed and computed perme-
abilities as well as computed values for the lithology factor, A. Figure 3-33
shows the correlation obtained between observed and computed data using.
an average lithology factor of 0.216. Good agreement is indicated between
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calculated and measured values of permeability. The caleulated values
are higher than observed at low permeabilities and lower than observed
at high values of permeability.

Burdine®® adapted the method of Ritter and Drake!® £o the determination
of pore-size distribution of reservoir rocks and also presented a method of

10,000
5000 | ] /
© Upper Wilcox plugs
* Upper Wilcox cutfings
& Poluxy plugs
E 1000 Y&
£ s00 A
] 4°
£
4 100
R N
=
@
=
3
2 o
© 0 /
5 /
1 /
T °2 88 g8 88
- g e o

Permeability calculeted from Eq. (3-28)

F1g. 3-33. Comparison of permeability calculated from mereury capillary-pressure
da.ta_. to the observed permeability; (O) upper Wilcox—plugs; (*) upper Wilcox—
cuttings; (A) Paluxy—plugs. (From Purcell’)

calculating permeability from this distribution. The method involves in-
jection of mercury into an evacuated core sample, thus obtaining a mercury
capillary-pressure curve. The equations presented by Burdine for caleu-
lating the pore size and rock permesability are derived as follows:

A distribution function is defined as D(r.), so that

dV = D(ry) dr
where dV is the total volume of all pores having a radius between r; and

r: — dr. The quantity D(r;) can be computed from the mercury capillary-
pressure data by using the following two equations:

P.ri = 20 cos @ (3-5)
Pcz' dSm
and D(r) = 7. dP. (3-29)
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where P.; = capillary pressure
r: = pore entry radius
¢ = interfacial tension
§ = contact angle
S = mercury saturation, per cent of pore volume
The distribution function can be evaluated by graphieally taking slopes
of the mercury capillary-pressure curve at different values of mercury satu-
ration, computing the pore radius from the capillary pressure correspond-
ing to the point at which the slope was taken by means of Tiq. (3-5), and
evaluating Eq. (3-29) for the distribution funetion D{r;).
A typical mercury capillary-pressure curve and the corresponding dis-
tribution eurve are presented in Fig. 3-34a and 5. The area under the
distribution curve to a given radius is the fraction of the volume having

pores larger than the given radius.
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Fia. 3-34. (a) Mercury capillary-pressure curve. Sample No. 173 C, permesbility
20.1 millidarcys, porosity 14.3 per cent. (From Burdine et al™) (b) Equivalent pore
entry radius relation with distribution function. Sample No. 173 C, permeability 20.1
millidareys, porosity 14.3 per cent. (From Burdine et al®)
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The permeability equation developed by Burdine*®is based on an analogy
to a bundle of capillary tubes.

_ 1004 T AS,, 74
BOST X 107) L =z

f=

- (3-30)

where r; = pore entry radius, em
AS, = incremental change in mereury saturation
¢ = fractional porosity
z# = factor to account for more complex geometry of system and
termed dividing factor

Empirically determined values of the dividing factor as a function of
permeability are presented in Fig. 3-35.

-

1af-

Dividing factor

o] L] I3 I il § I 2 1 H L) ] 1
O 40 B8O 120 160 200 240 280 320 360 400 440
Measured (gas) permeability, md

Fic. 3-35. Dividing factor correlation with measured (gas) permeability. (From
Burdine et al®)

The various equations presented here are better known examples and
- can be used to yield reasonable estimates of permeability. The chief value
of these relationships, however, is in computing relative permeabilities.
The procedure of calculating relative-permeability relations will be pre-
sented in the next section of this work.

EFFECTIVE AND RELATIVE PERMEABILITY

_ In Chap. 2, permeabilities were referred to rock conditions where a
single-phase fluid saturation was considered. Darcy’s law, as originally
formulated and developed in Chap. 2, was considered to apply when the
porous medium was fully saturated with a homogeneous, single-phase fluid.
In petroleum reservoirs, however, the rocks are usually saturated with two
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or more fluids, such as interstitial water, oil, and gas. It is necessary to
generalize Darcy’s law by introducing the coneept of effective permeability
to describe the simultaneous flow of more than one fluid. In the definition
of effective permeability each fluid phase is considered to be completely
independent of the other fluids in the flow network. The fluids are con-
sidered immiscible, so that Darcy’s law ean be applied to each individually.
Thus, Darcy’s law can be restated as follows:

_ _k.fdP,  dz
voa - dS pogds

Mo
- Kl _ é%)
vgs - #g ds pﬂgd&'
pom (e )
ws Mo ds "’gds

In the above equations, the subscripts o, ¢, and w refer to oil, gas, and
water, respectively.

The effective permeability is a relative measure of the conductance of
the porous medium for one fluid phase when the medium is saturated with
more than one fluid. This definition of effective permeability implies that
the medium can have a distinet and measurable conductance to each phase
present in the medium.

Experimentation has established that effective permeability is a function
of the prevailing fluid saturation, the rock-wetting characteristics, and the
geometry of the pores of the rock. It becomes necessary, therefore, to spec-
ify the fluid saturation when stating the effective permeability of any
particular fluid in a given medium. The effective permeability is stated as
some numerical value at some given saturation conditions. Just as & is the
accepted symbol for permeability, k., k., and k, are the accepted symbols
for the effective permeability to oil, water, and gas, respectively, The
saturations, if known, should be specified to define completely the condi-
tions at which a given effective permeability exists. Unlike the previously
defined permeability, many values of effective permeability now exist, one
for each particular condition of fluid saturation. Symbolically, koeo.15 is
the effective permeability of the medium to cil when the fluid saturations
are 60 per cent oil, 13 per cent water, and 27 per cent gas. The saturation
succession given above, that is, oil and water, is always followed. The gas
saturation is understood to be the difference of the sum of il and water
saturations from 100 per cent.

Effective permeabilities are normally measured direetly in the Iaboratory
on small core samples. However, owing to the many possible combinations
of saturation for a single medium, laboratory data are usually summarized
and reported as relative permeability. Relative permeability is defined as
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the ratio of the effective permeability of a fluid at a given value of satura-
tion to the effective permeability of that fluid at 100 per cent saturation.
It is normally assumed that the effective permeability is the same for all
fluids at 100 per cent saturation, this permeability being denoted as the
permeability of the porous medium. Thus, relative permeability can be
expressed symbolically as

Kos0.50)
kro(50.3ﬂ) = o;;]aﬂ

'?Cw 50,30
km{so 30 = €k

L _ ku 50,30
r7(50.30) = k

which are the relative permeabilities to oll, water, and gas, respectively,
when the medium is saturated with 50 per cent oil, 30 per cent water, and
20 per cent gas, and k is the permeability at 100 per cent saturation of one
of the fluid phases,

Laboratory Investigations of Relative Permeability

The first experimental data, based on the concept of a generalized set of
equations for Darcy’s law were recorded by Wyckoff and Botset.2 The
results of their work are shown by curves 1 in Fig. 3-36, which represent
the relative permeabilities for water and gas in an unconsolidated sand
pack. The fluids used in obtaining these data were water and carbon di-
oxide, where water was the wetting fluid. The curve labeled k,, denotes
the relative permeabilities to water, while that labeled %,, denotes the rel-
ative permeabilities to gas. The trends which are presented in this figure
have been substantiated by many investigations since the original work by
Wyckoff and Botset. The k., curve is typical of the trend of relative-
permeability curves for the wetting phase in a porous system regardless
of whether that phase is oil or water. The relative permeability to the
wetting phase is characterized by a rapid decline in value for small de-
creases in an original high saturation of that particular phase. The relative
permeability for the wetting phase normally approaches zero or vanishes
at saturations of the wetting phase greater than zero. Likewise, the korg
curve is typical of the relative permeability to a nonwetting phase, whether
that phase is gas, oil, or water.

The principal characterizing features which can be gained by the study
of relative-permeability curves are indicated in Fig. 3-36. The first of
these characteristics is commonly called the point of equilibrium satura-
tion and is denoted by point 4. Equilibrium saturation is that value at
which the nonwetting phase becomes mobile. This saturation may vary
between zero and 15 per cent nonwetting-phase saturation.
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The second feature is the rapid rise in the relative permeability of_ the
nonwetting phase for very small increases in nonwetting-phase s?,t}lrg.taons
above the equilibrium saturation. The third general characteristic is the
attainment of a nonwetting-phase relative permeability of nearly 100 per.
cent at nonwetting-phase saturations much less than 100 per cent.

1.0 Y\*\ j

kﬂf
02
/ 4
sy RN
005 20 20 80 80 100
S %

wr
Fre. 3-36. Relative permesbility to gas and water. (a) Unconsolidated sand;
(b) consolidated sand. {After Botset®)

Some indication of the distribution of the fluid within the porous medmfn
can be deduced from a study of relative—permea.bﬂity. d:a-.ta. The rapid
decline in relative permeability to the wetting phase indicates johat t'he
larger pores or larger flow paths are occupied first by the nonwetting ﬂu?d.
As the saturation of the nonwetting phase increases, the average pore size
saturated with wetting fluid becomes successively _smaller. This is con-
firmed by the rapid rise in the relative permeability to the non_v.veti.;mg
phase. In other words, at a saturation above the so-called equ:thbn?m
saturation, the nonwetting fluid occupies larger pores than.droes the wetting
fluid. The attainment of 100 per cent relative permeab{lltjf to the non-
wetting phase at saturations of less than 100 per cent indicates that'i a
portion of the available pore space, even though mterconnec.ted, contrib-
utes little to the fluid-conductive capacity of the porous medium,

In Chap. 2, it was shown that the pore space is I?roportmna:I to the square
of the diameter of the pore openings and the fluid-conductive capacity is
prbportiona.l to the diameter of the pore openings to the fourth power,
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Using the relat_ions of Chap. 2 it is possible to use capillary tubes to illus-
trate the effective reduction in permeability caused by the introduction of
g second fluid.

Examll)le 3-3. Effect of Saturation on Fluid Conductance. Consider
four capillary tubes of length L and diameters of 0.001, 0.005, 0.01, and
0:05 cm. The total pore volume of the four capillary tubes would be
given by

I
-’-f; (0.0012 + 0.005* + 0.01* + 0.05)

Z—L (0.002626) cc

The total conductive capacity for the four tubes under the same imposed
pressure drop can be expressed by Poiseuille’s law ag
APz gt

Qz=_'_

L p128

APr (1
Q: = f#_(@) [(0.001)* + (0.005)* + (0.01)¢ + (0.05)4

Q, = APz /0.000006260626
Ly 128

N ow if the larger tube is saturated with a second fluid of the same vis-
cosity as the first fluid, then it is possibie to express the conductive eapacity
when two fluids are saturating the system to the conductive eapacity when
only one fluid saturates the system. Thus, it is seen that the ratios of the
conductive eapacities are

Q  0.000,006.25
@: ~ 0.000,006,260,625 — 0-9983

and from Darey’s law

& _ Fass) _ 0.9983

ks,

& — kl(Sz.Sx!

Qs B k‘r(O.Sa) = 0.0017
_ 00025

Sz = 0.002626 — 0-952

8z = saturation of second fluid phase
8 = saturation of first fluid phase

'Ijhe results of Example 3-3 are extreme, in that the sizes chosen for the
capillary tubes vary over an extreme range. The wetting-phase satura-
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tion S, was changed by 95 per cent, and the effective permeability to this
phase was decreased by 99.8 per cent. The relative-permeability values for
the two fluids in Example 3-8 sum up to 1; that is, (G1/Q.) + (Q./Q.) = I.
This behavior is not true in-actual porous systems. It would not be the
case in this example if the minute film which would wet the surface were
considered. This film would decrease the diameter of the larger tube, thus
reducing the flow capaecity for the second fluid, and yet the film itself would
contribute no flow capacity to the wetting fluid. Thus, the total fluid
capacity of the tubes would be decreased. This is a rather normal feature
of most relative-permeability curves, where it is found that the total of all
values of relative permeability seldom add up to 1.

As most reservoirs are comprised of consolidated porous media, Botset??
subsequently reported results of similar relative-permeability tests con-
ducted on conselidated sandstone, These tests were performed with water
and carbon dioxide, and the results are indicated in Fig. 3-36 as curves 2.
Again, water was the wetting fluid and carbon dioxide the nonwetting
phase. Note the similarity of the curves for the consolidated and uncon-
solidated cores. Both cores give the same general results, the differences
being in the slopes of the curves and water-saturation value at which the
relative permeability to water vanishes. It is noted that the relative per-
meability to water vanishes at a much greater wetting-phase saturation
for the consolidated core. This difference in flow behavior indicates that
the relative permeability of a pore system is dependent in some fashion
upon the pore geometry of that system.

The average results of 26 tests on relative-permeability for Permian dol-
omites by Bulnes and Fitting® are shown in Fig. 3-37. The reader will
note that the general trend and shape of these curves on a Permian dolo-
mite are essentially the same as those found for consclidated and uncon-
solidated sandstones. The same three characteristic points are noted: (1)
The wetting-phase saturation declines very rapidly for small increases in
nonwetting-phase saturations; (2) all the cores indicate an equilibrium gas,
nonwetting-phase saturation somewhere between 10 and 30 per cent;
(3) the relative permeability to the wetting phase, which in this case is
oil, tends to vanish at saturations between 20 and 40 per cent. Thus, it
seems that the trends are very similar to those obtained for sandstones,
indieating that materials with intergranular porosity possess similar rela-
tive-permeability saturation characteristics. :

It would be expected that data obiained on small eore samples of frac-
tured or vagular material would give very erratic relative-permeability
results, which would differ from those obtained for rocks with intergran-
ular porosity. The behavior of fractured or vugular material should more
closely approximate that of Example 3-3, where the conductive capacity
is in the fractures and the pore volume is largely in the matrix of the sys-



180 PETROLEUM RESERVOIR ENGINEERING

tem. Such a conductance-volume relationship should give a very different,

relative-permeability ‘curve from those indicated by Fig. 3-37 for three
types of rocks.

All the tests previously discussed were conducted with two-fluid systems,
one of which was always gas. Leverett® investigated a two-fluid system in
which the fluids used were water and oil. He systematically investigated
the effect of fuid viscosity, pressure gradients, and interfacial tension on

the relative-permeability behavior of borous systems. He concluded from
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Frc. 3-37. Relative permeability to gas and oil for West Texas dolomites. ( }
Wasson Field data; ( ) Slaughter Field data; (- — —) average
results of 26 cores from three West Texas Permian dolomites. (From Bulnes and
Fitting =)

the data, which are shown in Fig. 3-38, that relative permeability was sab-
stantially independent of the fuid viscosity but was some funetion of
pore-size distribution, displacement pressure, pressure gradient, and fluid
saturations. Subsequent work to that of Leverett has indicated that the
displacement pressure and pressure gradient are parameters which are
peculiar to laboratory measurements, These parameters have been given
the notation “end effects.” As these parameters are essentially properties
of laboratory measurements, the means of measuring relative permeability
in the laboratory must take them into consideration. End effects will be
discussed in more detail in the section covering the laboratory measure-
ment of relative permeability.
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Frc. 3-38. The effect of the viscosity ratio (oil to water) on the relative permeabili-
ties in a 100~ to 200-mesh sand. (After Leverett ™)

Three-phase Relative Permeability

As was mentioned previously, there are many instances when, not two
fluids, but three fluids exist in the rock simultaneously. Thus two-phase
relative-permeability data had to be amplified and extended for three-phase
systems. Leverett® in 1941 reported results of steady-state flow tests on
unconsolidated sand where three phases, oil, water, and gas, were used.
From these data, one of the comprehensive studies recorded on three-phase
relative permeability, the basic concepts for three-phase fluid flow were

stablished. o

) t’;lt;e principal results of the work of Leverett are i%lustrated in Figs. 3-39
through 3-42. The fluids used by Leverett were nitrogen, kerosene, and
brine. The relative permeability to the wetting phase, Wa.te}', was found
to correlate closely with the data of Wyckoff and B.otset21 (Fig. 3-39) and
to be a unique function of the wetting-phase saturation. The fact th?,t the
relative permeability to the wetting phase depends on the satura.tlon. of
the wetting phase alone can be rationalized fror.n the data. The Wett_mg
phase occupies the portions of the pore space adjacent to the .sa.nd grains,
thus occupying the smaller pore openings. Therefore, at a given le.zvel of
wetting-phase saturation, the same portion cff the pores are occupied by
the wetting phase irrespective of the saturation of the other two phases.
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This behavior is dependent upon the saturation history of the porous me-
dium and is true if g desaturation process were followed at all times,

The relative permeability to gas and oil was found to depend on the
saturation values existing for all three phases in the rock. Figures 3-40
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water and gas saturation the flow characteristics of the oil are changed so
that the oil assumes more tortuous paths. .
The variation of the gas relative permeability at constant gas saturations
to the saturations of the other phases is indicated in Fig. 3-41. The reason
for the particular behavior indicated
isnot definite, as other investigators
indicate that the relative permea-
bility to gas should be a unique
function of gas saturation. Other
studies of three-phase flow systems
will be necessary to establish defi-
nitely the relative permeability for
gasin three-phase systems. It would
be expected that when gas is in a
system, 1t is the fluid least likely to
wet the surface of the rock and,
therefore, should take on a property  70% water

100% gas

100 % oil

which is dependent only upon the
total fluid saturations of the other

Fia. 3-41. k., relative permeability to gas
as a function of saturation. Curves are

¥10.3-39. Relative permeability to water

as a function of saturation. Curves are

2s a function of water saturation. (From lines of constant permeability as per cent
Leverett ang Lewis ™) of relative permeability. (From Leverett
and Lewis ™)

and 3-41 show the relative-permeability data for gas and oil in a three-
phase system. The data are plotted on triangular diagrams to define the
saturation condition of the rock. The relative-permeability data are plotted
as lines of constant-percentage relative permeability.

The dependency of the oil relative permeability on the saturations of
the other phases can be established by the following reasoning: The oil
phase has a greater tendency than the gas to wet the solid. In addition,
the interfacial tension between water and oil is less than that between
water and gas. The oil occupies portions of the rock adjacent to the water
or pores that are dimensionally between those occupied by the water and
the gas. At lower water saturations the oil occupies more of the smaller
pores. The extended flow path length caused by this phenomenon accounts
for the change in relative permeability to il at constant oil saturations and
varying water saturations.

For an oil saturation of 60 per cent and & water saturation of 40 per cent,
the relative permeability to oil as read from Fig. 3-40 is approximately 34
per cent. For the same oil saturation and a water saturation of 20 per cent,
it is noted that the relative permeability to oil increases to approximately
38 per cent. For a water saturation of zero, the relative permeability to
oil is approximately 18 ber cent. Thus, it is seen that by changing the

. lines of constant permeability as per
two phases. The other phases, oil cent of relative permeability. {(From

and water, should occupy the foyerett and Lewis™)
smaller pore openings and wet the
surface of the rock. Therefore, the gas phase should be dependent only
upon the total liquid saturations and independent of how much of that
total is composed of either phase. ) o
1t is noted from a study of Leverett’s data that the saturation region in
which simultaneous flow of all three phases occurs is quite small. The Te-
gions in which single-phase, two-phase, and three—pha.se.ﬂuic!s flow will
normally cecur are indicated in Fig. 3-42. For gas saturations in excess of
35 per cent, essentially only gas is flowing in the system. For gas satura-
tions between 18 and 35 per cent and for water saturations less than.ap-
proximately 40 per cent, oil and gas are both flowing. For water saturations
between 18 and 85 per cent and oil saturations ranging from 15 to 82 per
cent, where the gas saturation does not exceed approximately .15 per cent,
only oil and water are flowing. The region of three-phase flow is extremely
small and essentially centers around the region of 20 per cent gas, 30 per
cent oil, and 50 per cent water saturation. This region is iHustratejd in
Fig. 3-42 by the “hatched” area. The single-phase ﬂo‘_v regions. are illus-
trated by the shaded area, and the two-phase flow regions are itlustrated
by the white area. From these data it is evident that in most cases tw_o—
phase relative-permeability curves are quite satisfactory. For nnmo.!:fﬂe
water saturations it is possible to define gas and oil relative-permeability
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eurves using two-phase techniques. Also in this two-phase flow region, the
curves obtained for two-phase systems, gas and liquid, are essentially the
same as would be obtained if a third immobile phase is present. The rela-
tive permeability to the mobile Iiquid phase is essentially dependent on

100% gas

Essentially ane phose flowing
1 Essentigily two phoses flowing
Apprecicble flow of all three phoses

100% water ) 100% oil

Fie. 3—42: Approximate limit':s of saturations giving 5 per cent or more of all com-
ponents in flow strean'x. Fluids: nitrogen, kerosene, brine. Arrows point to inereas-
ing fraction of respective components in stream. (From Leverett and Lewis™)

the total liquid saturation. Thus the relative permeability to oil at 60 per
cent oil and 20 per cent water and that at 80 per cent oil and zero per cent
.water are not greatly different, as illustrated by Fig. 3-40, This behavior
1s attributed to the fact that the smaller saturation values of the wetting
phase contribute little to the fluid conductance of the porous matrix,

Measurement of Relative-permeability Data

There are essentially four means by which relative-permeability data
can be obtained. They are (1) direct measurement in the laboratory by a
steady-state fluid flow process, (2) measurement in the laboratory by a dis-
placement or 3 pseudo-unsteady-state process, (3) caleulations of relative-
permeability data from capillary-pressure data, and {4) caleulations from
field-performance data. The methods most used are the laboratory stead: -
state flow and displacement Processes. .

There are numerous steady-state methods which can be used in the
laboratory to measure relative permeability, but essentially, all of them
depend upon the following technique. A small core sampie is chosen and
prepared for the test. It is mounted either in lucite or in a pressuﬁzed
rubber sleeve. Either the flow system is designed for a high rate of How
and large pressure differential, or each end of the sample is suitably pre-
pared with porous disks and test sections to minimize end effects,

The phases oil and gas, oil and water, or gas and water which are to be
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used in the test are infroduced simultaneously at the inlet end through
different piping systems. Most tests are started with the core sample at
100 per cent saturation in the wetting phase, and the tests are known as
desaturation tests. The two fluids are introduced at a predetermined fluid
ratio and are flowed through the core until the produced ratio is equal to
the injected ratio. At this time, the core system is eonsidered to be in a
steady-state flow condition and the existing saturations are considered to
be stable.

The saturation of the various fluids are determined in one of three fash-
ions: (1) Electrodes have been inserted in the test section, and the satura-
tions are determined by measurement of the core resistivity; (2) the core
section is removed and weighed to determine the saturation conditions; or
(3) a volumetric balance is maintained of all fluids injected and produced
from the sample. Once the saturation has been measured by one of the
above methods, the relative permeability of the two phases at these satura-
tion conditions can be calculated. The injected ratio is increased, removing
more of the wetting phase, until once
again the system is flowing in steady- afg,gf gg
state condition. The process is con- ) ¥
tinually repeated until a complete ¥ \_ %/
relative-permeability curve is ob- @ e

2 N

tained.

An alternate method is to use the
resaturation process where the test

section is originally 100 per cent satu- gz

rated by the nonwetéing phase. In LN
7 \\
A\

this method the injection ratios start
Oif injer

out at high nonwetting-phase values
and decline to 100 per cent wetting
phase. The results obtained using the
desaturation and resaturation pro-
cesses illustrate a hysteresis effect of
the same type discussed earlier in
connection with capillary-pressure )
eurves. Fie. 3-43. Relative-permeability ap-
R paratus (Hassler’s principle). From
Some of the equipment and results (g0pq et al™)
obtained using the steady-state process
are illustrated in Figs. 343 to 3-49. Four of the apparatus which
have been developed for testing small core samples are shown in Figs. 3-43
to 3-46. The four apparatus illustrated represent the Hassler method,
Penn State method, Hafford method, and dispersed-feed method. In order
to eliminate end effects, porous material has been placed in contact with
the outflow face of the test section. In the Hafford apparatus (Fig. 3-45)

To . .
atmosphera Forcelain

plate.
Oif buretfe %
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Thermometer Copper o and in the dispersed-feed apparatus (Fig. 3-46), end effects are materially
,f;’g,fhﬂg Flectrodes  Orifice l reduced by maintaining a high rate of flow through the test section. All
/ plate the apparatus depend on the same flow mechanism and are different only
!; / \ in the manner in which they introduce the two fluids and in the manner
in which they adjust for end effects. As some of the steady-state relative-
permeability measuring devices depend on the rate of flow or pressure drop
RN BRSNS N RV ATAESE ErANy
3K éeg"g/; :se?;gn:: : sg;“;’;% ‘K{& b5 meler Gas - pressure
S T T gauge Gas
= iy T Lucite

Differentiol __ QLS
pressure taps
l Bronze . "
Outlet  screen Highly permeoble disk Infef

F1c. 3-44. Penn State relative-permeability apparatus. (From Geffen et al®)
e
s

Gos #
4’ U Lucite - movnted 't
core
Gas
—— — = Dressurg oif burefre o
PForous end plare gouge
Yo
X Dispersing
o section face
{f
Pressure

i Fig. 3-46. Dispersed-feed relative-permeability apparatus. (From Rickardson et al®)

to eliminate end effects, it is necessary to determine the effect of rate on

the accuracy of the measurements.
] Table 3-3 presents data on the effect of pressure gradient on relative-
on permeability measurements. It is evident that the relative permeability
is essentially independent of the pressure gradient providing the gradient
Oit burette is maintained sufficiently high in the laboratory to eliminate end effects.
For example, the water—oil relative-permeability ratio when the oil-water
Fie. 3-45. Hafford relative-permesbility apparatus. (From Richardson ot al™) injection ratio is Yo is essentially constant for pressure gradients ranging

Oif pressure pod

Gos mefer
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from 2 to 16 psi per in. The same is true for other ratios. In the case of
the 100:1 oil-water ratio, when the pressure gradient gets below 0.678 psi
per in., the permeability ratio of oil to water Ingreases, so that at low-
pressure differentials it iz apparent that end effects are becoming a domi-
nate factor in the control of the flow mechanism.

TasLe 3-3. EFrEcTs OF PRESSURE CQRADIENT ON
RELATIVE PERMEABILITY MEASUREMENTS?

Average P

Oil-water P brine ressure
flow ratio o/ saturation, gra.('h'ent,

o psi/in,
Infinite Infinite 14.2 2.04
100:1 150.6 36.9 471
100:1 149.4 372 9.16
100:1 149.4 37.3 1.27
10G:1 152.3 37.7 0.673
10:1 15.76 47.3 14.34
10:1 15.36 45.9 4.93
10:1 15.04 46.3 (.994
11 1.488 53.5 1.24
1:1 1.510 52.9 3.05
1:19 0.1507 56.0 16.47
1:10 0.1507 56.6 8.14
1:10 0.1537 55.1 2.43
0 0 57.7 15.91

Results of the various methods of measuring relative permeability are
compared in Figs. 347 and 3-48. Two methods and six different tech-
niques are compared. Five of the techniques are for the steady-state
brocesses already discussed; the sixth is for the unsteady-state process,
which is discussed briefly in the text that follows. All the methods tend
to check closely and indicate that as long as proper precautions are taken
to remove errors inherent in each laboratory measuring device, the curves
obtained should closely represent values which would exist in the reservoir
for a duplicate saturation distribution.

Displacement Process of Measuring Relative Permeability. The gas-
drive displacement technique of testing is essentially a nonsteady-state
flow process. The sample is originally 100 per cent saturated with the
wetting phase, and instead of both gas and liquid being injected, only gas
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Fic. 3-47. Relative permeability—six methods, short section. (From Richardson
et al™®)
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is injected into the core. The gas-drive technique then is a nonsteady-
state process in that only one fluid is entering the core and two fluids are
leaving. If the core and both fluids are taken as a whole, the process can
be treated as a steady-state volume proeess but not a steady-state mass
flow system.

The gas-displacement process for determining relative permeabilities as
proposed by Welge® is dependent upon the frontal advance fluid-flow con-
cept. This procedure actually determines relative-permeability ratios and
1s dependent upon the actual relative-permeability values being determined
by some independent means, such as caleulating the relative permeability
to oil from capillary-pressure data or measuring in the laboratory. The
procedure for performing a gas-displacement test is relatively simple and
fast. The procedure is essentially as follows: An approximately homo-
geneous sample is selected, and its physical properties of permeability,
bulk volume, and porosity are determined. The sample is properly mounted
in a holder, similar to those used in the steady-state tests (Figs. 3-43 to
3-46), and 100 per cent saturated with the wetting phase, which is normally
oil and will be considered as oil in the discussion which follows. The sam-
ple is desaturated by injecting gas at one end and producing both oil and
gas at the other end of the small sample. In the calculations of the data
obtained from such a test, there are essentially three necessary conditions
or assumptions which must be satisfied. First, the pressure drop across
the core sample must be large enough to make any capillary end effects
negligible. Second, the gas saturation can be described at a mean value
of pressure defined as

Pkl (3-31)
where P; represents the pressure at the injection end of the core and P,
represents the pressure at the production end of the core. Third, flow is
horizontal, and the core sample is small enough and the test time is short,
50 that all effects of gravitational forees can be neglected.

If these three conditions are satisfied, then it is necessary to measure
only the following quantities during the test: (1) the cumulative gas in-
Jected as a function of time and (2) the cumulative oil produced as a fune-
tion of time. With these two measured quantities and with the pressures
at the injection and production ends remaining constant, the relative-
permeability ratio of gas with respect to oil can be calculated.

From the measured data, the cumulative volume of gas injected in terms
of mean pressure is expressed as a multiple of the total pore volume of the
sample and can be calculated by the following equation:

2Gi¢:P [
(G pe = m (3-32)
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where (G);» = cumulative injected gas expressed as pore volumes
LAg¢ = total pore volume of sample
G, = cumulative gas injected expressed at pressure P;
- P;and P, are as previously defined

A quantity known as 8, .-, may be calculated simply by dividing the
cumulative oil produced by the pore volume of the sample. Both the gas
injected and oil produced have been measured with respect to time and
therefore can be cross plotted so that a plot of S, as a function of the
cumulative pore volumes of gas injected can be obtained. The slope of
the S;uw-injected gas curve represents the fraction of the total outflow
volume from the sample that is oil at any given time, which defines the
following equation:

a(Sp)av
= 2 -33
f [ d( Gz)m (3 )
where f, represents the fraction of the total outflow that is oil. The rela-
tive-perimeability ratio of gas to oil can be calculated from the following
equation:
kg 1—7,
L= ——t 3-34
ko folaa/1o) ( )
where k,/k, = relative permeability ratio of gas to oil
pg = Viscosity of gas
1o = viscosity of oil
fo = fractional flow of the oil as previously defined
This particular value of the relative-permeability ratio applies at the gas
saturation at the outflow face. The gas saturation at the outflow face is
expressed by the following equation:

(Bado = (Sp)av — (G:‘}m fa (3-35)

Hence the refative-permeability ratios are obtained as a function of satu-
ration by solving the above series of equations.

In order to determine the astual value of the relative permeability to
either gas or oil, it is necessary that one or the other be independently de-
termined. It would be possible to measure or else to calculate the other
funetions by one of the means previously diseussed in this chapter.

The gasdisplacement method has several advantages in that it can be
performed with a small amount of equipment and can be performed rapidly
and on relatively small core samples. It has the disadvantage in that it
cannot determine relative-permeability ratios at low values of gas satura-
tion except by the use of high-viscosity oils. The equations do not apply
until sueh time as gas is being produced at the outflow end of the eore.
Depending upon the permeability of the core and the pore geometry, the
gas saturation at the outflow face at the time gas is initially produced

I
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may vary between 2 and 15 per cent, depending upon the viscosities of the
gas and oil in the system. The lower the viscosity of the oil, the greater
will be the gas saturation at the outflow face at the time that gas produe-
tion begins. Thus, by using oil samples of various viscosities, it would be
possible to define the relative-permeability ratio over the entire saturation
range in which two-phase flow might oeceur.

End effects are not important in the gas-displacement method of meas-
uring relative-permeability ratios because of the high-pressure drops in-
volved. The magnitude of capillary-pressure end effects are extremely
small compared with the imposed flow gradient and are neglected. Hence,
the equipment necessary for counteracting this phenomenon in the labora-
tory is eliminated.

Field Determination of Relative-permeability Ratios. The third means
of determining relative permeability has the same drawback as the dis-
placement process in that the data obtained are actually determined as
relative-permeability ratios. This process is a calculating procedure utiliz-
ing field data to calculate the relative-permeability ratio of gas to oil, If
Darcey’s equation were written for gas and oil flow, both phases being con-
sidered to be independent of each other in the flow system, the relative
permeability ratio could be defined by the following equation:

Q _ Ak, u)(AP,/AL)
Q- A(ko/f;) (AP,/AL) (3-36)

If the volumes of flow are expressed in the above equation as @, and @, at
reservoir conditions, and if it is assumed that the pressure drop in the gas
system is the same as the pressure drop in the oil system, then the relative-
permeability ratio can be expressed in terms of surface volumes by Eq.
(3-37).

ky Qg 1y — B, & . .
£ (&8)- sdgh@—-n (-37)
where B, represents the formation volume factor of the gas expressed as
reservoir cubic feet of gas per standard cubic foot of gas and B, represents
the oil-formation volume factor expressed as reservoir barrels of oil per
stock-tank barrel of oil. B, represents the producing gas-oil ratio, and
E, represents the solution-gas-oil ratio, both expressed as standard cubic
foot per stock-tank barrel. u, is the gas viscosity and p, is the oil viscosity
at reservoir conditions of pressure and temperature.

The normal procedure is to use field average gas-oil ratios, which are
normally the most accurate values obtainable. The feld average gas-oil
ratios are preferably obtained from gas-plant production figures. The solu-
tion ratio R, is dependent upon the reservoir pressure and is taken at the
average reservoir pressure which is in existence at the time the produced
gas-oil ratio is determined. B, and B, are also taken at this particular
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pressure as well as g, and p,. The saturation at which this particular value
of relative-permeability ratio applies must be ealculated from field produc-
tion data.

As oil saturation is dependent upon the type of reservoir performance
and reservoir performance has not been previously discussed in the text,
further discussion of this particular means of determining relative-perme-
ability ratios will be delayed.

End Effects. During the discussion of the three means of measuring
effective and relative permeability, there was a continued mention of end
effects and of the fact that in many of the techniques developed special
precautions had been taken to eliminate these effects from the laboratory
measurement. FEnd effects arise from the saturation discontinuity ex-
isting at the outflow face of a porous medium when mounted for a flow
test. The fluids flowing through the core are discharged into a region void
of the porous medium. Therefore, at the outflow face, all the fluids exist
at the same pressure, whereas immediately within the pores of the rock at
the outflow face, capillary-pressure conditions require that the saturation
of the wetting phase approach 100 per cent. There is, then, a saturation
gradient established in the wetting phase of the flow system.

The theory of “end effect” can be developed as follows:

From Darcy’s law for a linear system and the concept of effective per-
meability, when more than one phase is present in a rock,

- th#wl dL )

—dPuy = 5 (3-38)
_ ant.umwt dL 9

— APt = S (3-39)
ch = din! - det (3_4:0)

where the subseripts nwt and wi refer to the nonwetting and wetting fluids,
respectively, other symbols as previously defined.
Combining Eqgs. (3-38), (3-39) and (3-40) it is found that

ch withwit antﬂﬂ.wt 1

aL "= (ka — Qe )71 (3-41)
where dP./dL is the capillary-pressure gradient within the eore. Since
capillary pressure has been shown to be a function of saturation and in
any displacement system the saturation can be expressed as a function of
length, it is possible to write

dP. _ dP. d8u:

df. ~ dS,: dL
where S, is the wetting-phase saturation. Eq. (3-41) then becomes
dSm: _ i thﬂwt _ anfﬂmwt) 1
E - A ( kmt knm: ch/dS'wt (3—42)
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F16. 349. Long-core relative-permeability apparatus. (From Richardson et al®)

where dS../dL is the change in wetting-phase saturation with length, The
saturation in the wetting phase at the outflow face is that eorresponding
to the equilibrium saturation in the nonwetting phase (essentially 100 per
cent saturation of the wetting phase). The saturation gradient d8,,./dL
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Fia. 3-50. Relative-permeability and capillary-pressure saturation relations for Berea
outcrop sand. (From Richardson et al ®)
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within a flow system can be determined by graphical integration of Eq.
(8-42) using capillary-pressure and relative-permeability data.

The desire to eliminate end effects has influenced the design of most
apparatus developed for the determination of the relative permeability of
small core samples. Devices to mix the flowing fluids adequately prior to
entry into the core have also received considerable attention.

10 I T — 100 - T
fe . 8 3 Theoretical saturation
gﬁsggg;:rfa/ safumﬁani Fgradient I
\o ! 4 _
80F- v 80 I
B ~ l -2 \\/
- N 2, o l o- w2 . o 9 __1
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o I
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Fia. 3-52. Comparison of experimental
and theoretical saturation gradients due
to boundary effects, (g, =080 cc/sec,
g. = 0.00288 cc/sec), (From Richardson
et al®)

Distance from cutflow face, cm

F1e. 3-51. Comparison of experimental
and theoretical saturation gradients due
to boundary effects. (g, =0.15 ce/sec,
g. = 0.000336 ce/see). (From Richardson
et al®)

To determine the magnitude of end effects, Richardson? studied satu-
ration gradients in a long core apparatus (Fig. 3-49). The test apparatus
was designed to determine the pressure in each of the flowing phases at
different positions along the core. The relative-permeability relationships
were determined for different rates of flow and pressure gradients across
the core. In addition, capillary-pressure characteristics were measured.
Figure 3-50 presents the results of these tests as well as the physical prop-
erties of the core. The relative-permesability data shown are for conditions
eliminating end effects and therefore are correct.

Figures 3-51 and 3-52 illustrate both the computed and measured satu-
ration gradients measured by Richardson on the long core shown in Fig.
3-49. Note the good correspondence of theory and experimental results
and the reduction of end effect resulting from using higher rates of flow
(Fig. 3-52).

Calculation of Relative Permeability from Capillary-pressure Data. In
the discussion of capillary pressure, several equations were presented for
the ealeulation of permeability from capillary-pressure data.
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The relation developed by Purcell’ [Eq. (3-27)] can be readily adapted
to the computation of wetting-phase relative permeability. The relative
permeability is, by definition, the ratio of the effective permeability at &
given saturation to the permeability of the medium.

From Eq. (327)

k= 10.24(s cos 8)2\¢ ®

8=0

t 48

(To:)? (3-27)

generalizing and considering capillary-pressure data for displacement of
the wetting phase,

S =St
bue = 10.24(c 008 6)Ad E% (3-43)
8=0 <

where k., is the effective permeability to the wetting phase. The relative
permeability to the wetting phase is given then by

8=8us
a8/ (P.)?
kwt — krw!. - M (3_4:4)

% §=1
fods/p.y
where the lithology factor M is assumed to be a constant for the porous
medium.

The effective permeability to the nonwetting phase (kr.:) can be calcu-
lated in a similar fashion as in Eq. (3-43) by assuming that the nonwetting
phase is contained in tubes or pores, free of the wetting phase of radius as
defined by the capillary-pressure relation in the wetting-phase saturation
interval Swg = Swg to Sw: = 1.

48

(P—,,-z (3-45)

=1
knwe = 10.24(0 cos §)2\¢
8=8a

The relative permeability to the nonwetting phase (krmuws), is given by

8=1
! a8/ (P.)*
knwt = ke = S=Sue (3-46)

k o aspey

Rapoport and Leas? presented two equations for relative permeability
to the wetting phase. These are based on surface energy relationships and
the Kozeny equation. The equations are presented as defining limiting
values, minimum and maximum, for relative perieability.

For krue mim
LS.n Pc ds

[ P.as+ fls"Pcds @47

St — Su\3
kml(min)z(it_sm)
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where 8, is the minimum irreducible saturation of the wetting phase from
a drainage capillary-pressure curve and S,. is the saturation in the wetting
phase for which &y (miny 1 evaluated.

For km (max) N -
(iw_t—_ssm)s U Bs dS)z
i L (3-48)

.wa 2

[ P.ds -l
S"'P d 1

f, ‘ 81—¢(Pc(sm—sm))2]

Swet f > p.as
Symbols are as previously defined.

Fatt and Dykstra,® following the basie method of Purcell for calenlating
permeability, developed an expression for relative permeability considering
that the lithology factor » was a function of saturation. The lithology
factor is essentially a correction for deviation of the path length from the
length of the porous medium. Fatt and Dykstra assumed that the devia-
tion of the path length was a function of the radius of the conducting pores,

so that

krwl (max) —

A= (3-49)

e

where r is the radius of a pore and a and b are constants for the material.
" The equation for relative permeability for the wetting phase (%, then

becomes
! Ser 18 /P 20t
2 (3-50)

£ (t+5)
j; dS/P2

which is of the same form as Eq. (3-44), where b is a correction for devia-~
tion of the flow paths from straight tubes.
Fatt and Dykstra further assumed that & = 14, thus reducing (3-50) to

o j; S: d3/(P.)?
j; dS/{P.)

Figure 3-53 presents experimental data and computed curves based on
Eqgs. (3-44) and (3-51). There are significant differences in the computed
and observed data.

Burdine®® reported equations for computing relative-permeability curves
for both the wetting and nonwetting phases. His equations can be shown
to reduce to a form similar to that of Purcell for permeability. Burdine’s
contribution is principally in handling tortuosity.

rwt =

(3-51)
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o
[ as/pa
t = S
1
[ as/ps
Area from
P, 1/P3
8, % ' c 0to S k
H — ' Tty %
cm g | (em Hg)—s sq in.

100 38 18.2 X 103 4.15 100
95 4.1 14.5 3.13 75
% 4.4 11.7 2.31 56
85 4.8 9.0 1.68 40
80 5.3 6.7 1.19 29
75 58 5.1 0.82 20
70 6.4 3.8 .54 13
65 7.1 2.8 0.34 8.2
60 8.0 2.0 0.20 4.8
55 9.4 1.2 0.10 24
50 11.6 0.6 0.04 1.0
45 15.0 0.3 X 10~ 0.01 0.2
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Defining the tortuosity factor for a pore as A; when the porous medium
is saturated with only one fluid and A..: for the wetting-phase tortuosity
factor when two phases are present, a tortuosity ratio can be defined as

A

Arwti =
hwti

L5 Ovus? dS/ 0P
Then Forwe = 5o
Jot as/axp)2

§=0
If \; is a constant for the porous medium and A..:: depends only on the
final saturation, then

(3-52)

S A4S/ (P2

Frot = (M) = gmr——— (3-53)
fos @

In similar fashion, the relative permeability to the nonwetting phase can
be expressed utilizing a nonwetting-phase tortuosity ratio A

o, 38/(P)2
krnwt = (7\,.“,5)2 —'E_:;L—__ (3'54)
[o) asj@a

5=0
Burdine has shown that

- Swl _ Sm
>\rwt = 1— Sm (3_55)

where S, is the minimum wetting-phase saturation from a capillary-pres-
sure curve. The nonwetting-phase tortuosity can be approximated by a
straight-line funetion also and is given by
Smat - Se
Menwt = 0= 8y — 5. (3-56)
where 8, is the equilibrium saturation to the nonwetting phase. Figure
3-54 illustrates the agreement attained between experiment and theory.
The caleulated curve in Fig. 3-54 was based on equations essentially as
given above, although Burdine expressed them in quite different form.
Factors Affecting Relative Permeability. In discussing relative-perme-
ability measurement, reference was made to wetting-phase and nonwetting-
phase relative permeabilities. If all materials wet the porous medium to
the same degree, then the data taken with an oil-gas system would be the
same as the data taken with a water-gas system or a water-oll system.
As all fluids do not wet a solid to the same degree and as waier may not
be the fluid which preferentially wets the rock, investigations have been
made of the effect rock wettability has on relative-permeability data for
oil-brine systems. The relative-permeability values are affected by the
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change in the fluid distribution brought about by different wetting char-
acteristics. Figure 3-55 illustrates changes in relative permeability caused
by different wetting characteristics. Curves 1 and 2 are indicative of a
water-wet, system, while eurve 3 indicates that the system is preferentially
. ol-wet. It is noted that when the rock is preferentially water-wet, the
water loses its mobility at a higher value of water saturation than when
the rock is preferentially oil-wet. This fact would indicate that the oil is
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Fic. 3-54. Relative-permeability curves. Sample No. 1374 Atlantie Refining Co.
Gas permeability, 72 millidarcys. Effective porosity, 21.9 per cent. Fluids: gas, oil,
" and connate water. Data: measurements by Atlantie Refining Co. Calculation from
mercury-injection data. (From Burdine ef al®@)

retained in some of the smaller, more tortuous paths within the medium.
It thus becomes necessary to classify reservoir rocks as being oil-wet,
water-wet, or intermediate so as to define relative permeability properly.

As was discussed for capillary-pressure data, there is also a saturation-
history effect for relative permeability. The effect of saturation history on
relative permeability is illustrated in Figs. 3-56 and 3-57. If the rock sam-
ple is initially saturated with the wetting phase and relative-permeability
data are obtained by decreasing the wetting-phase saturation while flowing

S
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nonwetting and wetting fluids simultaneously in the core, the process is
classified as drainage or desaturation. If the data are obtained I?y increas-
ing the saturation of the wetting phase, the process is termed I'mblbltlon
- or resaturation. This nomenclature is consistent with that used in connec-
tion with capillary pressure. The process used in obtaining rleatlve-
permeability data in the laboratory must correspond to the reservoir proc-

ess to which these data shall be applied. _ _ N
The difference in the two processes of measuring relative perme.abl.!lt.y
can be seen by observing Figs. 3-56 and 3-57. It is noted that the imbibi-

tion technique causes the nonwetting phase (oil} to lose its mobility at
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Fra. 3-55. Effect of wettability on flow behavior. Nellie Bly sandstone. (From
Geflen et al®)

higher values of saturation than does the drainage technique. The two
methods bave similar effects on the wetting-phase (water) curve. 'The
drainage method causes the wetting phase to lose its m.obi.lit.y at higher
values of wetting-phase saturation than does the imbibition method.

In the discussion of both porosity and permeability, it was noted that
overburden pressure affected the values obtained. Faft® reported,. as
shown in Fig. 3-58, that overburden pressure did not affect the relative-
permeability dats although the effective permeabilities ar-e_altered.

In Figs. 3-59 and 3-60 are presented relative-permeability and. perme-
ability-ratio data for typical tests of various media. These data indicate
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the effect of pore configuration and pore-size distribution on relative per-
meability. The curves should not be interpreted as representative of the
types of media but should be viewed as illustrations of the effects of pore
geometry on relative permeability. It is apparent then that universal per-
meability curves cannot be established. Rather, each reservoir rock {each

160

140

12C

00 \

Drainage

Ot /
{

;’(""

a

/

a

} i
&

Ny
j=]

A Direction of
saturation change

Relative permeability, % specific brine parmeability
[0)] fes]
o <)
X?

N
§,

20 Imbibition X
\ 4
1 &
o PRTEZ 2 x
9] 20 40 60 80 100

Brine saturation, % pore space

Fic. 3-56. Oil-water flow characteristics. Neilie Bly sandstone, permesability 143
millidareys, porosity 26.1 per cent. {From Geffen™)

sample, for that matter) has a characteristic pore geometry which affects
relative permeability.

In Fig. 3-61 is shown the effect of connate-water saturation on the gas-
oil permeability ratio. In general, low water saturations do not appreci-
ably affect the permeability ratio, simply because the water occupies
space which does not contribute substantially to the flow capacity of the
rock,
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Use of Effective- and Relative-permeability Data
Relative-permeability data are essential to all flow work in the field of
reservoir engineering. Just a few of its uses will be mentioned here. Other
applications of relative-permeability data will be illustrated in the remain-
der of the text.
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Fig. 3-87. Effect of saturation history on permeability ratios. (From Geffen”)

Determination of Free Water Surface. As was mentioned in the discussion
on capillary pressure, it is necessary to determine the free water surface
{level} in order to calculate fluid distribution properly. From the relative-
permeability curves which have been presented, it should have become
apparent that the point of 100 per cent water flow is not necessarily the
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point of 100 per cent water saturation, Knutsen® recognized the fact that
two water tables exist. These two water tables can be defined as:

1. The free water or zero-capillary-pressure level
9. The level below which fluid production is 100 per cent water

These two definitions for the water table in an oil reservoir are illustrated
in Fig. 3-62.
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F1c. 3-61. Effect of connate water upon

F1c. 3-60. Relative permeability ratios
the ky/ka value. (From Calhoun)

for various types of media. Capillary
tube {(Martinelli, Putnom, and Loc-
hart, Trans. Am. Inst. Chem. Engrs.,
Aug. 25, 1946) ; dolomite (Bulnes and
Fitting™) ; unconsolidated sand (Bot-
set®); copsolidated sand (Botset™).

Note that the water table by definition 2 rises as the permeability in the
formation decreases while the water table by definition 1 is a horizontal
surface, providing static conditions prevail in the reservoir. From a pro-
duction engineering standpoint, a contact defined as the highest point of
water production is useful. From a reservoir engineering standpoint, a
contact defined by zero capillary pressure is a more appropriate definition.

The actual location of water tables 1 and 2 ean be determined by the
use of electric logs, drill-stem tests, and relative-permeability and capillary-
pressure data. From electric logs and drill-stem test data, it is possible to
determine the depth at which 100 per cent water flow occurs or the point
of zero oil permeability. From relative-permeability data the engineer can
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determine what the fluid saturations must be at the point of zero oil per-
meability. When the fluid saturations determined from well test data and
relative-permeability curves are used, the capillary pressure can be deter-
mined and the height above the free water surface or zone of 100 per cent
water saturation can be calculated. The above procedure is illustrated in
Fig. 3-62. The existence of two distinet water tables materially aids in ex-
plaining the occurrence of some “tilted water tables.” It is noted that the
more permeable the formation, the more closely the pore structure ap-
proaches a supercapillary system and the smaller the divergence between
the two water tables.

Aid in Evaluating Drill-stem and Production Tests. As indicated in the
preceding discussion on the location of the water table, it is not necessary
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Fic. 3-63. Effect of water saturation on fractional flow of water through a homoge-
neous medium.

that & formation be 100 per cent water-saturated in order for that formation
to produce 100 per cent water. By use of the fractional flow equation*
£, = 1
21+ (Ro/Rw) (el pa)

where po/p, = water-to-oil viscosity ratio
k./k = ocil-to-water relative-permeability ratio
f. = fraction of total production which is water

* This equation is developed in a companion volume.
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and relative-permeability data, the engineer can calculate the height above
the free water surface at which both water and oil can be produced. Using
the resultant solution of the fractional flow equation shown in Fig. 3-63
and the eapillary-pressure data shown in Figs. 3-26 and 3-27, the height
of the two-phase producing interval was determined for permeabilities
from 10 to 900 millidarcys. The results of these calculations are shown
in Fig. 3-64.
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Fic. 3-64. Fraction of water in produced fluid as a function of height above the
free water level (using capillary-pressure data shown in Fig. 3-27).

It is noted from the fractional flow curve (Fig. 3-63} that water flows at
oil saturation as high as 65 per cent. Thus, from the capillary-pressure
curve (Fig. 3-26), it is determined that water would be produced on a drill-
stem test 10 ft above the free water surface for a formation with a per-
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meability of 900 millidareys. Water would be produced 200 ft above the
free water surface for a reservoir with a permeability of 100 millidarcys.
From the results of these caleulations, it is noted that the lower the reser-
voir permeability, the longer the region of two-phase production or transi-
tion zone. It should be pointed out that the same relative-permeahility
curve was used in determining the fractional flow for all the different per-
meability samples. The use of one set of relative-permeability data exag-
gerates the effect of the low-permeability samples but does not change the
general trend of the data. The capillary-pressure data used in the caleula-
tions for Fig. 3-64 are for a particular set of core samples. Another set of
core samples would change the relative magnitude of the curves but would
not change the indicated trend.

Other Uses of Relative-permeability Dafa. There are numerous other uses
of relative-permeability data most of which will be discussed in detail later
in conjunction with applications to particular problems. A few of these
applications are

1. Determination of residual fluid saturations

2. Fractional flow and frontal advance calculations to determine the fluid
distributions

3. Making future predictions for all types of oil reservoirs where two-
phase flow is involved
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CHAPTER 4

FUNDAMENTALS OF THE BEHAVIOR
OF HYDROCARBON FLUIDS

INTRODUCTION

In Chap. 1 of this work, a definition of an oil and gas rese.rvoir by Ureg’
was presented. It can be noted from the definition that an 01l-g.a.s reservoir
is defined not only by the rocks in which the fluids are contained but _by
the fluids themselves. Oil and gas are naturally ex-isting hydrocarbon mix-
tures quite complex in chemical composition which em§t at elevated tem-
peratures and pressures in the reservoir. On production and ca.pt.l.lre of
hydrocarbons at the surface, the temperature and pressure of the mlxtm:e
are reduced. The state of the hydrocarbon mixture at the.surface condi-
tions depends upon the composition of the hydrocarbon ﬂuld_as prqduced
from the well and upon the pressure and temperature at which it is cap-
tured. Furthermore, the fluid remaining in the reserv?ir at any stage of
depletion undergoes physical changes as the pressure is reduced by pro-
ducing quantities of oil or gas from that Teservoir. It is necessary to stu(%y
the physical properties of these naturally existing hydrocarbons and in
particular, their variation with pressure and temperature. K:.now_ledge of
the physical properties enables the engineer to evaluate. tht'e yield in _t,erms
of standard volumes of gas and stock-tank barrels of liquid that may _be
cbtained upon production to the surface of a unit volume of reservoir ﬂmfi.
These data are necessary in estimating the performance (.)f the Teservoir.
The complexity of the naturally occurring hydrocarbon mtmes makes z.t
necessary, in general, to rely upon empirical data obtained from labora-

tests. )
tOI'-ls“zhe chemical composition of hydrocarbon gases can be spc_emﬁed throug‘h
heptanes readily. The cherical composition of a erude '011, hOWEVE‘.I:, is
much more diffieult to evaluate because a large proportlop of the oil is
comprised of hydroearbons heavier than heptanes. In j;hls chapter the
fundamental physical behavior of hydrocarbons will be discussed f:ogeth.‘er
with the laboratory tests and caleulation procedures that are available in
evaluating physical properties of hydrocarbon mixtures. )

In addition to the hydrocarbons that occur in the reservoir, the prop-
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erties of the associated waters are of interest to the engineer, as this water
occupies space in the reservoir, contributes energy to the produection of oil,
and may be produced with oil and gas. Bucceeding chapters will deal with
the applications of these physical properties of hydrocarbon fluids and with
the properties of formation waters.

In order to study properly the physical properties of fluids, it is first
Decessary to gain some understanding of simple systems. A single-com-
ponent hydrocarbon can be obtained only after extensive processing and
‘does not exist in natural oceurrences. However, the physical properties
of a single-component hydrocarbon and its behavior when subjected to
changes in pressure and temperature are qualitatively similar to those of
more complex systems. It is convenient, therefore, to introduce the basic
definitions and to review the concepts of thermodynamies and physical
chemistry in terms of a single hydrocarbon.

Physical properties of interest to an engineer ordinarily are defined in
terms of the pressure and temperature at which a hydrocarbon .exists.
Fluids in general are classified as gases, vapors, or liquids. It should be
pointed out that these particular words convey ideas only when conditions
of pressure and temperature are specified. A material may exist as a gas
or as a liquid, depending upon the pressure and temperature to which that
material is subjected. Vapor is defined in the dictionary as any substance
in the gaseous state which, under ordinary conditions, is usually a liquid
or solid. By ordinary conditions are meant atmespherie conditions of pres-
sure and temperature. In dealing with hydrocarbons it is eonvenient to
think of the words gas and vapor as being synonymous.

As in other fluid systems, a hydrocarbon system may be homogeneous
or heterogeneous. In a homogeneous system, all parts of the system have
the same physical and chemieal properties. A heterogeneous system is one
in which the physical and chemical properties are not the same throughout.

A heterogeneous system is comprised of phases. A phage is defined by
Daniels? as “a definite part of a system which is homogeneous throughout
and physically separated from other phases by distinet boundaries.” An
example of a heterogeneous system is that of water, ice, and water vapor
in which three phases are present. The degree of dispersion does not enter
in consideration of the number of phases. In the example cited the ice is
2 single phase whether it exists in one piece or several.

BASIC CONCEPTS OF PHASE BEHAVIOR

Single-component Systems
Ethane is the hydrocarbon chosen for an example of a single-component
system. Ethane is ordinarily thought of as being a gas and quite properly
(from the dictionary definition), as at ordinary conditions ethane exists as
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a gas. At other than ordinary conditions, ethane may exist as a liquid
as is shown in Fig. 4-1. The curve plotted is a vapor-pressure curve. Af.-
the conditions of pressure and

temperature speeified by the curve 800

two phases, liquid and vapor, co- Ep——--——-¢0
exist in equilibrium. At any condi- o,
tion of pressure and temperature 00— /
which does not fall on the line, only § Liquid 4

one phase exists, i.e., either liquid or & 800

gas. Aslabeled on the figure, it can % Vopor

be seen that ethane exists in the lig- & A

uid state at those pressures lying 500

above the vapor-pressure curve for / S I N
the appropriate temperatures. It 400

can be noted further that ethane is 40 60 80 100 120

Tempercture, °F
a vapor or gas at those pressures P

lying below the vapor-pressure Fro. 4-L Pressure-temperature diagram
c{zrvge for the same values of tem- ©f ethane. (From Standing?)
perature. )

The boiling characteristics of water are well known. At ordinary con-
ditions of pressure and temperature water boils at 212°F; that is, the mate-
rial can be transformed from the liquid phase to the vapor phase at a
constant temperature and pressure. Although the properties o'f the. hql;}ld
and vapor are not changing, the energy for the total system is bem‘g in-
ereased as more of the material is econverted from the low-energy liquid
state to the high-energy gaseous state. By analogy, at 636 psia, ethane
may be considered to have a boiling temperature of 80°F. Thus, t.h_e vapor-
pressure curve may also be considered to be the locus of the boxhn.g ttem-
peratures of the substance. The boiling temperature of a material is a
function of pressure. .

In Fig. 4-1 the point C, where the curve terminates, is known as _the
critical point of the system. For a single-component system, the critical
point may be defined as the highest value of pressure and tempera.tlfre at
which two phases can coexist, This definition will not holcll for n'.m]tlcom-
ponent systems, and for that reason a different definition Wlll.be given _h_el'e
which is applicable for the most complex systems. The elassical fieﬁmtxf:m
of the critical point is that state of pressure and temperature af 'whzcl.: the in-
lensive properties of the gas and Loquid phases are continuously identical.

The state of a substance is therefore defermined by the pressure and
temperature at which that substance exists. Consider point 4 of. Fig. 4-1.
At a temperature of 60°F and a pressure of approximately 43(? psia, fztha_ne
exists in the gaseous state. The material has all the properties ordinarily
associated with a gas. If the pressure is increased at a constant tempera-
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ture to a pressure of about 495 psia, a point on the Vapor-pressure curve,
both the vapor and liquid states may coexist. If the pressure is increased

-further to point F, ethane is in the liquid state and all the physical prop-

erties ordinarily associated with a liquid are exhibited by ethane 2t that
condition. In proceeding from point 4 to point F, the condensation of a
liquid from the ethane vapor can be observed if the compression is con-
ducted in a visual cell. Therefore, the formation of a liquid phase can be
readily identified. If, however, a different path from point A to point F is
followed by appropriate changes of pressure and temperature, the transi-
tion from gas to liquid is not perceptible. For example, proceed at a con-
stant pressure from point A to point B at a temperature of 100°F. At
point B ethane still exists in the vapor phase and has properties associated
with the vapor phase. If, then, the material is compressed to about 770
psia, point D, there is a continuous change in the material. The material
at point I should be referred to as a fluid rather than as a vapor or a liquid.

- If the material is cooled from point D at 100°F to point E at 60°F while

holding the pressure constant, the change in physical properties is continu-
ous and no phase discontinuities can be observed. When the pressure at a
constant temperature is dropped to point F, a substance is obtained which
is readily identified as having the physical properties ordinarily associated
with liquids. Yet in tracing out the complete path It was noted that no
discontinuities were observed along that path. In other words, by select-
ing & particular path of temperature and pressure change it is possible to
pass from the vapor state to the liquid state without observing a discon-
tinuity or the formation of a second phase.

Another means of illustrating the behavior of a single-component system
is shown in Fig. 4-2 in which pressure and specific volume are the inde-
pendent parameters. Here the two-phase region is more readily illustrated.
Point C is the critical point. It may be noted that the critical temperature
for ethane is slightly above 90°F and the eritical pressure about 710 psia.
The dashed curve defines the two-phase region. The solid curves are lines
of equal temperature (isotherms). That portion of the dashed eurve to the
left of the critical point, the dashed line going through point 4 and then
continuing to the pressure of about 400 psia at a specific volume of about
0.095 cu ft per Ib, is the bubble-point curve. That portion of the dashed
Ime to the right of the eritical point ' and extending through points 4’
and H is the dew-point curve. Within the region enclosed by the bubble-
point and dew-point curves is the two-phase region within which vapor and
liquid coexist in equilibrium. At point 4 on the bubble-point ecurve ethane
has the properties of a liquid, having a specific volume of 0.0516 cu ft per
Ib. Point A’ on the dew-point curve is at the same pressure and tempera-
ture as point A, but the specific volume is 0.138 cu ft per lb, which is of the
order of magnitude commonly associated with a vapor. Within the two-
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phase region at point A» exists a material havmg a speciﬁc_ volume of 0.03
cu ft per Ib. The material existing at the conditions specified by ‘Az con-
sists of two distinct homogeneous phases. One pha.sg ha.s.the density spe-
cified by A’, and the other that specified by A. The specific volume at 4.

1,200
1400
1,000
80.F
200
5 i
e !
2 800
2 £
<
7 i
00 :
800 [ Two—phase region \\&\ \}
AL \"‘
~
N
500 { %
l N
~J
4000 005 0.10 015 020 0.25

Specific volume, f+ ¥1b

T'16. 4-2. Phase behavior of pure ethane. (From Brown et al')

is determined by the relative quantity of Hquid 4 and vapor A’ present.

At any condition within the two-phase region, the re}atlve amounts of
vapor and liquid coexisting in equilibrium can be (.ietfanmned from the spe-
cific volume of the composite of the gas and the liquid. A volume balance

can be written as
'Ucom(chm) = UL(WL} + UU(W!J)

and a weight balance as
Woom = W.+ Wg
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Combining the balances,
veom(Wr + Wo) = v:(Wr) 4 2,(W,)
which can be reduced to an expression for the weight ratio of lquid to gas.
(EI‘:) - Yo = Voom
Weleom  oom = g
A graphical expression of the above can be obtained from Fig. 4-2 as

(j?[;_) _ length from 4, to 4’
Wi/s:. length from A to 4.

In the above expressions,

Veom = Specific volume of composite
vz = specific volume of equilibrium liquid
v, = specific volume of equilibrium vapor
Weem, Wy, and W, = weights of composite, liquid, and gas,
respectively

Further inspection of Fig. 4-2 indieates that the state of the ethane ean
be specified completely by the pressure and specific volume. However
only outside the two-phase region can the physical state be completelyi
specified by the pressure and temperature. This, of course, corresponds
to tl‘ne observation that can be made from the vapor-pressure curve.

Figure 4-3 shows the relation between the liquid and vapor densities of
ethane. Considering the material at point 4,, in the two-phase region, the

density of the liquid in equilibrium

04 Lia Liq, 3 with iifs coexisting vapor is specified
% ) by ;?01_11t A. The density of the

03 coexisting wvapor is specified by
£ / point A’, Note that at the eritical
e 02l 7z ¢ p_oint the deflsity, one of the inten-
g / sive properties of ethane, becomes
S o4 73 single-valued. This is to be ex-
W77 y pected, as by definition, the critical

o aw a‘|' point is that point at which the

40 50 60 70 80 90 vapor and liquid phases become
Temperature °F continuously identical. In other
Fia. 4-3. Saturated liquid and vapor den- words, as the eritical point is ap-
sities of ethane. (From Brown et al®) proached along the dew-point curve,
) ' the density of the vapor progres-
sw_ely increases. As the critical point is approached along the bubble-
point curve, the density of the liquid continually decreases, approaching
the same value ag the vapor at the critical point.
For pure components, the critical point can he determined by applica-
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tion of the principle of average composite densities. A straight line is ob-
tained by plotting the arithmetic average of the densities of the vapor and
liquid defined at the pressures and temperatures of the vapor-pressure
curve. This line passes through the critical point as illustrated by the
dashed line of Fig. 4-3. The critical point is defined by the convergence
of the vapor, liquid, and average éomgosite density curves.

Binary Systems
When a second component is added to a hydrocarbon system, the phase
behavior becomes more complex. This increase in complexity is caused by
the introduction of another variable, composition, to the system.
The effect of this variable can be noted by contrasting the pressure-
temperature curve plotted in Fig. 4-1 with that of Fig. 4-4. For a single-
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Fiq. 4-4. Pressure-temperature diagram for the ethane—n-heptane system. {From
Brown et al)

component system the vapor-pressure curve represents the trace of both the
bubble-point and dew-point curves on the pressure-temperature plane. For
2 binary or other multicomponent system, the bubble-point and dew-point
lines no longer coincide. The traces of the bubble-point and dew-point
curves for the multicomponent system form a phase diagram. Furthermore,
for each possible composition a distinct phase diagram exists.
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The behavior of ethane-n-heptane mixtures is illustrated in Fig. 44, Oq
the left of the figure, terminating at the point C, is the vapor-pressure curve
of pure ethane, and on the extreme right of the figure, terminating in point
Cr, 1s the vapor-pressure curve for pure n-heptane. Between the vapor-
pressure curves of the pure constituents lie the phase diagrams of the vari-
ous binary mixtures of the ethane-n-heptane system. The points labeled
C' are the critical points of the mixtures as defined by the respective sub-
scripts in the legend of the figure. The dashed curve is the locus of eritieal
points for the ethane-n-heptane system. Points Cy, Co, and C; are the
critical points of mixtures containing 90.22, 50.25, and 9.8 wt 9, ethane
respectively.

The phase diagram for the mixture containing 90 wt % heptane consists
of the bubble-point curve A, and the dew-point curve C; — B,
Within the region enclosed by these curves exists the two-phase region.
Above and to the left of the bubble-point curve A; — O3, the mixture exists
as a liquid. Below and to the right of the dew-point curve, the mixture
exists as a gas.

If the composition of the mixture is changed, the phase diagram and the
two-phase region are shifted on the pressure-temperature plane. This is
illustrated by the phase diagrams terminating at C; and C., respectively.
Comparing the phase diagrams, it is noted that with large weight percent-
ages of ethane, the critical point of the mixture lies to the left of the max-
Imum pressure and maximum temperature at which two phases can coexist
in equilibrium. When the composition of the mixture is evenly distributed
by weight, it is noted that the critical point, point Cb, is located approxi-
mately at the highest value of pressure. In the case where heptane com-
prises nearly 90 per cent by weight of the mixture, the critical pressure
point C; is now shifted to the right of the highest pressure at which two
phases can coexist in equilibrium. From Fig. 4-4 also can be noted that
the dew-point or bubble-point line, depending on whether the heaviest or
lightest constituent is predominant in the mixture, will approach the vapor-
pressure line of the major constituent. Also, as one constituent becomes
more predeminant, the critical temperature and pressure of the mixture
tend to approach those values which define the eritical point of the major
pure constituent. The critical temperature lies between the critical tem-
peratures of the lightest and heaviest constituents present in the mixture.
The critical pressure of the system will always be greater than the eritical
pressure of any constituent in the system except when one constituent is
so predominant that the critical properties of the mixture approach the
eritical properties of that one component. As the composition of the mix-
ture beeomes more evenly distributed between the constituents, the two-
phase region inereases in size, whereas when one constituent becomes pre-
dominant, the two-phase region tends to shrink in size,
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The study of other binary mixtures of hydrocarbons provides a va.lu::xble
insight into the effect of the diversity of volatility and molecular weight
on the behavior of hydrocarbon mixtures. In Fig. 4-5 are present.ed the
vapor-pressure curves of several paraffin hydrocarbons together with the
critical loci of various binary mixtures of these hydrocarbons.
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F1c. 4-5. Iltustrating effect of divergence in composition on critical point loci. (From

Brown et al¥) -

If the mixture is composed of two econstituents which are quite different
in volatility and molecular weight, the eritical locus encompasses a v&dfie
range of temperature and pressure. For example, the critic_a% locus (Fig.
4-5) of the methane—n-decane system exhibits a maximum critical pressure
of approximately 5,250 psia. The critical temperatures of the system fe
between the critical temperature of methane and of n-decane.
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The systematic change in the critical loci with increasing diversity of
the propertieg of the constituents is illustrated in Fig. 4-5 by the critical
loci of the various methane mixtures. The maximum critical pressures for
the various mixtures are as follows:

Methane-ethane system, 1,250 psia
Methane-propane system, 1,450 psia
Methane—n-butane system, 1,950 psia
Methane—n-pentane system, 2,450 psia
Methane—n-hexane system, 2,900 psia
Methane—n-decane system, 5,250 psia

For constituents very sinﬁ]a.r in molecular structure, such as propane
and n-pentane or n-butane and n-heptane, the loci of the eritical points
form nearly flat curves connecting the critical points of the constifuents.

Multicomponent Systems

Naturally oceurring hydrocarbon systems are composed of a wide range
of eonstituents. These constituents include not only the paraffin series of
hydrocarbons but components from various other series. The phase be-
havior of a hydroecarbon mixture is dependent on the composition of the
mixture as well as the properties of the individual constituents.

A phase diagram for a multicomponent system is shown in Fig. 4-6.
Before discussing the significance of the diagram, a number of important
physical concepts associated with phase diagrams must be defined.

Critical point (C of Fig. 4-6). That state of pressure and temperature
at which the intensive properties of each phase are identical.

Critical temperature (C). The temperature at the critical point.

Cretical pressure (€). The pressure at the eritical point.

Intensive properises. Those properties that are independent of the
amount of material under consideration.

Ezxtensive properties. Those properties that are directly proportional to
the amount of material under consideration.

Bubble-point curve. The locus of the points of pressure and temperature
at which the first bubble of gas is formed in passing from the liquid to the
two-phase region.

Dew-point curve. The locus of the points of pressure and temperature at
which the first droplet of liquid is formed in passing from the vapor to the
two-phase region.

Two-phase region. That region enclosed by the bubble-point line and
dew-point line wherein gas and liquid coexist in equilibrium.

Cricondentherm (M)}. The highest temperature at which a hquzd and
vapor can coexist in equilibrium.
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Cricondenbar (T). The highest pressure at which the liquid and vapor
can coexist in equilibrium. (Some authorities name this point the Cri-
vaporbar.)

Reitrograde region (shaded area). Any region where condensation or
vaporization occurs In reverse to conventional behavior, i.e., refrograde
condensatiorn. in which liquid is condensed upon either lowering the pres-
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Fr6. 4-6. Phase diagram to illustrate nomenclature of retrograde condensation.

sure at constant temperature (lines A, B, D) or increasing the temperature
at constant pressure (lines H, @, A) and refrograde vaporization in which
vapor is formed upon decreasing the temperasture at constant pressure
(lines A, ¢, H) or increasing the pressure at constant temperature (Jines
D, B, A).

Iso vol lines (quality lines). The loci of peints of equal liquid volume
per cent within the two-phase region.

Several important observations ean be made from a study of Fig. 4-6.
The bubble-point curve coincides with the dew-point curve at the eritical
point. The bubble-point curve represents 100 per cent liquid by volune,
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and the dew-point eurve represents zero per cent liquid by volume. The
shaded areas represent regions of retrograde phenomena. The region de-
fined by points C, B, M, D is the region of isothermal retrograde conden-
sation.

In oil-field nomenclature multicomponent systems are broadly classified
as oils or gases. These broad classifications are further subdivided depend-
ing on the changes in state of the hydrocarbon mixture in the reservoir and
the surface yield of hydrocarbon fluids.

Gases. Systems which exist in the gaseous state in the reservoir are
clagsified as gases and subdivided into

1. Condensate or retrograde gases

2. Wet gases

3. Dry gases

The phase diagram and prevailing reservoir conditions determine the
classification of the system. If & reservoir contains a mixture having a
phase diagram such as that of Fig. 4-6, the reservoir temperature is be-
tween the critical temperature and the cricondentherm and the initial
reservoir pressure is equal to or greater than the dew-point pressure. Then
the reservoir contains a condensate gas.

A reservoir temperature and an initial reservoir pressure corresponding
to point B of Fig. 4-6 are typical of reservoir conditions associated with
condensate gases. The hydrocarbon mixture originally exists as a single-
phase dew-point gas. Fluids produced from the reservoeir are brought to
the surface and are separated at separator conditions such as shown on
the diagram.

Two phenomena associated with the production are of interest. As
fluids are produced, the reservoir pressure declines and isothermal retro-
grade condensation occurs in the reservoir, since the pressure decline oceurs
along the path B-D. The produced fluid is subjected to both pressure de-
cline and temperature deeline. Liquid is accumulated in the separator as a
result of normal condensation associated with a decline in temperature.

" A portion of the phase diagram of 3 natural-gas—natural-gasoline mixture
is presented in Fig. 4-7. The diagram is more typical of a condensate gas
than that of Fig. 4-6. Although the range of investigation did not define
the cricondentherm, it is obvious that both the cricondenbar and cricon-
dentherm exist at higher temperatures than the critical temperature. This

1s commonly true of condensate gases. The region of isothermal retrograde _

condensation is larger for such a material than for that shown in Fig, 4-6.

Another important observation which can be made from both phase dia-
grams discussed is that the reservoir temperature must be between the
critical temperature and the cricondentherm for the fluid to be a condensate
gas. The relative position of the critical point is determined by the amount
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of light hydrocarbons in the mixture. As was mentioned previously, when
the light hydrocarbons comprise a large weight percentage of the total mix-
ture, the critical temperature of the mixture will approach the critical tem-
perature of the lightest constituent. Comparing the phase diagrams of
Figs. 4-6 and 4-7, it can be observed that the natural-gas—natural-gasoline
mixture contains larger amounts of light constituents.
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¥ra. 4-7. Phase diagram for natural-gas-natural-gasoline mixture. {From Kalz and
Kurata®)

The critical temperature of the natural-gas—natural-gasoline mixture is
such that if the mixture were to be accumulated in a reservoir at moderate
depth (reservoir temperature 100 to 200°F), the fluid would behave as a
condensate gas.

A wet gas normally is comprised of a lesser percentage of heavy com-
ponents than is a condensate gas. As a result, the phase diagram is some-
what less broad and the critical point is shifted to lower temperatures.
Furthermore, the reservoir temperature exceeds the cricondentherm as is
shown on the phase diagram of Fig. 4-8. Thus, in the reservoir the fluid
is at all times in a single phase.” The term “wet” is derived from the fact
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that the separator conditions lie in the two-phase region and a liquid phase
is condensed in the separator. Wet gases ordinarily differ from condensate
gases in the following respects:

1. Isothermal retrograde condensation does not occur in the reservoir
during pressure depletion,

2. Separator liquid yields are Iower than for a condensate.

3. Less heavy components are present in the mixture.

A dry gas is comprised largely of methane and ethane with small per-
centages of heavier components. A phase diagram of a dry gas, together
with typical reservoir and operating conditions, is shown in Fig. 4-9. The
separator conditions as well as the reservoir conditions lie in the single-
phage region. Hydrocarbon liquid is not condensed from the mixture
either in the reservoir or at the surface. Dry gases may contain water
vapor, which will eondense. “Dry” in this instance means free of hydro-
carbon liquids, not necessarily free of water.

Oils. Hydrocarbon mixtures which exist in the liquid state at reservoir
conditions are commonly classified as erude oils and subdivided on the basis
of liquid yield at the surface into low- and high-shrinkage oils,

A phase diagram for a low-shrinkage oil is shown in Fig. 4-10. Two
characteristics are apparent. The critical point lies to the right of the
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Fia. 4-10. Phase diagram for a low-shrinkage oil. (After Clark®)

cricondenbar, and the quality lines (velume per cent liquid) are closely
spaced near the dew-point curve. Furthermore, at atmospheric pressure
and reservoir temperature, the mixture is in the two-phase region. At sep-
arator conditions, substantial liquid recoveries are obtained even though
the liquid volume per cent is quite low. This phenomenon is caused by the
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great expansion of the gas phase at low pressures. The characteristics of
the phase diagram indicate relatively large amounts of heavy constituents
in the mixture.

Qil is frequently further classified, depending upon initial reservoir con-
ditions, as either 4 saturated or undersaturated cil. If the initial reservoir
conditions correspond to A in Fig. 4-10, on the bubble-point curve, the oil
is said to be saturated.

As can be observed from the diagram, on an infinitesimal pressure de-
cline, gas is evolved from a saturated oil. If, however, the initial conditions
correspond to A4’, above the bubble-point curve, the oil is said to be under-
saturated. An undersaturated oil must be subjected to a substantial pres-
sure decline before gas is evolved; in fact, the pressure must decline from
A’ to A in the present example before a free gas phase is formed.

A high-shrinkage oil contains more of the lighter hydrocarbons than does
a low-shrinkage oil. The reservoir temperature is ordinarily closer to the
critieal temperature, and the quality lines are less closely grouped near the
dew-point curve.

A typical phase diagram for a high-shrinkage oil is presented in Fig. 4-11.
Substantially lower amounts of liquid are obtained on pressure decline
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F1a. 4-11. Phase diagram for a high-shrinkage oil. (After Clark®)

both in the reservoir and at the surface. A high-shrinkage oil may be either
saturated (point 4) or undersaturated (point A").

The various classifieations of hydrocarbon fAuids may be characterized
by composition, API gravity of liquid yields, and gas-liquid ratios as well
as by phase diagrams. In fact, usually only a partial phase diagram is ob-
tained on laboratory analysis of reservoir fluids. This consists of deter-
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mining the behavior along the isotherm correspending to reservoir fem-
perature and & group of tests at various separator conditions.

Characteristic analyses of typical reservoir fluids are presented in Table
4-1. These data are to be considered typical but not necessarily charac-
teristic of the classes. A wide range of possible compositions and reservoir
conditions exist for naturally occurring hydrocarbon sccumulations. There-
fore, each reservoir fluid presents a different problem in analysis and classi-
fieation.- _

The gas-liquid ratio that is initially produced and the API gravity of
the produced liquid are indicative in general of the classification of the
reservoir fluid.

Dry gas is indicated by lack of condensed fluids at separator conditions.
Wet gases are usually indicated by gas-liquid ratios of 60,000 to 100,000
cu fi per bbl with liquid gravities higher than 60°API. Condensate gases
yield gas-liquid ratios of 8,000 to 70,000 cu ft per bbl with liquid gravities
between 50 and 60°API.

TasLe 4-1. CoMPARISON oF CoMposITION AND LiQuip YIELDS OF
HyprocarBoN REsSERVOIR Frurns?

. Condensate gas, Low-shrinkage oil,
Fluid Dry gas, mole %, mole % mole %,
Methane 91.32 87.07 57.83
Ethane 443 4.39 2.75
Propane 212 2.29 1.93
Putanes 1.36 1.74 1.60
Pentanes 0.42 0.83 1.15
Hexanes 0.15 0.60 1.59
Heptanes
and heavier 0.20 3.08 33.15
Gra(.:;ity Gas-liquid Reservoir conditions Dew | Bubble
liquia, ratio, g:;lft Temperature, | Pressure, - pm;t, pm;t,
°apr | P °F psi P P
Gas:
Wet gas 65 67,000 160 1,700
Condensate gas 55 18,500 203 4,810 4,470
Oil:
Low shrinkage 38 900 211 4,750 4,600
High shrinkage | 58 2,700 203 4,700 3,855

Low-shrinkage oils usually yield gas-liquid ratios of 1,000 eu ft per bbl
or less with API gravities of the produced liquid 45° or less. High-shrinkage
oils yield gasliquid ratios from 1,000 to 8,000 cu ft per bbl with liquid grav-
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ities of 45 to 60°API. Many fluids can be classified only after a detailed
study of reservoir-fluid samples,

-In Chap. 1 it was stated that gas oceurred at reservoir conditions as
dl.SSOIVed gas, associated free gas, or nonassociated free gas. Referring to
Fig. 4—6_ and considering that the phase diagram shown represents the
phase q.lagram of the total mass of hydrocarbon aceumulated in a given
reservoir, the dependence of the state of the hydrocarbon system on reser-
voir conditions can be shown.

If the reservoir temperature is 7 and the initial reservoir pressure cor-
r.esp'onds to point I, the reservoir contains a single-phase bubble-poing
liquid or, m oil-field terminology, a saturated oil. At a reservoir pressure
f:orrespondmg to point J, the reservoir contains a single-phase liquid whichk
1s several hundred pounds per square inch above the bubble-point pres-
sure—an undersaturated oil. On production of the fluid to the separator
the two-phase region is entered and both vapor and Hquid are obtained’
Thus, the fluid at both conditions can be considered to eontain dissolved"
gas.

At ‘i.nitia,l reservoir conditions, corresponding to point L, the reservoir
contalns two phases, gas and liquid. Thus, in oil-field terminology the

r/ﬁesermir femperature
Total reservoir fuid

Reservoir gas

Reservoir
T liguid
» Y
e
E I
2 Initigl NG
it réservoir 1
a. pressure :
]
I
i
!

Temperature ——m—

5122184;1&2. E(qgiljbri'l;_m lrela_tionship of reservoir containing an oil accumulation with
2 e systei; 5 @, critical point for gas; Ci, critieal point for liquid; C, eritical point

FUNDAMENTALS OF THE BEHAVIOR OF HYDROCARBON FLUIDS 229

reservoir consists of an oil accumulation with a gas cap. The gas-cap gas
is classified as associated free gas and is usually in equilibrium with the
contiguous oil accurnulation. Thus, the gas is at its dew point and the
liguid at its bubble point. This is shown schematically in Fig. 4-12, in
which the phase diagrams for the equilibrium phases are superimposed
on the original phase diagram for the total mass of hydrocarbon in the
reservoir. The equilibrium gas contains larger percentages of light hydro-
carbons and lesser percentages of heavy hydrocarbons than does the equi-
librium liquid. The gas-cap gas may be dry, wet, or condensate, depending
on the composition and phase diagram of the gas. That shown in Fig. 4-12
is a wet gas.

If the reservoir temperature corresponds to T» (Fig. 4-6) and the res-
ervoir pressure to that for point B, then as previously mentioned the
reservoir fluid is a condensate gas. The gas is saturated, or at the dew
point. However, if initial reservoir conditions correspornd to point 4, the
reservoir contains a single-phase gas which is several hundred pounds per
square inch above the dew-point pressure and is undersaturated.

For a reservoir temperature of T, such as at point F, the reservoir con-
tains a wet gas.

From the foregoing discussion it can be observed that hydrocarbon mix-
tures may exist in either the gaseous or liquid state, depending on the
reservoir and operating conditions to which they are subjected. The
qualitative concepts presented may be of aid in developing quantitative

analyses.

PROPERTIES OF THE GASEOUS STATE

Ideal Gas Laws

Gias is defined as a fluid which has neither independent shape or volume
but expands to fill completely the vessel in which it is contained. In order
to define the thermodynamic properties of gas it is necessary to review
some of the bagic laws. One of the first laws, perhaps the best known, is
Boyle's law.

Boyle’s law states that at a constant temperature, the pressure of a gas
is inversely proportional to the volume of the gas. Stated in equation form
for T = constant

Vocl— or PY =C('

P
where P is pressure, V is volume, T is ternperature.

A second law of equal importance, credited to Charles and Gay-lussac,
is that at a constant pressure, the volume of a perfect gas varies directly
with the temperature; also at a constant volume, the pressure varies di-
tectly with the temperature. Expressing the laws in equation form,
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P =KT
V=KT
€', K, and K’ are constants of proportionality dependent upon the units
used for volume, pressure, and temperature and the nature and weight of
gas present. The pressure and temperature in Boyle’s and Charles’s laws
are in absolute units.
From the above laws it is possible to derive the general or perfect £as
law. In brief it can be shown that by using only one part of Charles’s law
and Boyle’s law, it is possible to write for a unit weight of gas

for V = constant
for P = constant

P = Pw,  at T, from Boyle’s law
Un
T, = % at P, from Charles’s law

where v, is the specific volume at Py and T, v; is the specific volume at
Py and T.. Then o, is the specific volume 2t P, and T,.

R if U Y i
TP Ty
From which
Pw, _ Pw: _ o,
T, Ty =k 1)
Since the conditions were chosen at random, it can also be shown that
Pw _ Pws _ o,
.- 1, ¢

where conditions Ps, v5, and T; represent any other state of pressure, vol-
ume, and temperature. Therefore, the above can be generalized as

Py =RT (4-2)

where R’ is the gas constant, a constant of proportionality dependent upon
the type of gas and the units used. The gas constant for a number of gases
. has been determined from experimental data. For methane at atmospheric
pressure and 32°F, B’ = 96.2 £t Ib per (Ib)(°R), with P in pounds per
square foot absolute, v in cubic feet per pound, and T in degrees Rankine.

If both sides of Eq. (4-2) are multiplied by w, the weight of gas, then

Puy = wR'T
or PV = wR'T (4-3)

where V is the volume of gas having a weight w.

Equations (4-1) and (4-2) are equations of state for perfect or ideal gases.
A more useful form of these equations can be obtained by introducing
Avogadro’s law: All ideal gases at a given pressure and lemperature have the
same number of molecules for a given volume.

One mole of a material is a quantity of that material whose mass, in the
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unit system selected, is numerically equal to the molecular weight. Fur-
thermore, 1 mole of any substance contains the same number of molecules
as 1 mole of any other substance. Thus, 1 mole of any gas will occupy the
same volume at a given pressure and temperature.

For 1 mole of gas,

w=M
where M is the molecular weight. Substituting for w in Eq. (4-3),
PV = MR'T
or = MET
TP

From Avogadro’s law, for a given pressure and temperature, ¥ must have
the same value for all ideal gases. Thus, MR’ must be a constant. This
faet has been verified by experiment on gases such as oxygen, helium, and
nitrogen. The product MR’ is called the universal gas constant and desig-

nated by the symbol K.
In the general case nM = w and the ideal gas equation of state can be

stated as :
PV = nRT (44)

where » is the number of moles of gas present.

The universal gas constant is considered to be independent of the type
gas, but as it has dimensions, the numerical value depends on the system
of units used. The dimensions of B are energy units per mole divided by
absolute temperature. The numerical value of E wasg obtained from meas-

urement of the specific volume, at 14.7 psia and 32°F, of air, oxygen, nitro-
gen, helium, and hydrogen. i
In the English system of units, with pressure in pounds per square
foot, volume in ecubie feet, n in number of pound moles, and T in degrees
Rankine,
; B = 1,544 ft-1b/(mole) (°F)

and if the pressure is in pounds per square inch, other unifs as above,

1,544
144
In Table 4-2 are listed values of R for various unit systems.
The physical properties density and specific volume can be defined from
the equation of state as follows:

R = = 10.72 cu ft-lb/(mole)(sq in.)(°R)

. PM
Density p = LVU =T (4-5)
and Specific volume v = % = I‘ie-—T {4-6)
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TaBLE 42. VaLre oF THE UNIvErsaL Gas CoNsTaNT R Fom
Various Unrrs

Pressure Volume Temperature, n B
deg
Atm Ce Kelvin Gm-moles 82,057
Atm Liters Kelvin Gm-moles 0.082054
Atm Cu ft Rankine Lb-moles 0.7302
Psi Cu ft Rankine Lb-moles 10.72
Psf Cu it Rankine Lb-moles 1,544

thus the density and specific volume of gases are functions of pressure,
temperature, and molecular weight. For a particular gas the conditions of
pressure and temperature must be specified to define the density or spe-
cifie volume.

Example 4-1. Caleulation of Density from Ideal Gas Equation of State.
Find the density of methane at 0 psig and 60°F when atmospheric pres-
sure is 14,7 psia.

Methane density = I%%—;%‘% = 0.04122

Density of methane at 60°F and 14.7 psia = 0.04122 Ib/cu ft

Now find the density of methane at 50 psig and 32°F when atmospherie
pressure is 14.7 psia.

64.7(16)
10.72(492)

Density of methane at 60°F and 64.7 psia = 0.1962 Ib/cu ft

Methane density = = ().1962

Kinetic Theory. Another method by which the equation of state for
_ideal gases can be derived is by use of the kinetie theory of gases. There
are two essential features in the theory: one is that matter is made up of
small particles called molecules; second, heat energy in matter is a mani-
festation of molecular motion. The first is easily understood; the second
just states that when heat is added to a gas, it is transferred into energy
of motion by increasing the velocity of the gas molecules.
In the derivation it is necessary to make three limiting assumptions:
1. The volume occupied by the molecules is insignificant with respect
to the volume oecupied by the total mass.
2. All collisions of molecules are perfectly elastic.
3. There are no attractive or repulsive forces between the molecules or
the containing wall.
Using the afore-mentioned assumptions, the equation of state can be
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derived. Consider a cube of dimension L. If it is assumed that one-third
of the molecules in the container are traveling normal to each pair of par-
allel sides, the impact pressure on the walls of the vessel can be determined.
The time required for one molecule to travel from one side.of the vessel to

the other is

Distance _ L _ ;
Velocity 7

The time required to make a round trip, which is the time between im-

pacts on each wall, is

2L _ g1
v

The number of impacts per unit time is the reciprocal of the time per
impact, so that the impacis per unit time can be expressed as

Since foree is defined as the time rate of change of mome_ntum and
momentum is defined as mass times velocity, the total change in momen-
tum per molecule per impaect is

md — (—mB) = 2mp
Therefore, the change in momentum per second per molecule is the produet
of the number of impacts per unit timne and the change in momentum per
impact:
5 b — M8
@md)or =L

To obtain the total rate of change in momentum at one wall it is neces-

sary to consider all the molecules which are hitting the wall. The total

change in momentum per second is force.
Force = o’ it
TE=IL

where ' is the number of molecules. Since force equals the product of
pressure and area, the pressure on the wall is

as L3 = volume

20 (1,
py =2 (zmv)

It has already been said that heat energy is manifested in molecular
motion; henee it can be written that
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%mﬁz = kinetie energy o T
or . 1 .,

=mi* = KT

2
where K is a constant of proportionality; that is, as the temperature is in-
creased, so is the kinetie energy of the molecules. Then

2
PV = 3 En'T

It can be shown that K is a constant independent of the gas. If T remains
constant and the number of molecules »’ remains constant, then

PV = constant
which is Boyle’s law.
Charles’s law can also be obtained from the equation of state by arbi-
trarily letting the pressure or volume be constant.

=T

LS

ImPV=%@K@T since

PV = aRT (4-4)

where A is Avogadro’s number of molecules per mole, n is thelnumber of
moles of gas in the vessel, and §K4 = B. As K and A are both constants
which are independent of the gas, then R is a constant independent of the
gas.

Behavior of Natural Gases. So far, in the cases of both Boyle’s and
Charles’s laws and the kinetic theory, the assumption has been made that
the gas involved is perfect. Realizing that no gas obeys the perfect gas
laws, many attempts have been made to correct the perfect gas law and
make its application more general. One of the better known equations is
van der Waals’s equation of state for a pure substance. It should be re-
membered that the kinetic theory assumed that there were no attractive
{forces existing between molecules, which is known to be incorrect. At low
pressure the molecules are so far apart that the atfractive force is nearly
zero, but at high pressure the molecules are close together and the attraec-
tive force beeomes an important factor. The pressure that is measured by
gauges is the impact pressure, but the internal pressure P; is greater than
the impact pressure by the amount of energy that is expended in over-
coming the intermolecular force. In order to express the true internal
pressure, it is necessary to add a factor P’ to the measured pressure to
correct for the attractive force. Therefore, P; = (P + P’) should be used
in the equation of state. P’ can be shown to be proporticnal to n?/¥?
where n is the number of moles in the volume, V. Thus
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nﬂ
P = 72
where a is a constant dependent on the type of gas in the system.

The volume occupied by the molecules also was negleeted in the kinetic
theory. The actual “free space” available for compression is less than the
total volume by the amount of space occupied by the molecules. If 1 mole
of molecules of a pure gas occupies a volume of b, then the free space avail-
able to change would be

V=V —anb

where b is a constant for the particular gas. The equation of state can be
written in the form developed by van der Waals as

nla
(P =+ ﬁ-) (V — nb) = nRT (4-7)
or for 1 mole of gas
a
(P+ﬁyV—w=RT (4-8)
TanLy 4-3. VAN DER WaaLs CONSTANTS FOR SELECTED (Gases?
Gas Formula a* bt
Carbon dioxide CO, 3.59 0.0427
Ethane C.H; 5.49 0.0638
Hydrogen H. 0.244 | 0.0266
Methane CH, 2.25 0.0428
Nitrogen N, 1.39 0.0391
Oxygen O, 1.36 0.0318

* g in atm-liter? mole™,
T b in liter mole™™.

‘The perfect gas law holds rather well for the so-called “permanent”’
gases in the low-pressure ranges. Van der Waals's equation applies over
& greater pressure range for the same gases. The increased range of pres-
sure does not include pressures of the order of the reservoir pressures en-
countered in many oil and gas fields.

Furthermore, the equation contains two arbitrary constants which de-
pend on the properties of the gas and limit the usefulness of van der Waals's
equation in describing the behavior of mixtures of gases. To a large extent
the constants ¢ and b depend on the size of the molecules. Therefore, in
& mixture of gases it is evident that the attractive forces depend on the
proportion of the various-size molecules present. No adequate method has
been devised for evaluating the effect on @ and b of the molecular inter-
action in mixtures,
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The Beattie-Bridgeman® equation of state, involving five arbitrary con-
stants, describes the behavior of pure substances with considerable pre-
cision. It, too, is limited in application for mixtures of gases. To apply
this equation to mixtures requires the simultaneous solutions of equations
comparable to the number of constituents in the mixture.

The Beattie-Bridgeman equation of state for a pure substance is as
follows:

p:%v+3‘,(1—%)1—%3—%(1—%) (4-9)
where P = pressure,
T = temperature, “K
V = volume, liters per mole

and A,, By, a, b, ¢ are constants empirically defined for each pure gas.
The Benedict, Webb, Rubin® equation of state for a mixture of hydro-
carbons

P = RTp,. + (BRT — A — %) pu + (BRT — a)p.® +

€pm’
aapn® + " [(1 + veul)e ] (4-10)

where B = Zy.B;

A = CyAHxe

C = (Ey,-C,-”)Z

b= (ZydH)?®

a = (Zya)

c = [Zy.cHP

& = [Ty

Y= [Eyﬂz‘”P
and By, A, Cy, by, a;, ¢4, @1, and v; are constants defined empirically for the
1th corponent; p.. is the molal density; P is the absolute pressure; R is
the universal gas constant; ¢ is the base of the natural logarithm; and T is
the absolute temperature.

The petroleum industry has adopted the concept of a compressibility
factor Z for describing the behavior of mixtures of gases at moderate to
high pressure. The compressibility factor Z is simply a correction factor
to the perfect gas law; that is,

PV = ZnRT (4-11)
and, by definition,
PV PV
Z = PV, " nBT (4-12)

Py and ¥, are the pressure and volume, respectively, which would be cal-
culated from the perfect gas law.
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Compressibility factors, determined experimentally and correlated with
pressure and temperature, are presented in Figs. 4-13 to 4-16 for methane,
ethane, propane, and n-butane, respectively. The dashed curve on each
of the illustrations represents the boundary of the two-phase region. Com-
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Fie. 4-13. Compressibility factors for methane. (From Brown et alY)

pressibility factors are defined only in the single-phase region. Several
general characteristics of compressibility curves are apparent from s study
of the figures. The temperature isotherms have distinet minimums which
vanish as the temperature is increased. The compressibility factor de-
ereases with decreasing temperature except in the high-pressure range,
where a reversal of trend oceurs (see inset in each figure). The minimums
in tl:le isotherms become more pronounced as the molecular weight of the
gas increases,
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Charts such as Figs. 4-13 through 4-16 can be prepared from experi-
mental data for a particular gas. Compressibility factors determined from
such charts ean be used together with Eq. (4-11) to calculate the volume
of the gas.
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Fre. 4-14. Compressibility factors for ethane. (From Brown el al®)

Densities of the gas can be determined from the same experimental data
from which the compressibility factors were calculated. For pure gases,
charts correlating the density with pressure and temperature are perhaps
as useful as correlations of compressibility factors. In Figs. 4-17 through
4-20 are presented density correlations of methane, ethane, propane, and
normal butane. The two-phase regions are outlined by dashed curves on
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the charts for ethane, propane, and normal butane. It may be noted that
the density of the gas approaches that of a liquid at elevated pressure,

Mixtures of Gases. Natural gases are mixtures of hydrocarbons which,
as stated earlier, may be characterized by composition. The composition
of any mixture may be reported in terms of per cent by weight, per cent
by volume, or mole per cent. For gases, according to Avogadro’s law, mole
and volume per cent are identical, since 1 mole of any gas occupies the
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Fic. 4-19. Density of propane. (From Broum et al*)
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example calculation of the mole analysis of a gas when given the weight
analysis is given in Example 4-2.

Exzample 4-2. Converting from a Weight per Cent Analysis to Mole
per Cent for a Hydrocarbon Gas. '

1 2) (3) @
. Molecular @ =3 Mole %
Component | Weight % | weight | Moles/1001b
C: 30 16.04 1.87 8.2
C: 40 30.07 133 343
Cy 30 44.09 0.68 175
3.88 100.0

For many purposes the physical constants of pure hydrocarbons are re-
quired. These constants are tabulated in Table 4-4 for the paraffin hydro-
carbons through normal heptane.

The equation of state (4-11) can be applied to a mixture of gases by
means of Amagat’s law of partial volume. Amagat’s law states that the
total volume of a gaseous mixéure is equal to the sum of the volumes of
the individual components of the mixture, all at the same temperature and

pressure; i.e.,
n

V=Vid Vot Vit o+ Va= Y Vs

where wV =V

y: is the mole fraction of the 7th component in the gaseous phase, V is the

volume of the system, and V; is the partial volume of the ¢th component.
The application of this principle to ecaleulation of the volume of a gaseous

mixture is given in Example 4-3.

Example 4-3. Gas Volume Calculated Using Partial Volumes. Deter-
mination of the volume at 1,000 psia and 104°F oceupied by 1,000 sef of
gas whose composition is given below:

. Z at ¥iat
Gas analysis | Miole fraction V"f 1000 psia | =y, 1,000 psia
e et i and 104°F P T. and 104°F
Methane 0.70 700 0.918 11.13 10.217
Ethane 0.20 200 0.274° 3.18 0.871
Propane 0.10 100 0.236° 1.59 0.375
1.000 15.90 11.463

= From Fig. 4-13. ¢ From Fig. 4-14. < From Fig. 4-15.



Tasie 4-4, PHysicarL ConsTaNts oF Hybrocarmons

(Values from CNGA and NGAA. Modified for standard conditions of 0°F and 14.65 psia)
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Conatants Used in Calculations

0°F = 450.58°R

= 28.316 liters
7.480 pal
1 gal = 3,785.53 ml

1enft
1 cu fi;

Density of water at G0°F = 8.327 1b per gal

Molecular weight of air

28.966

1 mole = 380.69 cu ft of perfeet gas at 14.65 psia and 60°F

760 mm Hg = 14,606 psi
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Tolume at 1,000 psia and 104°F calculated as if the mixture were a perfect
gas is 15.90 eu ft. Actual volume occupied by gas at 1,000 psia and 104°F
is 11.463 cu ft.

11.463

500 0.721

Zmix =

The partial volume method of determining the volumes of a gaseous
mixture is tedious when the analysis is known and cannot be used when
the analysis is unknown. For these reasons generalized compressibility
factors have been determined for methane-rich natural gases and, through
the work of Kay'® and others, correlated with reduced pressure and
temperature.

The law of corresponding states provides the theoretical basis for cor-
relations utilizing reduced pressures and temperatures. Sage and Lacey"
state this law as follows: “The ratio of the value of any intensive property
to the value of that property at the critical state is related to the ratios of
the prevailing absolute temperature and pressure to the eritical tempera-
ture and pressure by the same funciion for all similar substances.” Thus,
the reduced temperature is the ratio of the prevailing absolute temperature
to the critical temperature and the reduced pressure is the ratio of the pre-
vailing absolute pressure to the critical pressure. Other reduced properties
can be defined in a like manner.

The law of corresponding states can be derived from van der Waals’s
equation of state. In expanded form, Eq. (4-9) is

PV — TP+ ET)+a(V-0 =0 (4-9)
which is a cubic equation. A typieal
solution of Eq. (4-9) at constant
temperature is shown by the dashed Critical poinf
70°F isotherm on Fig. 4-21. Within T
the two-phase region the equation ggf?gf%;‘;gf”
indicates a continuous transition of 3 equation
physical properties from gas to 8
liquid. This is unirue as shown by < &
experimental data (solid line on Fig. e
421). The 90°F (critical tempera- -

ture) isotherm iz tangent to the
phase envelope at the critical point.
Furthermore, the slope of the curve
at that point is zero. The isotherm
has an inflection point at the eriti-

Specific volume —

Frc. 4-21. Characteristic isotherms caleu-
Jated from van der Waale’s equation of
state for a pure substance.

cal point. Mathematically these two situations correspond to zero valuea
of the first and second derivatives of pressure with respect to volume.
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That is, the change in pressure with a smallrchange in volume is zero,
(0Pf3V}sp = 0, and the change in slope with the change in volume is
zero, (2P/aV%., = 0.

Solving van der Waals's equation for pressure yields for 1 mole

po 8 BT

(4-13)

Then to evaluate g, b, and R at the critical point of the material, it be-
eomes necessary only to obtain the first and second derivatives with respect
to volume of Eq. (4-13) and set them equal to zero. Therefore,

(@) _ (-[—2(1 _ __RT. —o
W)e \VE V.- b)Z)cp -

¢ = BIVE
TV, — b
also
FP\ _(_6a  _2RT \ _
(avz)c‘p B ( -Vr-"i * (Vc - b)s)cp =0
4o Y& _RT.
3 (V.—b)?

Equating the two equations for a and seolving for b in terms of T, P,,
V., and B,

Vé RT _V: RT.
2 (V.—br~ 3 (V.—bp
Ve—b=2%V.

b= V.

Inserting the value of b obtained in the first equation for e it is found
that ¢ = %RT.V..

Now'av, by inserting the values of ¢ and & into van der Waals’s original
* equation, at the critical point, & value for R in terms of P,, ¥, and T, is

obtained
9RT.V. 1
(P:+8 V¢2 )(Vc—ch)=RT;
2 3 -
3 PV, + 1 RT, = RT.
B=3ET (414)
from which ‘
a = 3PV,
1
b= 5 V.
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By using the values of g, b, and R stated in terms of the critical proper-
ties of pressure, volume, and temperature of the gas involved, it is possible
to rewrite van der Waals’s equation in the following form:

VAL 1 _ 8PV, )
(P+ 4 )(V—SVG)—?,——TG T (4-15)
Defining the reduced properties of a material as follows:

Reduced pressure = P, = PE
Vv

Reduced volume =V, = . (4-16)
T
Reduced temperature = T» = 7

and substituting in Eq. (4-15) for the pressure temperature and volume,

obtain
3P, 1 _ 8
(PJ’:- + ._Vrz) (V,-Vc 3 Vc) =3 PV.T,

which reduces to

(P, + %) 8V, — 1) = 8T, 4-17)

The above equation contains only reduced values of pressure, volume,
and temperature. Equation (4-17) is commonly referred to as van der
Waals’s reduced equation of state. ¥rom the above, it is possible to state
that regardless of the gas, as long as it is pure, if the reduced pressures and
temperatures are equal, then the reduced volumes must be equal. This
confirms the law of corresponding states as previously stated.

For real gases, the law of corresponding states does not hold over wide
ranges of pressure, but the agreement is close enough to permit the use of
reduced properties as the basis for correlating experimentally determined
compressibility factors. The correlation of compressibility factors with
reduced pressure and temperature of selected pure hydrocarbons is shown
in Fig. 4-22.

Kay® introduced the concept of pseudo-critical and pseudo-reduced
properties for treating mixtures of natural gas. The pseudo-critical prop-
erties are obtained by applying Amagat’s law of partial volumes for mix-
tures to the critical properties of the individual constituents of the mixture.
The pseudo-critical pressure and pseudo-critical temperature are defined
mathematically:

oPe= E yPe:  and ST = im’—"ﬁ

™ fm]
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Fro. 4-22. Compressibility factor as a function of reduced pressure for a series of
reduced temperatures. (From Sage and Lacey™)

where »P. = pseudo-critical pressure
»Te = pseudo-critical temperature
P.;and T.; = critical pressure and temperature respectively of 7th
component
y: = mole fraction of sth component in mixture

# = number of components

The pseudo-reduced properties are defined as the ratio of the property of
the mixture to the pseudo-critical property of the mixture. Thus, the
pseudo-reduced pressure and pseudo-reduced temperature are defined as

P Vi
oPr=p wmd P

Compressibility factors, experimentally determined, for a large number
of natural gases were correlated with pseudo-reduced pressure and tem
perature. The results of these correlations are presented in Figs. 423 ¢
4-25. Since most natural gases contain large amounts of methane, the
correlations for natural gases are superior to the correlations between in-
dividual hydroearbons such as previously shown in Fig. 422, The petro-
leum industry hag universally adopted the charts of Figs. 4-23 to 4-25 to
determine the compressibility factor for use in the equation

PV = ZnRT (4-11)
Thus, if any analysis of the gaseous mixture is available, the pseudo-ecritical
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properties can be caleulated and compressibility factors determined for use
in the generalized equation of state.
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Fic. 4-23. Generalized plot of compressibility factors at low reduced pressures. (From

Brown et al?)

The conversion of an analysis on a weight basis to th%t on a mole ba:sis
was shown in Example 4-2. The mole method of ca.lculaj.tmn can be applied
to the determination of other properties of gaseous mixtures. One of the
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Fic. 4-24. Compressibility factors for gases near atmospherie pressure. (From Brouwn
et al*)

propertics frequently of interest is the average molecular weight. The
average molecular weight 3 is defined mathematically as

M= iy,M i (4-18)

i=1
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Frc. 4-25. Compressibility factors for natural gases. (From Brown et alt)

where M is the molecular weight of the #th component and ¥: is the mole
fraction of the 7th component in the mixture.

The gas gravity can be calculated from the average molecular weight.
By definition, the gas gravity is the ratio of the density of the gas to the
density of air, both densities defined at atmospheric conditions, Since the
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ideal gas laws hold at atmospheric conditions, the density of a gas is directly
proportional to its molecular weight. Thus

M M
G =3~ 2895 (419

where & is the gas gravity, M is the average molecular weight, and M, is
the molecular weight of air.

Caleulations of the average molecular weight, gas gravity, pseudo-eritical
pressure, and pseudo-critical temperature are illustrated in Example 4-4.

Exzample 4-4. Caleulation of Moleeular Weight, Gas Gravity, and
Pseudo-critical Properties for Hydrocarbon Gas.

03 2) 3) 4| 5
Comporent Molt_:cular Mo!e P, 7 @IX@BIE XD B X®E
weight fraction
Cy 16.04 0.70 673 | 343 11.23 471.1 240.1
Ce 30.07 0.20 708 | 550 6.01 141.6 110.0
C; 4409 0.10 617 | 666 4.41 61.7 66.6
21.65 674.4 416.7

Molecular weight of mixture = 21.65
Pseudo-critical pressure = 674.4 psia
Pseudo-critical temperature = 416.7°F
Gas gravity = 21.65/28.96, or 0.749

A useful constant in gas calculations is the volume occupied by 1 mole
of gas at standard conditions. Standard conditions are specified conditions
of pressure and temperature at which gas volumes are reported. Standard
conditions are defined, in part, by usage and, in some oil-producing states,
by statute. The values of pressure and temperature chosen are approxi-

.mately average atmospheric conditions. In scientific work, the standard
temperature is frequently taken as 20°F (68°F)} and the standard pressure
as 14.696 psia. In the petroleum industry 60°F is the standard {empera-
ture. The standard pressure varies from state to state. For example, it is
14.65 psia in Texas and 15.025 psia in Louisiana. The volume of 1 mole of
gas for various standard conditions can be caleulated from V = ET/P,
assuming a perfeet gas. Volumes for 1 mole of gas for several commonly
used standard conditions are given in Table 4-5.

It is frequently necessary in engineering calculations to compute the
density or volume of a gas at elevated pressures and temperatures. Various
methods for caleulating these and other parameters are illustrated in Ex-
ample 4-5. The treatment of the material as a perfect gas (method 1) is
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TarLE 4-5. VoLuME or 1 MoLE oF (GAS AT VARIOUS STANDARD ConpITIONS

Temp, °F Press_ure, Volume of
psia 1 mole, cu ft

68 (20°C) 14.696 385.51°

60 14.65 380.69

60 15.025 371.35

60 144 38747

60 14.7 379.56

included to emphasize the deviation of real gases from the perfect gas law.
The volume of gas at 1,000 psia and 104°F as calculated from the perfect
gas law is in error by more than 20 per cent.

Method 2, treatment of the gas using additive volumes and compres-
sibility factors of individual components, was illustrated in a glightly dif-
ferent form in Example 4-1.

Method 3, treatment of the gas using additive volumes and densities of
the individual components, is simply a variation of method 2, as the density
eurves were plotted from the same data from which the compressibility
curves were plotted. The values obtained in Example 4-5 from these two
methods are in very close agreement, certainly within the aceuracy of read-
ing the charts.
~ Both methods 2 and 3 are limited in applicability by the lack of data on
heavier hydrocarbons which have two-phase regions extending across tem-
peratures of interest in oil-field applieations.

The use of the pseudo-reduced concepts and the compressibility-factor
chart for natural gases is illustrated in method 4 of Example 4-5. The
values obtained differ about 10 per cent from the values from methods
2 and 3. The difference can be attributed largely to the composition of
the gas selected. The generalized charts include data from gases having
heavier components and higher concentration of methane present. There-
fore, method 4 is more applicable to gases having more methane and a
greater variation in other hydrocarbons than the gas in the example.

Example 4-5. Methods of Caleulating Volume Relations for Mixtures
of Real Hydroearbon Gases. Calculation of specific volume, density, com-
pressibility factor, and the volume occupied at 1,000 psia and 104°F for
1,000 cu ft at 14.65 psia and 60°F of & gas having the composition given
in Example 4-3:

1. Treated as a perfect gas having an av mol wt 3 = 21.65 (from Ex-
ample 4-4).

a. Compressibility factor of the mixture Z = 1.000 (definition of per-
fect gas)
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. RT 10.72(564)
b. Specific volume v = UP = 31.65(1,000) 0.2795 cu ft/Ib

1 _MP _2065(L,000) _ L _ _ go7gyp /e £t

c. Density p = o = %7 = To72(364) ~ 0279
d. Volume of 1,000 scf at 1,000 psia and 104°F (V)

_PT, _LESGH [ go0 _o;
V= PT, Ve = 1,000(520) (1,000} = 15.89 cu ft

2. Treated as a real gas using additive volumes and compressibility factors
of individual components from Figs. 4-13 to 4-15.
a. Compressibility factor of the mixture (Z),

Z = Z\(ys) + Zo{y2) + Zsys
— 0.918(0.7) -+ 0.274(0.2) + 0.236(0.1)

= 0.721
ZRT 0.721(10.72) (564
b. Specific volume v = ZgP 9 721125(:21 0)0(0)6 ) — 0.2015 cu ft/1b
. 1 M P 21 65(1,000) 1
== = ’ = — £.963 Ib/cu ft
c. Density p = 7% = 5751 (10.72)(564) ~ 0.2015 =0 /eu

d. Volume of 1,000 sef at 1,000 psia and 60°F (V)
PTZ V. = 14.65(564)(0.721)
PT.Z. °  1,000(520)(1.000)

3. Treated as a real gas using additive volumes and densities determined

from Figs. 4-17 to 4-19. )
a. Compressibility factor (not directly determined)

1,000 = 11.46 cu

Y Mays/o:

b. Bpecific volume » = %ﬁ——-
o1 = 0.046 gm/ce = 2.916 lb/cu ft
pz = 0.300 gm/cc = 19.020 1b/cu £t
p2 = 0.490 gm/ec = 31.066 Ib/eu ft

16.04(0.7) +30.07(0.2) - 44.09(0.1)

. 19.020 31.066
Therefore v = 2:916 21.65
4.309
= 5165 0.1990 cu ft/1b
1 1
¢. Density p = u—“—'ﬂ“—— =5 = 01990 5.03 1b/cu ft
Y My

i=1
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d. Volume of 1,000 sef at 1,000 psia and 60°F (V)

V =wr
where w is the weight of the gas.

Ve _ 1,000 _
w=M V. = 21.65 380,60 — 569 b

where V.. is the molal volume.
Therefore ¥V = 56.9(0.1990) = 11.30 cu ft
4 Treated as a real gas using pseudo-reduced properties and Fig. 4-25.
a. Compressibility factor (Z)

2P = 6744 and pTe = 416.7 (from Example 4-4)

P 1,000
Therefore ohr P. 6744 1.483
T 564
2T E 1167 1.353
Therefore from Fig. 4-25
Z = 0.798
. ZRT 0.798(10.72) (564)
b. ifi = = 0.2
Specific volume » WP 21.65(1,000) 0.2231 cu ft/1b
¢. Density p = Mp _1_ _1_ = 4.48 Ib/cu ft

d. Volume of 1,000 sef at 1,000 psia and 60°F (V)

P.TZ V.= 14.65(564)(0.798)

V=557 Y = 1,000(520)(1.000)

{1,000) = 12.68 cu {t

The eomposition of natural gases is usually reported through the hep-
tanes-plus fraction. The heptanes-plus fraction as obtained from a frae-
tional distillation is & liquid residue which contains heptanes and heavier
hydrocarbons. In the laboratory analysis, two properties, molecular weight
and specific gravity, of the heptanes plus are determined. These properties
have been eorrelated with pseudo-eritieal pressure and temperature of the
heptanes-plus fraction. The results of these correlations are presented in
Figs. 4-26 and 4-27, which differ only in that the specific gravity is used in
in Fig. 4-26 and API gravity is used in Fig. 4-27. These correlations, to-
gether with the physical constants from Table 4-4, enable the engineer to
calculate pseudo-reduced properties of natural gases for which eonven-
tional analyses are available.

In many instances analyses are not-available. Therefore, correlations
with gas gravity of pseudo-critical properties of natural gases have been
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developed. These correlations are presented in Figs. 4-28 to 4-30. The
data in Figs. 4-28 and 4-29 are for gases from particular fields. These
figures are included to illustrate the fit of the data points to the correlations,
Figure 4-30 presents generalized correlations which include data from both
of the previously mentioned figures as well as additional data. The mis-
cellaneous gas curves cover all natural gases other than those having large
concentrations of intermediates (propane, butane, and pentane). The con-
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Fig. 4-26. Pseudo-eritical properties of hydrocarbon liquids. (From Matthews et al™®)

densate well fluid eurves should be used for gases having large fractions of
intermediates.

The gas gravity can be readily determined in the field by the Ac-Me
balance method or similar techniques. Thus compressibility data ean be
obtained even though a gas analysis is not available, The accuracy of the
correlations of reduced properties with gas gravity ean be ascertained by
comparing the pseudo-critical pressure and temperature caleulated in
Example 44 with those determined from Fig. 4-30. The gas gravity (from
Example 4-4) is 0.75. The pseudo-critical pressure and pseudo-critical
temperature are
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oL (from miscellaneous gases, Fig. 4-30) = 665 psia
»P: (from Example 4-4) = 674.4

#71% (from miseellaneous gases, Fig. 4-30) = 405°F
»1e (from Example 4-4) = 416.7°R

The difference is about 1.5 per cent. A gas having a wider range of com-
position would yield a closer check if the appropriate curves are selected.
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Fic. 4-27. Pseudo-critical properties of hydrocarbon liquids. (From Maithews et gl®)

The petroleum engineer is primarily interested in volume caleulations
for gaseous mixtures. The volume of reservoir space occupied by a unit
volume of gas at standard conditions is defined as the gas-formation vol-
ume factor B,. The gas-formation volume factor has the units of volume
per volume and, therefore, is dimensionless. In equation form,

_ZRT

= WP (4-20)

B,
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where Z = compressibility factor
E = universal gas constant
T = reservoir temperature, °F
P = reservoir pressure, psia
V. = molal volume as defined for the particular set of standard
conditions desired

If a Teservoir contains a dry or wet gas, the eomposition of the gas in
the reservoir will remain constant over the producing life of the reservoir,
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Fia. 4-30. Pseudo-eritical properties of natural gases. (From Brown et al')

During the depletion history the reservoir pressure ordinarily will decline.
As the reservoir temperature is eonstant, B, can be defined as a function
of pressure. Thus, for a particular gas reservoir and a particular set of

standard conditions,

2 (4 _ kT
B,=C (P) where €' = V.

The calculation of B, for a particular gas reservoir is illustrated in Ex-
ample 4-6.
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Exzample 4-6. Calculation of Gas-formation Volume Factor from Gas
Analysis. A reservoir having an initial pressure of 3,500 psia and a tem-
perature of 140°F contains a dry gas baving the composition listed below.,
The gas-formation volume factor B, is desired as a function of pressure,

(1) @ 3)
Critical Critieal
Component. Mole 1
fraction te:n b pressure, W@ 1@

R psia
Methane 0.8686 343 673 297.93 584.57
Ethane 0.0609 530 708 33.50 43.12
Propane (.0261 666 617 17.38 16.10
Isobutane 0.0048 733 530 3.52 2.54
n-Butane 0.0077 765 551 5.89 4.24
Isopentane (.0031 830 482 2.57 1.49
n-Pentane 0.0022 847 485 1.86 1.07
Hexanes 0.0038 914 434 3.47 1.65
Heptanes plus 0.0228 1118= 4152 25.49 9.46
pT: = 391.61 oFe = 664.24

= From Fig. 426 and properties of heptanes-plus fraction.

MC,-., = 128
8Ge,. = 0.8195
T = 600°R T, = 90 _
oTr = o7 = 1.5321
Z RT 10.72{600)
B,=C% ¢=£&L_ 10.72600) :
=05 V.~ 38069 — 1089
Pressure, Z
psia »Pr z P Be
100 0.151 0.985 | 0.009850 | 0.166415
400 0.602 0.950 | 0.002375 | 0.040125
700 1.054 0918 | 0.001314 | 0.022200
1,000 1.505 0.885 | 0.000885 | 0.014952
1,500 2.258 0.823 | 0.000549 | 0.009275
2,000 3.011 0.795 | 0.000398 | 0.006724
2,500 3.764 0.790 | 0.000316 | 0.005339
3,000 4516 0.805 | 0.000268 | 0.004528
3,500 5.250 0.835 | 0.000239 | 0.004038

Impurities in Natural Gas

Mixtures of hydrocarbons were considered in the preceding discussions.
Natural gases frequently eontain materials other than hydrocarbons such
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as nitrogen, carbon dioxide, and hydrogen sulfide. Hydrocarbon gases are
classified as “sweet” or “sour” depending on the hydrogen sulfide content.
Both sweet and sour gases may contain nitrogen, earbon dioxide, or both.
In local areas, natural gases contain small percentages of rare gases such
as helium.

The common occurrence of small percentages of nitrogen and earbon
dioxide is in part considered in the correlations previously cited, as many
of the natural-gas mixtures used in developing the data contained small
percentages of these materials, To facilitate the handling of these impuri-
ties, their critical constants are presented in Table 4-G.

Tasre 4-6. Crrtical ConsTANTS FOR CoMMON NONHYDROCARBON
CoNSTITUENTS OF NATURAL (GASEs

Molecular Critical Critieal
Compound Formula . - pressure,
weight temp, 12 .
psia

Carbon dioxide CO, 44.01 548 1,073
Helium He 4.00 9.4 33
Hydrogen sulfide 3 34.08 673 1,306
Oxygen (o 32.00 278 731
Nitrogen N: 2802 227 492
Water H,0 18.016 1165 3,206

Nitrogen. Eilerts and coworkers ¥ investigated the effect of nitrogen
content on the volumetric behavior of natural gases. They state that the
compressibility factor of nitrogen—natural-hydrocarbon mixtures deter-
mined by assuming the validity of the law of corresponding states has an
error of less than 1 per cent if the nitrogen concentration is 10 mole 9 or
less. If the gas contains 20 mole 9% or more, the error in compressibility
factor (assuming corresponding states) may be greater than 3 per cent.

Standing® states that for carbon dioxide concentrations of 2 mole 9% or
less, the law of corresponding states yields satisfactory results. Olds,
Sage, and Lacey! indicated that errors in compressibility factors as great
as 5 per cent can be obtained from application of the theorem of corre-
sponding states at carbon dioxide concentrations of 4 mole %.

Eilerts and coworkers® proposed a procedure for caleulating the effect
of nitrogen on the compressibility factor. They defined an additive com-
pressibility factor Z, as follows:

Zo=Zuyn + (1 — ya)Z,; (4-21)
where Z, is the compressibility factor of the nitrogen (Fig. 4-31), ¥, is the
mole fraction of nitrogen in the mixture, and Z, is the compressibility fac-
tor of the hydrocarbon fraction of the mixture (Fig. 4-25). The true com-
pressibility factor Z of the mixture is then defined by
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TABLE 4-7. ApDITIVE VoLUuME Correcrion FacTors ror (Gases

/ § CoxtaiNiNg NITROGEN
™ Properties of mixture containing 7.907 mole % (11.350 mass %)
o4 added nitrogen
nr":} Additive volume correetion factors ¢ at indicated temperature, °F
g P’Ie;‘”ig“*’ 70 100 | 130 160 | 190 | 220 | 250 | 280
@ |
o ! 5,000 10010 | 1.0046 | 1.0040 ; 1.0038 | 1.0034 | 1.0037 | 1.0044 | 1.0034
S 4,750 1.0011 | 1.0047 | 1.0054 | 1.0048 | 1.0048 | 1.0046 | 1.0044 | 1.0035
Wy - 4,500 1.0010 ; L0055 | 1.0059 | 1.0050 | 1.0053 | 1.0053 | 1.0049 [ 1.0038
:5' 4,250 1.0014 | 1.0053 | 1.0061 1.0056 | 1.0059 | 1.0053 | 1.0052 | 1.0040
18 z 4,000 1.0016 | 1.0063 ; 1.00688 | 1.0060 | 1.0062 | 1.0053 | 1.0054 | 1.0043
?—,— % 3,750 10032 | LOOWS | 1.0076 | 1.0066 | 1.0065 | 1.0057 | 1.0058 | 1.0047
,§ 3,500 L0056 | L0083 | 1.0083 | L0078 | 1.0070 | 1.0059 | 1.06055 | 1.0049
38 = 3,250 1.0073 | FLOIO1 | 1.009% ; 1.0083 | 1.0070 | 1.0057 | 1.0054 | 1.0048
g- £ ; 3,000 1.0093 L0109 | 1.0101 1.0085 1.0074 | 1.0061 1.0051 1.0050
é J 2,800 1.0115 | 1.01I8 | LO110 | 1.0086 | 1.0073 | 10064 ; 1.0054 | 1.0050
o ~ 2,600 1.0124 | 1.0922 | 1.0108 | 1.0086 | 1.0076 | L0065 | 1.0055 | 1.0054
8 g 2,400 | 1.0143 | 1.012¢ | 1.0103 | 1.0086 | 1.0080 | 1.0066 | 1.0055 | 1.0056
¥ 2 %” 2,200 1.0165 | 10131 1.0087 | 1.0086 | 1.0081 | 1.0066 | 1.0055 | 1.0055
o c_' = 2,000 1.0162 | 1.0128 | 1.0101 | L0085 | 1.0081 { 1.0068 | 1.0052 | 1.0055
3¢t = LS00 | 1.0168 | 1.0135 | 1.0093 | L0079 | 10073 | 1.0064 | 1.0049 | 1.0050
b § i‘ 1,640 1.0150 | 1.0108 | 1.0079 | 1.0069 | 1.0062 | 1.0053 | 1.0040 | 1.0038
o & :,_. 1,400 1.0116 | L0096 | 10064 | 1.0056 | 1.0047 | 1.0038 | 1.0027 | 1.0019
ot E_» 14.4 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0600 } 1.0000 | 1.00G0
" =
. o = Properties of mixture containing 18.280 mole ¥ (25.013 mass %)
g 2 2 o = Py %_ :5 . added nitrogen
- - -~ -~ = = o £ Additive volume correction factors C at indicated temperature, °F
T g 8 £ 5,000 | 1.0035 | 1.0079 | 1.008% | 1.0086 | 1.0089 | 1.0093 | 1.0092 | 1.0071
o of [ 4,750 1.0048 | 1.0079 ;| 1.0101 | 1.0095 | 1.0096 | 1.0098 | 1.0005 | 1.0071
- ; 4,500 1.0055 | 1.0090 | 1.0107 | 1.0104 | 1.0104 | 1.0106 } 1.0103 | 1.0075
o 8 - 4,250 1.0065 | 1.0106 | 10116 | 1.0115 } 1.0111 | :.O111 1.0107 | 1.0079
8 = k- <. 4,000 1.0076 | 1.0120 1.0134 + 1.0127 1.0122 | 1.0116 | 1.0112 | 1.0088
3 o & B 3,750 10103 [ 1.0137 | 1.0149 | 1.0135 | 1.0132 | 1.0121 | 1.0115 | 1.0092
] = = : 3,500 1.0136 | 1.0158 | 1.0161 | 1.0146 | 1.0139 ; 1.0123 | 1.0113 | 1.0096
o g < i 3,250 1.0173 | L0182 | 1.0176 | L0159 | 1.0142 | 1.0125 | 1.0113 | 1.0004
= £ ' 3,000 L0208 | 1.0204 | 1.0190 | 1.0163 | 1.0146 | 1.0120 | 1.0113 | 1.0096
g = o | 2,800 1.0236 | 1.0222 | 1.0201 1.0166 | 1.0147 | 1.0134 | 1.0114 | 1.0092
- b 2,600 1.0264 | 1.0233 | 1.0199 | 1.0173 | 1.0152 | 1.0131 | 1.0111 | 1.0092
o 2,400 1.0288 | 1.0240 | :.0199 | 1.0175 | 1.0153 | L0125 | 1.0107 | 1.0093
= ¥ 2,200 1.0314 | 1.0248 | 1.0202 | 1.0170 | 1.0147 | 1.0117 | 1.01062 | 1.0090
g o = 2,000 1.0319 | 1.0250 | 1.0195 | 1.0160 | 1.0140 | 1.0115 | 1.0098 | 1.0087
- < 1,800 1.0322 | 1.0239 | 1.0177 | 1.0147 | 1.0132 | 1.0108 | 1.0091 | 1.0079
=7 4030y Apjiqissauduon 1,600 1.0284 | 1.0199 ; 1.0157 | 1.0134 |} 1.0117 | 1.0092 | 1.0076
1,400 1.0235 | 1.0172 | 1.0134 | 1.0109 | 1.0094
144 | 1.0000 | 1.0000 | :.O0OCG | 10000 | 1.0000 | 1.0000 | 1.0000 | 1.0000

262
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Z= CZa / (4"22)

where C is a correction factor depending on the concentration of nitrogen,
the temperature, and the pressure.

The additive volume correction factor C ranges from 1.00 to 1.04 for
temperatures and pressures ranging from 70 to 280°F and 4.4 to 5,000
psia, respectively. Values of € as a function of pressure and temperature
for two different concentrations of nitrogen are tabulated in Table 4-7,
Inspection of the data indicates that a maximum value of ¢ oceurs over a
small pressure range for each of the temperatures tabulated. These maxi-

TaBLE 4-8. MaxIMUM ADDITIVE VoLuME CoRRECTION FAcTORSS

18,280 mole % 7,907 mole %,
nitrogen nitrogen
Tems, °F Qcoursat | v, o of Oceurs at | Value of
P bressure, C pressure, psia c
psia
70 1,800 1.0322 2,200 1.0165
100 2,000 1.0250 1,800 1.0135
130 2,200 1.0202 2,800 1.0110
160 . 2,400 1.0175 2,200-2,800 1.0086
190 2,400 1.0153 2,000-2,200 1.0081
220 2,800 1.0134 2,000 1.0068
250 3,750 1.0115 2,200-2,600 1.0055
280 3,500 1.0096 2,400 1.0056

mums are indieative of the error associated with using the additive volume

compressibility factor Z, without correction. The maximum value of €

and the pressure at which that

103 —r maximum oeccurs are tabulated in

r /J__ Table 4-8 as a function of tempera-

1,02 va - N ture. In general, less than 2 per

¢ / N cent error in the additive compress-

1.01 AN ibility factor is possible at temper-
100 \J

N\ atures in excess of 130°¥.
The effect of composition on the
0 20 40 &0 80 100
Nitrogen in mixture, mole %

additive volume correction factor
o - is illustrated in Fig. 4-32. Using
Fie. 4-.:32. Variation of additive volume- Eilerts’s data and procedure, four
correction factor at a constznt pressure . £
and temperature due to nitrogen concen- POIOtS are known for the value o
tration. (After Eilerts et al®) C, at a constant temperature and

pressure, as a function of the nitro-
gen concentration. By definition of the correction factor, € must be

1.0000 at 0 and 100 mole 9 nitrogen in the mixture. Values of ¢ are
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available from Table 4-7 for 7.907 and 18.280 mole 9% nitrogen. The
curve of Fig. 4-32 was coustructed from this type of information.. The
dashed portion represents the extrapolation necessary. The maximum
was estimated from a similar curve presented by Eilerts;s which included
data up to 56 mole 9 nitrogen. The maximum of that curve cecurred
at about 46 mole %, nitrogen.

The computation of the compressibility factor by Eilerts’ method and
by the law of corresponding states is presented in Example 4-7 for a natural
gas containing 10 mole 9% nitrogen. The Z factors compare as follows:

Z (Lilerts’s method) = 0.892
Z (corresponding states) = 0.885
Difference = 0.77 per cent

Example 4-7. Calculation of the Compressibility Factor for a Natural
Gas Containing Nitrogen.
1. Eilerts’ method

T _ 60 jeoony P _ 3000
6Tne = T, = 5o7.35 = 109 6P = 5y = il = 4
Zy = 0.86 (from Fig. 4-25)
Z, = 1.0855 (from Fig. 4-31)
Za = yuZn + (1 — ya)Z, = 0.10000(1.0855) <+ 0.96000(0.86)
= 0.10855 + 0.77400 = 0.88255
Additive volume-correction faetor (from Fig. 4-32)
C=10104
Z = CZ, = 1.0104(0.88255) = 0.89173
2. Treating by corresponding states
T 620
Gl = s — = 35328
(2Primix = P 3.000 _ (&)mix = 0.885 (from Fig. 4-25)

Pdmx  652.74

Eilerts caleulated a compressibility factor of 0.885 for the same gas com-
position reported in Example 4-7. The difference in the Z factor calcul.ated
by Eilerts and that obtained in Example 4-7 resulted from slightly differ-
ent critical properties and reading of the gas-compressibility-factor curve.
It then becomes apparent that if the engineer exercises due care, he can
have about a 1 per cent error regardless of the caleulation method used.

Carbon Dioxide. The effect of carbon dioxide on compressibility factors
of hydrocarbon mixtures has not been so extensively investigated as has
that of nitrogen. Sage and Lacey™® have presented data on the binary
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485
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307
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014
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(p ,«:)mix = 353.22

2
Mole fraction
{of hydrocarbon
fraetion)
0.00000
0.91549
0.04805
0.01962
0.00492
0.00420
0.00250
0.00100
0.00182
0.00240

378

n

F'; pressure = 3,000 psia.

(ﬂpc)g = 67061

Mole
fraction y;
0.10000
0.82394
0.04324
0.01766
0.00443

0.00

0.00225
0.00000
0.00164
0.00216

Example 4-7. (Continued.)

Temperature = 160°
(7T.), = 367.25

Component
Nitrogen
Methane
Ethane
Propane
Isobutane
n-Butane
Isopentane
n-Pentane
Hexanes
Heptane plus
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systems methane—carbon dioxide and ethane—ecarbon dioxide. They sug-
gested that a computation procedure based on partial residual volumes
utilizing their basic data be used to correct volume caleulations for im-
purities. The partial residual volume method is not presented in this text,
but a carbon dioxide compressibility-faktor chart developed from the data
of Bage and Lacey is presented in Fig. 4-33. This chart can be used to cal-
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Pressure, psia

Fic. 4-33. Compressibility factor for earbon dioxide. (From Olds et al™)

culate, by the method of additive volumes, the compressibility factor for
gases containing carbon dioxide. The additive volume compressibility

factor is defined as follows:
Za = yco(Zeo) + (1 — yeo.)(Z,) (4-21)

where yco. = mole fraction of CO, in mixture
Zco, = compressibility factor of pure CO, (from F ig. 4-33)
Z, = compressibility factor of hydrocarbon fraction

This definition is analogous to that used when nitrogen was the impurity.

The compressibility factors for a gas containing 2.36 mole 9% carbon
dioxide and having a hydrocarbon distribution equivalent to the gas of
“#xample 4-6 are ealculated by two methods in Example 4-8.

Example 4-8. Calculation of the Compressibility Factor for a Natural
“3as Containing Carbon Dioxide.
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0 2 3) vl 5)
Component Mole o . wT. P,
factiony: | 7 © | PP 0N | o'x®)

Carbon dioxide 0.0236 548 1073 12.93 25.32
Methane 0.8481 343 673 280.90 570.77
Ethane 0.0595 550 708 32.73 4213
Propane 0.0255 666 617 16.98 15.73
Isobutane 0.0047 733 530 3.45 2.49
n-Butane 0.0075 765 551 5.74 4.13
Tsopentane $.0030 230 482 2.49 1.45
n-Pentane 0.0021 847 - 485 1.78 1.02
Hexanes 0.0037 914 434 3.38 1.61
Heptanes plus 0.0223 1118 415= 2493 9.25
oT: = 395.31 | ,P. = 673.90

e From Fig. 4-26.

Method 1. Corresponding states
Moy = 128 T = 600°R.
SGery = 8195 P = 3,000 psia

oIr= o =g — 192 WPr=p=gmgg =
Z = 0.795 (from Fig. 4-25)
Method 2. Additive volumes (The gas of Example 4-6 is the hydrocarbon
fraction of the gas used in this example.)
Therefore
Z, = 0.805
Z = yeoulZco) + (1 — yoon) (Z;) = 0.0236(0.453%) + {0.9764)(0.805)
= 0.011 + 0.786 = 0.797

The validity of the two methods presented in Example 4-8 are compared
in Table 4-9 with observed data and with results from the residual volume
method of calculation. All three methods of computation vield values
which are about 2 per cent below observed data. As the accuracy of the
three methods is comparable, the method of corresponding states is pre-
ferred because of its simplicity of application. If this method is applied
with care, the ratios of observed Z to caleulated Z reported in Table 4-9
can be used to adjust caleulated values of Z for greater accuracy. For
gases containing more than 4 mole % carbon dioxide, the deviations com-
puted from observed values may be greater than indicated in this compari-
son. Laboratory tests should be made on such materials if accuracy greater
than about 4 per cent is required.

* From Fig. 433,
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TaBLE 4-9. CoMparison oF OBSERVED AND CALCULATED COMPRESSIBILITY
Facrors ror Gas Contamning CarBon IMoXIDE

Caleulated compressibility factors
Temp, | Pressure, Z Observed,* | Method of coz/f_:hgg (;jl Additive
°F psia €. Z residual vol* P € | vol method
states

Zs | Z/Z; Z Z/Z, Zy | Z/Zy

100 500 0.841 0.928 0:916 | 1.01 | 0.915 1.01 0919} 1.01
1,000 0.580 0.860 0.844 | 1.02 | 0.847 1.02 | 0842 1.02

2,000 0.299 0.775 0.753 | 1.03 | 0.750 1.03 [ 0.747| 1.04

3,000 0.411 0.787 0.758 | 1.04 | 0.760 1.04 [ 0.763] 1.03

160 500 0.889 0.951 0.941 | 1.01 | 0.945 1.01 | 0.944| 1.01
1,000 0.759 0.908 0.893 | 1.02 | 0.895 1.01 {0894 1.02

2,000 0.479 0.856 0.836 | 1.02 | 0.830 103 | 0.830| 1.03

3,060 0.479 0.860 0.836 ] 1,03 | 0.830 1.04 {0830} 1.04

220 500 0.921 0.967 0.957 | 1.01 | 0.962 101 0962 1.0
1,600 0.838 0.940 0.926 1 1.02 | 0.928 1.01 (0929 1.01

2,000 0.684 0.910 0.889 | 1.02 ; 0.888 1.02 ] 0.88| 1.03

3,000 0.607 0.916 0.882¢ 1.04 | 0.885 1.04 | 0.886 1.03

Gas analysis from which the above data were ohtained

Component Mole fraction®
Methane 0.83845
Ethane 0.06366
Propane 0.03744
Isobutane (.00390
n~-Butane 0.00051
Isopentane 0.00160
n-Pentane 0.00110
Hexanes plus® 0.00230
Carbon dicxide 0.04204

° Reported by Sage and Lacey .1
® Estimated mole wt, 95, and estimated SG, 0.68.

If both carbon dioxide and nitrogen are present in small concentration,
the method of corresponding states applied to the whole mixture of gases
will yield satisfactory results. For low concentrations of carbon dioxide and
moderate concentrations of nitrogen, Eilerts’s’® method is recommended.
The carbon dioxide can be treated in the method of corresponding states
along with nitrogen and the hydrocarbon gas. The final correction of the
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additive of compressibility factor can be made as if carbon dioxide were a
part of the hydrocarbon system; thus € corrects for nitrogen only,

Za = Zoo(yco) + Zaly) + (1 = yco. = yn)Zg
Z = C‘nzﬂ '

Hydrogen Suifide. Hydrogen sulfide is another impurity frequently
present in natural gas. A hydrocarbon gas is termed a sour gas if it contains
1 grain of H:S per 100 cu ft. Sour gases are corrosive and, if H,S is in suf-
ficient concentration, toxic. The hydrogen sulfide eoncentration must be
reduced to specified limits prior to sales to transmission lines. The removal
of HS can yield valuable by-produets in the form of sulfur and sulfuric
acid.

Few data are available on the effect of hydrogen sulfide on the compres-
sibility factor of natural-gas mixtures. For small concentrations the eritical
constants for hydrogen sulfide can be used in the caleulation of the pseudo-
critical properties of the mixture. Figure 4-25 can then be used in the nor-
mal manner. Insufficient data are available to determine a method for
calculating compressibility factors for mixtures containing substantial
amounts of hydrogen sulfide. In such instances Z factors should be deter-
mined by laboratory tests. For low concentrations, the additive volume
method can be used in the same manner as when nitrogen and carbon di-
cxide were present. Compressibility factors for H.S are presented in
Tig. 4-34. '

(4-23)
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F1a. 4-34. Compressibility factor for hydrogen sulfide. (From H. H. Reamer, B. H.
Sage, and W. N. Lacey, “Volumetric Behavior of Hydrogen Sulfide,” Ind. Eng. Chem.,
vol. 42, no. 1, p. 140, January, 1950.)
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Water Vapor. Water vapor, not ordinarily reported in a2 routine gas
analysis, is 2 common impurity in natural gas. Gas samples are ordinarily
dried before analysis; therefore, the water content of the gas is not deter-
mined.

Water has the highest critical temperature and pressure of any of the
constituents commonly found in natural gases. The critical temperature
of water is 1165°R or 705°F, which is much higher than the temperatures
reporfed from wells drilled to 20,000 ft or more. Reservoir pressures are
well in excess of the saturation pressure of water at prevailing reservoir
femperatures.

The water content of natural gases can be estimated from the vapor
pressure of water (see Table 4-10) at the prevailing temperature.

Dalton’s law of partial pressures states that the total pressure of a con-
fined mixture of gas is equal to the sum of the partial pressures of the in-
dividual constituents each taken alone in the same volume. Expressed
mathematically,

P =
where P is the pressure of the mixture and P; is the partial pressure of the

fth constituent.
It follows from this statement that the volume fraction of a constituent

in the vapor phase is given by

P; (4-24)

13

i

1

P
i = P (4‘25)
where y. is the volume (or mole} fraction of the constituent in the vapor

phase.
The partial pressure of water in the vapor phase is its vapor pressure at

the prevailing temperature. Thus

yp = L2 (4-26)

The laboratory analysis can be corrected for water content as follows:

#de = (1 — yu){yos (4-27)
where (y:). is the corrected mole fraction of any constituent other than
water and (y:): is the mole fraction of that constituent from the labora-
tory analysis.

The water content of a gas is usually expressed in pounds of water per
million standard cubic feet of hydrocarbon gas. This can be caleulated
from the mole fraction of water in the corrected analysis.

The weight, of water per mole of the mixture is given by

Yu(M o)
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T4BLE 4-10. VAPOR PRESSURE FOR WaTemt”

Temperature, Pressure,
°F psia
60 0.2561
70 0.3628
80 0.5067
90 0.6980

100 0.9487
110 1.274
120 1.692
130 2.221
140 2.887
150 3.716
160 4739
170 5.990
180 7.510
190 9.336
200 11.525
210 14.123
220 17.188
230 20.78
240 24.97
250 26.82
260 3548
270 41.85
280 49.20
290 57.55
300 67.01

where M, is the molecular weight of water. The weight of water per mole
of hydrocarbon gas is, then,

YulMy)

I -y,
The number of pound moles of gas per million standard eubic feet (MMscf)

at 14.65 psia and 60°F is
108 sef

380.69
Therefore the pounds of water per MMsef of hydrocarbon gas W, is

_ yu(M)10°
Whe {1 — 4.,)380.69

(4-28)

or substituting for y.,,
P,M 108

Wi = 55— P.,.)380.69

FUNDAMENTALS OF THE BEHAVIOR OF HYDROCARBON FLUIDS 273

which on reducing eonstant terms yields

4
W,, = Pea(£73 X 109

© P-—P.

A sample calculation of a corrected aralysis and the water content of a
gas is presented in Example 4-9.

(4-29)

Example 4-9. Correction of Gas Analysis for Water Vapor and Calcula~
tion of Water Content of Gas.

Gas analysis Analysts corrected
Components { from laboratory, for water vapor,
mole fraction mole fraction
C 0.85 0.8488
C. 0.07 0.0699
C; 0.04 0.0399
C, 0.03 0.0300
Cs 0.01 0:0100
H0 0.0014
1.000 1.0000

Determination of mole fraction of water in vapor phase when gas is water-
saturated at a reservoir temperature of 140°F and a reservoir pressure of
2,000 psia:

_ P, _ 2.887*
Yo =" = 2000

Water content at 140°F and 2,000 psia, in pounds per MMecf.

_ P43 X 109 _ 2.89(4.73 X 109 _ 13,6697 _
Whe = 5 T hn = 2,000 — 289 ~ 1997.11 — 6545 Ib/MMscf

= (.0014435

A number of investigators found that at higher pressures and tempera~
tures, the simple relations presented above yielded low water contents.
This may be expected, as in the theory presented no provision was made
for the attraction of the hydrocarbon molecules for the water molecules.
McCarthy, Boyd, and Reid® summarized the available data in charts
which are presented in Figs. 4-35 and 4-36.

‘The water eontent in pounds per MMascf can be estimated from the chart
if the pressure and temperature are known. The results obtained from the
chart and by caleulations as illustrated in Example 4-9 are compared in
Table 4-11. The charts are based on experimental data and have been
verified by use in field applications. The engineer should choose to use the

*From Table 4-10.
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-__/
charts when they are available. Not only are the data more accurate but
the charts are easier to use.

Hydrates., Water vapor is usually not considered in volume calculations
as the concentrations are quite low. However, transmission lines require
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Fic. 4-35. Water-vapor content of natural gas at saturation. Temperature range:
—60 to 110°F. Pressure range: 50 to 2,000 psia. (From McCarthy et al'®)

gas to be dehydrated to avoid problems associated with hydrate formation.
A natural-gas hydrate is a solid solution of water and natural gas with a
‘“freezing’’ point which depends on the gas eomposition, the available water,
the pressure, and the temperature. It is believed that the presence of free
water is required for hydrate formation.
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Sinee all reservoirs are believed to contain connate water, it is generally
assumed that all mixtures which exist as a gas phase in the reservoir are
saturated with water vapor. The amount of water contained in such a gas
is determined by the prevailing reservoir temperature and pressure (see
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Fre. 4-36. Water-vapor content of natural gas at saturation. Temperature range:
110 to 280°F. Pressure range: 50 to 6,000 psia. (From McCarthy et al™®)

Figs. 4-35 and 4-36). When the gas is produced to the surface, the tem-
perature and pressure are reduced. The decrease in temperature tends to
decrease the weight of water which ean be maintained in the vapor state,
while the decrease in pressure tends to increase the weight of water in a
saturated gas. For example, econsider a gas existing at 2,000 psia and 140°F
at reservoir conditions. The water content (from Fig. 4-36) is 108 Ib per
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TanLe 4-11. WATER-vAPOR CONTENTS ,or/GAs
{Comparison of caleulated and chart values, temperature 140°F)

Pressure Water content,
e 1b/MMsecf Calculated
pal (from Fig. 4-36)
2,000 108 68.45
1,000 174.0 137.09
200 830.0 693.51

MMscf. If the pressure and temperature of the surface choke were 1,000
psia and 100°F, the saturated gas would contain ‘only 61 b per MMsef.
Thus, 47 Ib of free water would be present for each million standard cubic
feet of gas, and one condition for hydrate formation would be satisfied. If
the pressure were 500 psia, the water content would be 108 1b per MMscf
and no free water would be condensed from ‘the gas,

The composition of the gas de-

6,000 ; l termines the equilibrium conditions
4000 | I 3 of pressure and temperature at

o 3000 _f%:fe “ // / 4 which a hydrate can form even if
g | formation Y, free water is present. Carson and
§ 1,5001— \ pd Katz® developed experimenta] data
€ 1000 // ! / on hydrate equilibrium, and Katz?
& B —F A7 presented correlations of conditions
2 600 ol A for hydrate formation based on
5 a0l ¥ T g AL these data. The equilibrium condi-
‘; 300 ‘0} /A’%// tions are dependent on pressure,
. 200 BGZCZ AN temperature, and composition (gas
% 150 ’.I/’ % N —gagion free — gravity) as shown in Fig. 4-37.
2 1001 ,4 (] ._'___\0{ fydrates Conditions to the left (lower tem-
22 Gt \:\q_ peratures) and above (higher pres-

7 { i sures) of the lines of constant gas

30 40 50 e0 70 sp Sravity represent conditions under

Temperature, °F

Fie. 4-37. Pressure-temperature curves
for predicting hydrate formation. {(From
Katz>)

which hydrates can form provided
sufficient free water is present. A
0.6-gravity gas at 1,000 psia and
60°F would be in the region of hy-
drate formation. If the pressure

were reduced to 800 psia while the temperature were maintained at
60°F, the 0.6-gravity gas would be free of hydrate formation.

Another aspeet of the problem of hydrates is the cooling associated with
expanding a gas. The J oule-Thompson effect results from expansion across
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Fic. 4-38. Temperature change due to pressure drop. (From Vondy et al™)

a choke. The temperature drop associated with given pressure drops can
be estimated from the chart (Fig. 4-38) presented by Vondy.

A number of possible situations ean be analyzed readily by using data
from Figs. 4-35 through 4-38. Solutions for some of the more common
problems are fllustrated in Example 4-10.

Example 410, Determination of Hydrate-formation Conditions. .A
0.7-gravity natural gas exists in the reservoir at 180°F and 3,000 psia.
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1. How much water does the gas contain at reservoir conditions?
- 190 Ib/MMsef (from Fig. 4-36)

2. What is the surface temperature of the gas if the well head pressure and
temperature are 2,000 psia and 120°F for a pressure drop across the
choke of
a. 600 p=i?

At = 24°F (from Fig. 4-38)
Therefore, surface temperature = 96°F
b. 1,500 psi?
At = 69°F (from Fig. 4-38)
Therefore, surface temperature = 51°F

3. How much free water is present under conditions expressed in 2

a. at the well head?

Gas contains 66 1b/MMscf (Fig. 4-36)

Therefore, free water = 190 — 66 = 124 Ib/MMscf
b. at the outlet of the choke if the pressure drop across choke is 600
psia?
Gas contains 45 Ib/MMsef (Fig. 4-35)
Therefore, free water = 190 — 45 = 145 lb/MMsef
¢. at the outlet of the choke if the pressure drop across choke is 1,500
psia?
Gas contains 22 1b/MMsef (Fig. 4-35)
Therefore, iree water = 190 — 22 = 168 Ib/MMscf
4. Will hydrates be formed under conditions expressed in 2
a. for a 600-psi pressure drop across choke?

Pressure = 1,400 psia, temperature = 96°F
Therefore (from Fig. 437), no hydrate will form even though free
water is available :
b. for a 1,500-psi pressure drop across choke?
Pressure = 500 psia, temperature = 51°F

Therefore (from Fig. 4-37), hydrate will form, since conditions fall
in hydrate region for a 0.7-gravity gas

Viscosity of Gases

The petroleum engineer deals continuously with problems of fluid flow.
Oil-field fluids flow through the reservoir rock to the well bore, throughk
the well bore to the surface, and thence to the separator and stock tank.
The viscosity of a fluid is required to solve these many flow problems.

Viscosity is defined loosely as the internal resistance of the fluid to flow.
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A more rigorous definition can be developed mathematicaily. In Fig. 4-39
two layers of area A within a fluid separated by distance dy are shown to
be in motion. The upper layer has

a velocity v + dv, and the lower layer
a velocity v. Because of the friction £ .
between the molecules of the fluid, a L dv

. . oreg=A
foree F is required in the upper layer I

to maintain the difference in velocity
dv hetween the layers.

Tt has been found experimentally ¥
that grea = A v
F dv Frc. 4-89. Two layers of fluid in rela-
A < d_y five motion.
F dy
- =g 4-30}
or A" Pay ¢

where p is a constant of proportionality, by definition the viscosity.
The units of viscosity can be readily determined from rearrangement of
Eq. (4-30).

_ F/4 4-31
e = dv / dy ( )
In the mass units of the cgs system,
let F =1 dyne
A4 = 1sqcm
dv = 1 em/sec
dy = 1 cm
__1dyne/sq cm _1 dyne/sec
Thus # = 1 em/(sec)/{cm) 8q em
but 1 dyne = gm/(cm)/{(sec?) .
Therefore u = 1 gm/(em){(sec) = 1 poise

The poise is a large unit for hydrocarbon fluids under normal operating
conditions. Therefeore, viseosities are usually reported in centipoises. One
poise equals 100 centipoises. )

The viscosity of gases are difficult to measure accurately, particularly at
elevated temperature and pressure. The engineer ordinarily must rely on
correlations developed by careful experimentation rather than on limited
Iahoratory measurements on the fluids at hand.

Bicher and Katz® presented the first correlations for hydrocarbon gases
at elevated temperature and pressure. They found the viscosity to ]:?e a
function of the temperature, pressure, and molecular weight (gas gravity)
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of the gas. Correlation charts for four temperatures (60, 100, 200, and
300°F) are presented in Figs. 4-40 and 4-41. The charts are based on data
from methane-propane mixtures. Katz stated that the correlations should
be used for gases containing less than 5 per cent nitrogen. The average
deviation of the data and the correlations is 5.8 per cent.
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Beveral trends typical of gas viscosity ean be noted from examination of
Figs. 4-40 and 4-41. A= the temperature is increased, the kinetic energy
of the molecules increase. More collisions oceur between the molecules;
thus the viscosity is increased by an increase in temperature. At a con-
stant temrperature, an increase in pressure causes an increase in viscosity.
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The distance between the molecules is decreased ; thus more collisions oecur
at the same level of kinetic energy.

Another trend is that of generally increasing V,écosity at higher gas
gravities for pressures greater than about 1,000 psia. At lower pressures
the trend is reversed, higher gas gravity materials have lower viscosities,
These trends are temperature-sensitive in that the inversion pressure is g
function of temperature. This phenomenon can also be explained in terms
of kinetic energy. At a given temperature (same level of kinetic energy)
the heavier molecules have a lesser velocity; therefore, fewer molecular
collisions occur. As the pressure is increased, however, the distance be-
tween molecules is reduced sufficiently that the atiractive forces between
the molecules become significant. The heavier molecules have greater forces
of attraction than the lighter molecules.

Carr and eoworkers® have presented more complete correlations than
those of Katz. It is also believed that their correlations yield better data
for the viscosity of natural-gas mixtures. The correlation of Carr is based
on the correlation of the viscosity ratio u/u with pseudo-reduced pressure
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and temperature, where p is the viscosity of the mixture at the prevailing
conditions and u; is the viscosity of the mixture at atmospheric pressure
and the prevailing temperature of the mixture.

The viscosity-temperature relation for several gases at,atmospheric pres-
sure is presented in Fig. 4-42. It can be noted that ap increase in tem-
perature results in increased viseosity and that hydrocarbon gases have
generally lower viscosities than the nonhydrocarbon gases. Also, the trend
of viscosity with molecular weight which is exhibited by the hydrocarbons
is not reflected in the nonhydrocarbons. For example, air and nitrogen
both are greater in molecular weight than methane yet have greater vis-
cosities.

The viscosity relations of paraffin hydrocarbons at atmospheric pressure,
correlated with temperature, molecular weight, and gas gravity, are pre-
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Fre. 444, Viscosity ratio versus pseudo-reduced pressure. (From Carr et al®)
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sented in Fig. 4-43. The insert charts in the figure provide means of cor-
recting the viscosity for the presence of nonhydrocarbon components.

Data for mixtures of gases read from Fig. 4-43 were compared by Carr
w:ith those calculated from a mixture rule proposed by Herning and
Zipperer.” The ViSCosity pm of a mixture of gases is given by

i #-:y,-M,-
i=1

—_ (4-32)
Z M,
i=1

Hm =

where p, = viscosity of mixture
#: = viscosity of 7th component
M; = molecular weight of 7th component
¥+ = mole fraction of 7th component in mixture

i

The values obtained compared closely for all mixtures studied.

The correlations of viscosity ratio with pseudo-reduced properties are
presented in Figs. 4-44 and 4-45. The pseudo-eritical properties of mix-
tl.lres can be calculated from gas analyses or read from Fig. 4-30 as pre-
viously explained. A sample calculation of gas viscosity by two methods
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is presented in Example 4-11. The deviation of the values determined
was 3 per cent.

Example 4-11. Caleulation of Gas Viscosity. A natural gas having a
gas gravity of 0.9080 exists at a pressure of 3,010 psia and a temperature
of 224°F. What is the viscosity of the gas?

Method 1. (from Figs. 440 and 4-41). The reservoir te perature lies be-
tween the 200 and the 300°F chart of Fig. 4-41. Interp lation is required.

At 200°F, p = 0.024 cp
At 300°F, p = 0.022 ep

Therefore,
4 at 224°F = 0.024 — i?o% (0.002) = 0.0235 cp

Method 2. (from Figs. 443 to 4-45).
Mol wt = 28.96G = 26.33
Therefore,

w = 0.0119 (from Fig. 4-43)
o7 = 454 and ,P. = 657 (from Fig. 4-30)

Therefore,
684 _ 3010 _
o1 = Yyl 1.507 and P, = 5 = 4.581

£ = 1.92 (from Fig. 444)
B

= f m o= 1.92(0.0119) = 0.0228 cp
1

Summary of Properties of Gases
The quantitative analysis of the volumetric behavior of hydrocarbon
.gases has been developed in some detail. Methods of estimating the water
content and the viscosity of gases have been presented. These properties
are of paramount importance to the petrolenm-reservoir engineer and pro-
vide him the basic data with which to describe the behavior of gages in
reservoir production processes. .

Problems of gas compression and gas flow in pipes, which are frequently
of concern to the petroleum production engineer, ofien require thermo-
dynamic properties such as specific heats, enthalpy, and entropy. These
properties and their applications alone constitute a comprehensive field of
study which will net be considered in this text. The reader is referred to
texts on thermodynamies and to the literature for information in this area
of study.
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PROPERTIES OF THE LIQUID STATE

A liquid is a fluid without independent shape but having a definite vol-
ume for a fixed mass under given conditions. Thus, a liquid will assume
the shape of but not necessarily fill a vessel within which it is confined.
A liquid seeks its own level and is incapable of supporting shearing stresses.

In the discussion of the properties of gases, the kinetic theory was in-
troduced to describe theoretically the behavior of molecules in the £aseous
state. Inherent in the treatment of gases was the assumption that the
distance between molecules was great enough so that the attractive forces
between molecules were negligible. In the case of lquids, the distance be-
tween molecules is much less and the foree of attraction between molecules
is substantial. The proximity of the molecules and the force of attraction
between molecules in the liquid state result in substantial differences in the
physical properties of liquids as compared with gases. Liquids have less
fluidity (greater viscosity) and less volumetric changes with changes in
temperature and pressure than do gases.

In general terms, liquids are frequently conceived to be either condensed
vapors or melted solids. These concepts are useful in visualizing many
brocesses to which substances are subjected. The continuity of the various
concepts can be illustrated by the generalized phase diagram for a one-
component system presented in Fig. 4-46. The curves represent conditions

Pressure
—

Temperature
—T
Fie. 4-46. Generalized phase diagram for & pure substance. {Adapted from Daniels?)

of pressure and temperature at which two phases can exist in equilibrium.
At one point, the triple point, three phases can exist in equilibrium. Along
the sublimation curve, solid and vapor coexist. The melting-point and
vapor-pressure curves indicate coexistence of solid-liquid and liguid-vapor
phases, respectively. Insets I, II, and 11T represent confainers of equal size
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containing a fixed mass of the material in the state prescribed by the re-
gion within which the inset is located. Characteristic of the solid phase is
the definite shape of the mass of substance, independent of the shape of
the confining vessel. The liquid assumes the shape of the vessel but fills
only a portion equal to the definite volume of liquid corresponding to the
mass of material and the given conditions of pressure and temperature.
The molecules are relatively close together in both the solid and liquid
states. The vapor, inset III, ocecupies the entire vessel and assumes the
shape of the vessel. The distance between molecules is substantially
greater than for either solid or liguid.

Volumetric Behavior of Liquids

The volumetric behavior of liquids as a function of pressure and tem-
perature has been studied intensively in many fields of science. Never-
theless, Dandels® states ““the theory of liquids is in a much less satisfactory
state than the theories of gases and crystals, but important progress is
being made in our understanding of the structure of liquids.” The state
of progress is such that a simple generalized equation of state has not been
developed for liquids.

As in the case of gases, the petroleum engineer is primarily concerned
with the change in volume of liquids with a change in pressure and tem-
perature. The state changes discussed in this section will be confined to
those in which the material remains wholly within the liquid phase.

An ideal liquid is defined mathematically by the following partial de-

rivatives:

(g—T;)P —0 and (g—TIf)T =0 (4-33)
where (8V/3T)r is the isobarie thermal expansion and (8V/aP)r is the
isothermal compressibility. The relations expressed in Eq. (4-33) state
that changes in volume with pressure and temperature are zero for an ideal
liquid. Furthermore, an ideal liquid is conceived to have no internal frie-

" tion between molecules; consequently, the viscosity of an ideal liquid is
zero. Thus, the concept of an ideal liquid is of little quantitative value in
predicting the volumetric behavior of liquids but does provide an insight
into the behavior of liquids. The volume of real liquids does change with
variations in pressure and temperature, but these changes are so small
compared with gas that they are represented as a fractional change of some
standard or reference volume.

A comparison of the relative changes in volume of liquid and gases can
be obtained from inspection of Fig. 4-2. For the conditions specified by
the segment of the 80°F isotherm between points 4 and B, ethane is in the
gaseous state. For the conditions specified by the segment between points
4 and F, ethane is in the liquid state. The isothermal compressibility
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(6V/aP)r can be represented in finite form as (AV/AP)r.. In the liquid.
state,

AV = 0005 cu ft/lb  and AP == 135 psi
or
AT 0.0000371 eu ft/(1b) (psi
ap), =0 eu ft/(1b) (psi)
in the gaseous state,
AV = 0.067 cu ft/Ib and AP =75 psi-
or

(ﬁ%)r = 0.000894 cu ft/(Ib)(psi)

The gas is 24.1 times as compressible as the liquid in the ranges considered.
The isobaric thermal expansion can also be expressed in finite form as
(AV/AT)p. At a pressure of 700 psia and temperatures between 60 and
85°F, ethane is in the liquid state. The average isobaric thermal expansion
is approximately
0013
25

Also at 700 psia and for temperatures between 100 and 160°F, ethane is a
gas. The average isobaric thermal expansion is about

0.079
60

The thermal expansion of the gas is about 2.5 times that of the liguid.

The effect of pressure on the specific volume of propane is shown in
Fig. 447a. The curves are for constant temperatures and are called iso-
therms. The slope of an isotherm is the isothermal compressibility. The
compressibility is always negative, indicating that increasing pressures re-
sult in smaller volumes. The magnitude of the isothermal compressibility
decreases with incressing pressure, whereas it increases with increasing
temperature. Thus, the effect of pressure variations are greater at low
pressure and high temperature. The change in slope with pressure can
be stated mathematically as the second partial derivative.

38V /aP)r _ [V

P (ﬁ

Plots of the compressibility and change in compressibility are shown in

Fig. 4-47b and ¢. It is noted from these curves that the greater the pres-

sure, the smaller the effect of changes in pressure on the compressibility
of the Auid. .

At low temperatures, the isothermal compressibility is very nearly eon-

stant. For example, the 70°F isotherm in Fig. 447¢ s essentially a straight

= 0.00052 cu ft/(1b)}(°F)

= 0.00131 cu ft/(b)(°F)

)r = positive number {4-34)
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line. Hence, the variation in the specific volume of the fluids at 70°F can
be represented (in the range 100 to 2,500 psi) by
v =1+ bP

where v is the intercept with the y axis at zero pressure and b is the average
slope or isothermal compressibility. The volume rather than the specific
volume is usually the desired quantity, so that

V = ww Vo = Wy
where w is the weight of liquid. Thus
V= Wy + Wiy b_P'
]
or V=V, (1 + f—P) (4-35)
(13

The familiar coefficient of compressibility ¢ is then stated as
b

€=

Yo
Equation (4-35) can also be expressed in the form
V = Vil — er(P — Py)] (4-36)

where ¢r = isothermal coefficient of compressibility at temperature T
Vo = reference volume at temperature T and pressure P,
V' = volume at temperature T and pressure P

A definition of ¢ which is satisfied whether or not the isotherms are

straight lines is
179V
M 74 (aP):r- -87)

The coefficient of compressibility as defined by Eq. (4-37) is a point fune-
tion and ean be computed from the slope of isothermal specific volume
curve for each value of pressure. The minus sign arises from the mathe-
matical convention with respect to slope. As the slope of the curves are
always negative, » is always a positive number and it is desired that ¢ be
a positive number; then ¢ must be defined as the negative of the slope
divided by the specific volume.

The coefficient of ecompressibility of a fluid is the reciprocal of the bulk
modulus. The bulk modulus is analogous to the modulus of elasticity of a

solid. That is,
1_ ( stress
¢ \strain/p
The stress in a fluid is the change in pressure from some reference pressure

Py, and the strain is the change in volume per unit volume at the reference
conditions. Therefore
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1 P-p
¢ = AV/V, (4-38)
The bulk modulus has the dimensions of pressure, while the coefficient of
compressibility has the dimensions of reciproeal pressure,
‘The isobaric variation in specific volume of liquid propane is shown in
.Flg.' 4-48a. The isobaric thermal expansion (8V/8T)p is the slope of the
isobars (lines of constant pressure). The slope of the isobars (Fig. 4-188)
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Fi1c. 4-48. (a) Volume of liquid propane. (From Sage and Lacey™) (b) Isobaric
expansion of liquid propane. (¢) Variation of isobaric expansion of liquid propane.

increases with increasing temperature and deecreases with increasing pres-
sure. The slope is at all times positive, indicating that an increase in tem-
perature increases the volume of the fuid. Stated analytically, the change
of slope with temperature is the second partial derivative.
A3V/ieTe [(&#V
aT T \aT"
Results of Eg. (4-39) (Fig. 4-48¢) confirm the observation that the isobaric
expansion increases with increasing temperature.
The coefficient of isobaric thermal expansion B is defined as
1/a8V
-3, w
The isobars of Fig. 4-48¢ are sensibly straight over a part of the range of
pressure and temperature. Therefore, a relation between the volume at a
reference temperature and that at another temperature can be written as

V = Vo[l + B,(T — Ty}] (4-41)
where 8, = isobaric coefficient of expansion at pressure P
Vo = reference volume at pressure P and temperature T,
V¥V = volume at pressure P and temperature T
It is frequently convenient to define the volume relations of hquids in
terms of specific volumes or densities.
For thermal expansion
v = o[l + (T — To)] (4-42)
and p = ao[l — B,(T — T)] (4-43)

For compressibility,
v = 5[l — er(P — Py)] (4-44)

) = positive number (4-39)
F4
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and o = pfl + er(P — Py)] (4-45)

The isotherms of Fig. 4-47a can be fitted by an exponential relation over
a greater range of pressure than that for which Eq. (4-45) is valid. There-
fore, a relation for density can be expressed as

The coefficients ¢ and 8 are functions of temperature, pressure, and
liquid eomposition. Although sensibly constant over certain ranges of
pressure or temperature, these coefficients must be determined experi-
mentally or from correlations based on experiment.

The more important physical constants of common hydrocarbons which
exist as liquids at atmospheric conditions are presented in Table 4-12.

Density of Hydrocarbon Mixtures in the Liquid State

The stock-tank liquids obtained from production of petroleum are com-
plex mixtures of hydroearbons. The density (or API gravity) of such &
mixture is readily measured by means of hydrometers or other devices.
Frequently the engineer must estimate the density of a mixture from an
analysis which has been computed from other properties of the system.

Typical analyses of both a stock-tank liquid and a reservoir liquid are
presented in Table 4-13. The stock-tank liquid is comprised largely of
propanes and heavier components, while reservoir liquid contains appre-
ciable quantities of methane and ethane.

TasLe 4-13. TyricalL LiQUID ANALYSES

Component Stock-tank liguid, |  Reservoir liquid,
mole fraction® mole fraction®
Methane 0.0019 0.3396
Ethane 0.0098 0.0646
Propane 0.0531 0.0987
Butanes 0.0544 0.0434
Pentanes 0.0555 0.0320
Hexanes 0.0570 0.0300
Heptanes plus 0.7681¢ 0.3917¢
1.0000 1.0000

s Exists at 14.7 psia and 60°F.
® Exists at 3,614 psia and 220°F.
¢ Properties of heptanes-plus fraction: Mol wt = 263; density

= 55.28 Ib/cu ft at 14.7 psia and 60°F.

Methane and ethane are gases at ordinary pressures and temperatures,
Because of the volatility of these materials, the densities of methane and
ethane depend on the composition of the heavier fractions of the liquid.
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Heavier molecules have a greater force of attraction, so that methane or
ethane molecules are, in effect, compacted to a greater extent in the pres-
ence of heavy molecules than in the presence of light molecules.

Standing and Katz¥ presented correlations of the apparent density of
methane and ethane with the density of the system (Sée Fig. 449). Based
on these data and assuming that propanes and heavier components fol-
lowed the rule of additive volumes, they developed a method for com-~
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puting the density of mixtures of hydrocarbons. The density of a system
containing methane and ethane is correlated (Fig. 4-50) with the density
of the propanes-plus fraction, the weight per cent ethane in the ethanes
plus, and the weight per cent methane in the system.
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Fio. 4-50. Pseudo-liquid density of systems containing methane and ethane, (From
Séanding *)

For stock-tank liquids which have low concentrations of methane and
ethane, the additive volume method of calculating density is satisfactory.
The method ean be developed as follows:

The weight in pounds of & component in 1 Ib-mole of a mixture is equal
to the product of the molecular weight and the mole fraction of that com-
ponent in the mixture, Therefore,
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W:=zM; (447
where W; = weight of ith component in I Ib-mole of mixture
z; = mole fraction of 7th component in mixture
M = molecular weight of 7th component

The weight in pounds of 1 Ib-mole of mixture is simply the sum of the
weights of the components. Thus

where W, is the weight in pounds of 1 lb-mole of \the mixture.

The volume of a component in a mixture is t e product of the weight
of that component in the mixture and the gpecific volume of that compo-
nent at the prevailing condition of pressure and temperature. Thus

Vi=azMap; = W a; . (4-49)
where V; is the volume of the 4th component in 1 lb-moie of mixture and
v; is the speeifiec volurme of the 7th component.

Applying the concept of additive volumes,

Vo =ZV;
and the density of the mixture is given by
W

The molecular weight and specifie volume at 14.65 psia and 60°F can be
obtained from Table 4-4 for the lighter hydrocarbons, methane through
heptane. The molecular weight and specific gravity of the heptanes-plus
fraction are normally determined in the Iaboratory and reported as a part
of the fractional fluid analysis.

The method of Standing and Katz assumes that the propanes-plus frac-
" tions can be treated by additive volumes. The above-cited equations must
be modified as follows:

m

Wowe = 3 oM (4-51)
i=3

and Voo = E V: (4-52)
i=3

where the summations are taken over the C, (propane) and heavier com-
ponents. Two additional definitions must be stated in mathematical form
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to use the corrective charts for methane and ethane. The weight per cent
ethane in the ethanes plus is

whtof Gy _ _mMo 453
(wt % Coloey = ol Coy = ¢ )
E x: M
=2
and the weight per cent methane in the system is
WtOf 01 _ lej_ (4:_54:)

(wt % Cior = WofCy =

Z z:M;

i=1
The caleulation of the density, at atmosph.eric pressure and 60°F, of ?ile
stock-tank liquid from Table 4-13 is given in Example 4-12. The .denSI g
is ealculated both by additive volumes and by the method of Standing an
Katz. It can be noted from Example 412 that th.e resulis from the two1
methods differ only by 0.02 per cent. This result is because of the smal
percentage of methane and ethane in the mixture.

Example 4-12. Calculation of Liquid Density from Stock-tank Liguid
Analysis.

3 (4) (5 (6)
w @ © Relative Liquid Liquid
£ M:'!e Mole wt weight, densi;y ' volume,
raction o ‘mole, 1b/eu ft at
Component in liquid M, b g/:= 9% 60°F and c|(14§t{n:(!;)18
phase z: (2) X (3) | 14.65 psia
Methane, C, 0.0019 16.04 .0305 {18.70) (0.82);?)
i*]thane bg 0.0098 30.07 .2047 (23.26) (8-9740)
Propa.n:e, Cs 0.0531 44.09 2.3412 31.646 0.0335
Butanes, C; 0.0544 58.12 3.1617 35.7lb 0.1025
Pentanes, C; 0.0555 72.15 4.0043 39.08 0.1190
Hexanes, Cs 0.0570 86.17 4.9203 4}.32“ 3‘6543
Heptanes plus, C;y 0.7681 2632 202.0366 55. X
Total 216.7893 4.0388
(4.0531)

+ From Table 4-13.
b Average of iso and normal.
Column 3 from Table 4-4.

Method 1. Additive volumes

216.7893
Density of Cup = 20331 = 53.49 Ib/eu ft
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Method 2. Standing and Katz apparent density correlation

™

z M ;

Density of Cs, = i8 _ (216.7893 — 0.3252) Ib/mole

. i M, 4.0388 eu ft/mole
ot Pi

53.59 ib/cu ft

. _ M, _ (0.2947) 1b/mole {100)
Wt % Coin Coy = - 100 = G16.7893) — (0.0305) Ib/mole
E CtM i
i=2 /

= 0.136

oM _ (0.0305) Ib/mole (100) _
Wt % C1in Ciy = i 100 = = 516.7893) Ib/mole  — 0014
M,

i=1

Density of Ci. = 53.5 1b/ecu ft {from Fig. 4-50)

Compressibility of Liquids:

Data on the isothermal compressibility of pure hydrocarbons have not
been compiled. However, extensive data are available in the literature on
the effect of pressure on the specific volume at 60°F of pure hydrocarbons
and hydrocarbon mixtures. Standing and Katz correlated the available
data in the form of density-correction curves. The eurves (Fig. 4-51) enable
the engineer to correct a known density at 14.7 psia and 60°F to a density at
a desired pressure and also at 60°F. The density corrections from Fig. 4-51
are adequate for most engineering caleulations.

As has been discussed previously in this chapter, many reservoirs con-
tain undersaturated oils. An undersaturated oil is a compressed liquid in
the pressure range above the bubble-point pressure. The coefficient of iso-
* thermal compressibility can be used to deseribe the volume change of such
materials above the bubble-point pressure.

Trube® has reported a method of calculating the compressibility of un-
dersaturated liquids based on pseudo-reduced properties. The pseudo-
reduced compressibility ¢, is defined:

Since P, = :;c
C,-P,-=GP=CJ,1P1=612P2=013P3 (4-56)

Therefore if the pressure temperature and critical properties of a liquid

e A il 0 45 e rebma
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Fre. 4-51. Density correction for compressibility of Hauids. (From Standing?)

are known, the compressibility can be determined from Eq. (4-56) and the
correlation of ¢, with pseudo-reduced temperature and pressure presented
in Fig. 4-52. .

At the higher reduced pressures an appreciable segment of t}.-:le constant
reduced-temperature lines have a constant slope. An equation for the
straight-line segment has the form

loge, =nlog P, +loga
or ¢ = aP? (4-57)
where n is the slope of the line and a is the intercept o.f the straight-line
segment at P, = 1. Substituting from Eq. (4-57) for ¢, in Eq. (4-56)
(aP™ P, = cP
or aP, 1l = eP
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from whiech can be obtained

a
prri T epP {4-58)
For a particular liquid,

P"L“ = constant = A = ¢P™

T%le §1ope n_is negative. The compressibility ¢ is thus shown to decrease
with increasing pressure. Furthermore, the slopes of the straight-line seg-
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Fra. 4-52. Pseudo-reduced compressibility of undersaturated hydrocarbon Irquids.
(From Trube®)

ments of Fig. 4-52 are very close to minus one (—1). If it is assumed that
n = —1, then

A = cf = C]_I)i = 621)2 (4-59)

The pseudo-reduced properties ean be caleulated from the liquid analysis
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in the manner described previously for gases. These values can be used
together with Fig. 4-52 to caleulate the compressibility of the fluid. Foi
many liquids adequate estimates of critical properties are not available.
Trube also developed procedures for estimating the eritical properties of
reservoir liquids.

Thermal Exzpansion of Liquids. The most frequent application of the
thermal expansion of liquids is in correcting the volume and density of
stock-tank liquids to 60°F, the standard temperature. The Bureau of
Standards published in Cércular C-410% extensive tables for this purpose.
Abridged volume-correction tables are presented in the ASTM?® and Tag™
manuals. Coefficients of thermal expansion at atmospheric pressure are
listed in Table 4-12 for the paraffin hydrocarbons pentane through decane.
For the more complex stock-tank oils, the coefficients of thermal expansion
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are correlated with the API gravity of the oil. In Table 4-14 are listed the
average coefficients of thermal expansion used in preparing abridged vol-
ume-correction tables for oils.

TasLE 4-14. AVERAGE COEFFICIENTS oF THERMAL ExpansioN ror Crube Qs ar
ATMOSPHERIC PRESSURE®

Coefficient of . .

Group . Corresponding Gravity range
thermal expansion e o

No. 2t 60°F gravity, °API of group, “API

0 0.00035 6 Up to 149

1 0.00040 22 i5-34.9
2 0.00050 44 35-50.9
3 0.60060 58 51-63.9
4 0.00070 72 64-78.9
5 0.00080 86 79-88.9
6 0.00085 91 89-93.9
7 0.00090 o7 04.99.9

For correction of liquid densities for thermal expansion, Fig. 4-33 can
be used. The chart yields satisfactory results except in the low-density
and high-temperature regions. This chart, like Fig. 4-51, is based on a
large number of observations of specific volumes of hydrocarbons. The
density at 60°F is the only composition parameter.

The caleulation of the density of a lquid at reservoir conditions from a
fractional analysis requires data on both compressibility and thermal ex-
pansion. The procedure for such a caleulation is shown in Example 4-13,
using the reservoir liquid of Table 4-13.

Example 4-13. Caleulation of Density of Reservoir Liquid. Reservoir
conditions = 3,614 psia, 220°F.

68)] @) 3 4 (5) 6
. Relative Density at Liquid
Rwex:volr weights, 60°F and volume,
Component fuid Mol wt .
analysis Z; lb/mole 14.7 psia, cu ft/mole
2) X 3) Ib/eu fte {4) -+ (5}
Cy 0.3396 16.04 5.4472
Cs 0.0646 30.07 1.9425
Cs 0.0987 44.09 4.3517 31.64 0.1375
Cs 0.0434 58.12 2.5224 35.71% 0.0706
Cs 0.032 72.15 2.3088 39.08* 0.0591
Cs 0.03 86.17 2.5851 41.36 0.0625
Crs 0.3917 263 103.0171 55.28¢ 1.8636
Total 122.1748 2.1033

¢ From Table 44.  » Avernge iso and normal. ¢ From Table 4-13.
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L

z:M;
A _(122.1748 — 7.3897) ib/mole

2.193 cu ft/mole

Density of Cyy = &

c (EiMf
= P
= 52.34 lb/eu ft
. .M (1.9425) 1b/mole (100)
Wt % Coin Gy = 3 ~ (1221748 — 5.4472) Ib/mole
2 xM;
=2

= 1.66 per cent

. oMy _ {5.4472) 1b/mole (100)
Wt % Crin totel = = = " 122.1748 Ib/mole

3 s

i=1

= 4.46 per cent

Density of liquid including C, and C, at 60°F and 14.7 psia = 49.4

Ib/ew ft (from Fig. 4-50)

Pressure correction from 14.7 to 3614 psia = 1.0 (from Fig. 4-51)
Therefore,

Gy, = 198.4 4+ 1.0 = 50.4 lb/cu ft at 60°F and 3,614 psia

Temperature eorrection from 60 to 220°F at 3,614 psia = 3.78 (from
Fig. 4-53)

Therefore,
pc, = 50.4 — 3.78 = 46.62 Ib/cu £t at 220°F and 3,614 psia

Surface Tension

The surface tension at the interface between a liquid phase and an equi-
librium vapor phase is a funetion of pressure, temperature, and the com-
positions of the phases. )

For pure substances only the temperature or pressure must be specified
to define the surface tension. As a tension exists only if two phases are
present, then either temperature or pressure can be specified a{xd the othe?r
will be defined by the vapor-pressure curve. The surface tensions ot vari-
ous pure paraffin hydrocarbons are shown as a funetion of terr.lperati‘n‘e in
Fig. 4-54. The value of zero surface tension oceurs at the critical point of
the hydroearbon. )

The surface tensions of mixtures of hydrocarbons have been investigated
experimentally by Katz,® who, from the experimental data, developed a
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procedure for calculating surface tension. The method is based on the
parachor and the equation proposed by Sugden™ relating the surface ten-
sion to the properties of the liquid and vapor phases,

35 T 1 L : P10 E 1] 1 L ;:; I} 1 llr
; H '
11 1
| +
30B a i
N My 1‘\ [
- 13 T I I
N2 i C e
N =\ 2, ™ NN SR
25: 2\ %‘%;‘%’ ! oV S = HH ; ; T
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Fia. 4-54. Surface temsion of paraffin hydrocarbons. (From Kaiz and Saltman™)

For a pure material,

oh = P, %‘}ﬂ (4-60}

where P, = parachor
pr = density of the liquid phase, gm/cc
£, = density of the vapor phase, gm/cec
¢ = surface tension, dynes/em
M = molecular weight

Parachors for pure hydrocarbons, nitrogen, and carbon dioxide are given
in Table 4-15. A correlation of the parachor with molecular weight is pre-
sented in Fig. 4-55. For a mixture the surface tension is defined by the
following relation:
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m

") (4-81)

P _ ..
gh = P (551: Ms y:M

1

i=1

where P.;; = parachor of ¢th component o
mole fractions of 7th component in liquid and vapor

x;and y; = .
phases, respectively _ o
pr. and My = density and molecular weight, respectively, of liquid

phase -
p» and M, = density and molecular weight, respectively, of vapor

phase

$00 %

800 /,

700 /.

8
=,

[
o
Q
o

Parachor

Y

Q

=]
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w
o
o

o

w0

100 .,‘

0 100 200 300 400
Moleculor weight

Fie. 4-55. Parachors for hydrocarbons @, n-paraffins; O, heptanes plus of Ref. 7;
A, gasclines; A, crude oil. (From Katz et al™)

The densities p; and p, must be in grams per cubic centimeter to use in

Eq. (4-61) with the parachors of Table 4-15 or Fig. 4-55. )
The calculation of surface tension is presented in Example 4-14. In Fig.

4-56 are presented comparisons of experimental and calculated surface ten-

siong of mixtures of hydrocarbons.
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TasLe 4-15. ParacHORS For Pure SUBSTANCES

Component Parachor
Methane 77.0
Ethane 108.0
Propane 150.3
Isobutane 181.5
n-Butane 190.6
Isopentane 225
n~-Pentane 232
n-Hexane 271
n-Heptane 311
n-Octane 352
Nitrogen (in n-heptane) 41.0
Carbon dioxide 78.0

.Ekample 4-14. Calculation of Surface Tension of Crude Oil Containing
Dissolved Gases. Equilibrium phases at 1,744 psia and 200°F:

Mol wt of liquid = 119.9*
Mol wt of vapor = 20.48*
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Density of liquid = 44.429 1b/cu ft*
Density of vapor = 5.803 lb/cu ft*
pr = 44.429 Ib/cu ft = 729 gm/cc
p» = 5.803 Ib/cu ft = 0.093 gm/cc

h = z Pehi(xi]%_yi;;)

i=1
pr_ 0729 Pr _ 0.093
M, " Tiog ~ 000598 3 = 50.4g — 0004541
L 2 (3) @) (5) (6) (N G4
Mole Mole
Com- | fraction | fraction P . P
ponent | liquid | wvapor b My w M. @) - 6 parachor ®) X (D)
F Y

G 0.2752 | 0.8424 | 0.001634 | 0.003825 | —0.002191 770 —0.169
C. 0.0657 | 0.0752 | 0.000390 | 0.000341 | +0.00G054 108.0 +0.006
Cs 0.0665 | 0.0405 | 0.000395 | 0.000184 | -4-0.00021% 1503 -+0.032
C. 0.0584 | 0.0217 | 0.000347 | 0.000099 | -+0.000248 190.0 +0.047
Cs 0.06454 | 0.0095 | 0.000270 | 0.000043 | +0.000227 228.0 +06.052
Cs 0.0432 | 0.0052 | 0.000257 | 0.000024 | --0.000233 2710 +0.063
Crr | 0.4456 | 0.0055 | 0002645 | 0.000025=| +0.002620 575.00 | +1.511

1.0000 | 1.0000 1.542

& Crp mol wt = 225.
* Calculated from fluid analyses by methods previously discussed.

o* = 1.542. ¢ = 5.650 dynes/cm surface tension at 1,744 psia and 200°F.

Viscosity of Liquids

The definitions of viscosity presented in the discussion of gases hold for
liquids. In contrast to gases, liquids deecrease in viscosity with increasing
temperature. This is generally attributed to the increased distance be-
tween molecules due to thermal expansion of the liquid. The viscosity re-
lations of paraffin hydrocarbons at atmospheric pressure are presented in
Fig. 4-57. Liquid viscosity increases with molecular weight and decreases
with temperature.

The viscosity g in centipoises divided by the density p in grams per cubic
centimeter is defined as the kinematic viscosity in centistokes. In mathe-
matical notation

v = (4-62)

-3}

where v is the kinematic viscosity.



310 PETROLEUM RESERVOIR ENGINEERING

The kinematic viscosity exhibits a linear trend when plotted as a func-
tron of temperature on a special chart available from the American Society
of Testing Materials (ASTM). Thus, observations at only two tempera-
tures enable the investigator to determine the viscosity at other tempera-
tures. : ‘

10

1.0
0.8

08

04

Viscosity, centipoise

Q2

A
Q.08

0.06

004
0 40 80 120 160 200 240 280
Moljecular weight

gzc. 4-.17. Viscosity of paraffin rydrocarbon liquids at atmospheric pressure. (From
rotn. =)

The kinematic viseosity of liquids at atmospheric pressure is usually
determined by means of a modified Ostwald (Fig. 4-58a) or other capillary-
tube viscosimeter. The viscosity of a liquid at elevated pressure is ordi-
narily determined with a rolling-ball viscosimeter such as illustrated in
Fig, 4-58b.

Hydrocarbon liquids are nonpolar and, therefore, obey closely the rule
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of additive fluidity. Fluidity is the reciprocal of viscosity. Therefore, the
rule of additive fluidity can be written mathematically as

1 _ 5ol % g9 (4-63)
Hm i
where pm = viscosity of mixture ) _
(vol 9); = vol %, of ith component in mixture
pi = viscosity of 7th component
- Vapor space
|- Tube
I M
&
| ]
(@) (&)

Frc. 4-58. (a) Ostwald viscosimeter. (From ASTM.) (&) Rolling-ball viscosimeter.

The effect of pressure on the viscosity of a liquid is shoxjm i.n ‘Fig. 4-59.
It will be noted that with an increase in pressure the viscosm){ is inereased.
This effect will occur in all hydrocarbon systems if the system is compressed
above the bubble-point pressure. If two phases are present during tl}e com-~
pression, lighter constituents will enter the liquid Phase, thl,}s causing the
viscosity to decrease. This effect will be discussed in connection with labo-

tory measurements in Chap. 5. ) o
raVisriosity correlates closely with the density or API‘ gra\.nty of jshe_hquu.:l.
However, discussion of the means of estimating the v1sc(?51ty of liquids will
be deferred to Chap. 5, as the existing correlations require concepts yet to

be presented.
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Fia. 4-59. The viscosity of a crystal oil under pressure g as compared with its
viseosity at atmospheric pressure wo. {After Sage, Sherborne, and Lacey™)

Vapor Pressure

Vapor pressure is a characteristic of a pure substance which is generally
associated with properties of liquids. Actually, for a substance to exhibit
2 vapor pressure, the conditions of pressure and temperature must be such
that the substance exists in the two-phase region.

The vapor pressures of light hydrocarbons are tabulated in Table 4-16
as a function of pressure. Methane is not listed as its critical temperature
is —117°F, well below ordinary temperatures. A substance which exists at
& pressure and temperature corresponding to a point on the vapor-pressure
curve may exist as a liquid, a gas, or a mixture of the two phases depending
on the total energy of the system. The change of energy levels is the sub-
ject of thermodynamies and will not be considered here. From energy con-
cepts, however, it can be shown that the logarithm of the vapor pressure of
a substance is linear with the reciproeal of the temperature.

A more commoon method for graphically presenting vapor-pressure data
of hydrocarbons is the Cox chart (Fig. 4-60). The pressure scale is loga-
rithmie, and the temperature scale is determined by drawing an arbitrary
line on the chart for the vapor pressure of water. At each pressure point
on the line, a temperature corresponding to the vapor pressure of water
is defined. The vapor pressures for hydrocarbons plotted on such a chart
are linear 2nd tend to converge to a common point. This property is
useful in extrapolating vapor pressures of pure substances to temperatures

TaBLE 4-16. Varor Presstre of THE LicuTeEr Hyprocamreowns, PSI¥

Temp.,
°F

32
34
36
38

A
k-

42
44
46
48
50

52
54
56
58

300

162
104
106
168
110

112
114
116
118
120

3|

Hydrocarbon
Temp,
Ethane ;:g-e bi:;;e Butane p:::;ne Pentane | Hexane | °C
348 69.6 25.9 14.9 5.0 3.5 .87 0.0
358 714 27.1 155 5.3 3.7 92 1.1
367 73.4 28.3 16.1 5.6 3.9 .98 2.2
377 753 29.6 18.7 5.9 4.1 1.04 33
387 77.4 309 17.4 6.2 4.3 1.10 4.4
79.6 32.2 18.1 6.5 4.5 1.16 5.6
82.0 33.5 18.9 6.8 47 1.22 6.7
84.5 348 19.7 7.1 49 1.29 7.8
87.1 36.1 20.5 7.4 5.1 1.36 89
9.8 374 214 7.7 54 1.43 10.0
927 38.9 22.3 8.0 5.7 1.50 11.1
95.8 40.0 232 83 6.0 1.58 12.2
99.0 41.3 241 8.6 6.3 1.66 13.3
102.2 426 25.1 89 6.6 1.74 14.4
1056.5 43.9 26.1 9.2 6.9 1.83 15.6
108.9 45.2 27.1 9.6 7.2 1.93 16.7
112.4 46.5 28.1 10.0 7.5 2.03 17.8
115.9 473 29.1 10.4 7.8 2.14 18.9
1194 49.2 30.1 10.8 8.1 2.25 20.0
122.9 50.7 311 11.2 84 2.37 21.1
126.4 52.2 32.1 116 8.7 2.49 22.2
1300 53.7 33.1 121 9.0 2.62 23.3
133.6 55.3 342 12.6 9.4 2.76 24.4
137.3 56.9 35.3 131 9.8 2.90 25.6
141.1 58.6 36.4 13.7 10.2 3.05 26.7
145.0 60.3 375 14.3 10.6 3.21 27.8
149.0 62.1 38.7 14.8 11.0 3.37 28.9
153.1 63.9 399 15.5 115 3.53 30.0
Critical | 1373 65.8 41.2 16.2 12.0 3.70 311
temp 161.5 67.7 425 16.9 12.5 3.87 32.2
165.8 69.7 43.8 17.6 13.0 4.05 33.3
170.2 TLY | 45.2 %3 13.5 4.23 34.4
1747 73.7 48.7 19.0 14.1 4.42 35.6
179.2 75.8 43.3 19.7 14.7 4.62 36.7
183.7 77.9 49.9 20.4 153 4.83 37.8
183.3 80.1 51.5 21.1 15.9 5.05 38.9
193.0 82.3 53.2 21.8 16.5 5.28 40.0
197.8 84.6 55.0 22.6 17.2 5.52 41.1
202.7 6.9 56.9 23.4 17.9 5.77 422
207.7 83.3 58.9 243 18.6 6.03 43.3
212.7 91.7 61.0 25.2 19.3 6.29 44.4
217.8 4.2 63.2 26.1 20.0 6.56 45.6
223.0 96.7 65.5 27.1 20.8 6.84 46.7
223.3 99.3 67.8 28.1 21.6 7.13 47.8
233.7 101.9 70.1 29.2 224 7.43 48.9

313



H au N — o5k
LY \\\\
\\t \\\\ 00t
LY AAN hY
r — T A Y
vaEy b O
Wit \ﬁg: . AT WA v 05¢
% LA TN C
T AN O =
% T T 0o0s
AT NN
\ 3 - AN A RN 8z
s JENA VL NACRYED
WS BALE L SRR e 09z
.Y W 1'-=A\ 2:: o N
AV A= . Y i = AN N 042
v ALNANY M ITEAN
n Ay A \ NN o0zz
AX N \[,:’Q\\_ 002
\“ \‘\\‘ " \ « \-:- 3
\ \ AVAY N b A N AN
Y | \‘-\\ A \ LY ?-'; \\‘ ~\ g}
\ 3 \‘\ AR Y b N 2 A
1 A 131 AN AN [y
\ \ AL N *;é\ N NPT
- % Sy
X ‘\\ A\ c%\c‘zi s ozt
L W O REANA
v A \ A AL R N B AN
\ i3 \ \ \‘\ ol b \ \ oct
t N \ YA A og
i1 \ IR R
3 A A wl <\ 5\ \ 08
\EEEANTI R -
\ - A\
I\ ML TN NG Y
A \‘\% '.\ G LINN
A HIE 3 RN L
H S & B < ‘ER \
] = qé A\ \ 5 N i
\ i 2 = \
] =3 ) = A A €
&
. \ NI
3 ‘é\ = \ = N “‘ oz
5 \_f_- hn o a : l\
‘g\\ \ S \‘Tj?_ Ty %
=L = = \
AT T i e
2 _ n‘u \\
@l ~XLTRY 0
=
S N \ \\ \ 5
\ | W
\ AN
\ \‘ \ \\ oe-
AN
\ AN
= oo o o ; 3 \ \ 0g-
g o®m @ F g EET o~ -

1,000
800
600

(=3
-

015d "asnssaid

314

Temperoture,°F
Fic. 4-60. Vapor-pressure chart of low-molecular-weight hydroearbons. From Perry ®)
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above their critical temperature. This extrapolation is required in certain
ealculations of properties of mixtures.

Mixtures of hydrocarbons do not exhibit a true vapor pressure, as the
bubble-point and dew-point curves do not coincide. But in evaluating
tank storage problems, the concept of vapor pressure is useful. It can be
used as & measure of the losses of liquid petroleum by evaporation and to
estimate the internal pressures which the tanks must withstand.

Vapor pressure may be considered as a measure of the volatility of a
pure substance in a mixture and as such will be discussed in the next sec-

tion of this chapter.
PROPERTIES OF TWO-PHASE SYSTEMS

The gualitative phase behavior of hydrocarbon systems and the quanti-
tative behavior of the vapor and liquid states have been discussed. The
guantitative analysis of two-phase systems will be discussed in the re-
mainder of this chapter. Two-phase, gas and liquid, systems exist at con-
ditions of pressure and temperature within the region enclosed by the
bubble-point and dew-point curves.

The quantitative analysis of two-phase systems involves the determina-
tion of the mole fractions of gas and liquid present at a given eondition
and the computation of the ecomposition of the coexisting phases. The
physical properties of the gas and liquid phases within this two-phase re-
gion can then be computed by the procedures previously deseribed.

As was shown in Fig. 4-6, if a fluid existing at its bubble point is sub-
jected to a pressure decline at constant temperature, two phases are formed.
The proportion of the gas phase increases, with decreasing pressure, be-
cause of two phenomena. The more volatile constituents eseape from the
liquid phase and enter the gas phase. Also, the gas formed at higher pres-
sures expands and occupies a larger volume.

The idealized volume relations during such a process are shown in Fig.
4-81. A portion of the gas volume V, is shown to be gas released between

T = Constont
;7771 Expanded volume of gas
%

previously reieased

) Spece occupied by gas on
&\ pressure reduction

Q
E
2 2
3
PN % :
Vg
1_
iR wr W% 7
o]
Pressurg—

Fia. 4-61. Idealized volume relation in the two-phase region.
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pressure increments, and a portion is shown to be the expanded volume of
gas previously released. The volume of liquid phase present decreases, or
shrinks. The total volume of the system increases, as a mass of gas repre-
sents a larger volume than an equal mass of liquid. Fluid samples are fre-
quently subjected to laboratory tests, conducted at reservoir temperature,
which duplicate the process illustrated in Fig. 4-61. The results of the
laboratory test are referred to as the pressure-volume relation for the fuid.

If a sample of a bubble-point fluid is brought to separator conditions,
the fluid enters the two-phase region but at a temperature much lower
than reservoir temperature (see Fig. 4-61). The idealized volume relations
for expansion of a fluid from bubble point to separator conditions are
shown in Fig. 4-62. Large volumes of gas are formed at the separator con-

- ~
/
/
/
/
/
/ Remeved from
/ i ? system at
/ separator
/ .|
/ F {
/
/ - Removed from
! ’ ,J/// Vg system qf
= stock tank.
% 74
f-] 5e|
g Vst
P:Ffb' I= r{ES =P$EIJ‘ r:};ep P:Ps+, r:rsf
¥ 100 I

Fie. 4-62. Idealized volume relations of hydrocarbon fluid at reservoir conditions
and separator conditions.

ditions, as the density of the gas is usually quite low. The liquid volume
shrinks substantially because of decreased temperature and the escape of
a portion of the fluid into the gas phase. In most instances the greater
part of the mass of the system remains in the liquid phase. Because of the
greater density of the liquid, this liquid mass occupies much less volume
than the gas. The liquid and gas phases formed in the separator are with-
drawn separately (hence the name of the device, separator). The separator
Liquid is collected in the stock tank, at which point additional temperature
and pressure drop may oceur. Gas may or may not be released in quantity
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in the stock tank depending on the relation of separator conditions to
stock-tank conditions.

If a given mass of fluid is subjected to the processes described above,
then the following definitions can be made:

1. The volume of liquid V, at reservoir temperature and the prevailing
pressure divided by the volume of oil collected in the stock tank V,, is
defined as the oil formation volume factor B..

2. The total volume of the system V', divided by the volume of stock-
tank oil is defined as the total formation volume factor B..

In equation form,

V.

B.~ 72

_Ye
B~ (4-64)

and V. =V, + ¥, (see Fig. 4-61).

The two volume factors defined above, together with the gas volume
factor B,, enable the petroleum-reservoir engineer to describe the volume
changes in fluid systems. The volume factors B, and B, can be computed
from equilibrium calculations or measured in the laboratory. The theory
of equilibrium calculations will be developed in this chapter, while the
laboratory proecesses will be discussed in Chap. 5.

Equilibrium Relations
If a fluid is subjected to a process such that in the two-phase region the
gas and liquid phases remain in contact, equilibrium will be maintained
between the phases. One of the first means of evaluating the equilibrium
behavior of multicomponent two-phase systems was devised by combining

Dalton’s and Raoult’s laws.
Dalton’s law is defined by Eqs. (4-24) and (4-25):

P= Z P; (4-24)

and Yy = % (4-25)

The statement of Raoult’s law is “the partial pressure exerted by a con-
stituent of the liquid phase is equal to the vapor pressure of that consti-
" tuent times the mole fraction of that constituent in the liquid phase.”

That is,
P; = z;P,; (4-65)
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where P, = partial pressure of {th component
z; = mole fraction of sth component in liquid phase
P,; = vapor pressure of ith component

When a gas and a liquid phase are in equilibrium, the partial pressure
exerted by a constituent in the gaseous phase must be equal to the partial
pressure exerted by that same constituent in the liquid phase. Therefore,
it is possible to equate the partial pressure calculated by Dalton’s and
Raoult’s laws,

P = 2Py
% = &: = - -
or =P K; (4-66)

where K; is defined as the equilibrium ratio of the sth component at pres-
sure P and some temperature 7.

Certain limitations are placed on the above definition by Raouli’s law
and Dalton’s law. It is evident that any pure eonstituent has a vapor
pressure only up to its critieal temperature. Beyond this temperature there
is no true vapor-pressure curve for a pure constituent. The vapor-pressure
curves of such constituents can be extrapolated to higher temperatures.
However, this praectice does not yield satisfactory results in most eases.
Since the eritical temperature of methane is —117°F, it becomes evi-
dent then that some other means must be obtained for the determination
of equilibrium ratios if they are to be used for hydrocarbon mixtures.

Lewis® introduced the concept of fugacity for the extrapolation or cor-
rection of vapor pressures to use in equilibrium ealeulations. The fugaeity
of a component is a thermodynamic quantity defined in terms of the change
in free energy in passing from one state to another state. Dodge and
Newton® have shown that the fugacity of a component in a phase of a
mixture is equal to the fugacity of that component in the same phase in
the pure state and at the same conditions of pressure and temperature as
the mixture times the mole fraction that compeonent represents of the mix-
ture. Thus

(foddmix = yi(fm')pure (4-67)

and {(frdmix = Z{Fri) pure {4-68)

where the subseript “mix” refers to the mixture and “pure” to the com-
ponent in the pure state, ;. is the fugacity of a component in the gas phase,
and fr.is the fugacity of that component in the liquid phase. The fugaeity
of a component in the gas phase is equal to the fugacity of that component
in the lquid phase if the phases are in equilibrium. Thus

Yi(Fodpure = i fri)pure
or, dropping the subseripts pure,
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¥i _Joe o .

7 = Lot K; {4-69)
The fugacity as defined above is also limited by the critical temperatures
of many hydrocarbons. However, the fugacities ¢an be extrapolated to
cover a wider range of conditions than the vapor-pressure relations. Even
this is not sufficient accurately to define equilibrium ratios in hydrocarbon
systems over a wide range of pressure and temperature. The attractive

100
AN
~, N
~N, N,
\ N, \\ .
N ‘\ \
\ \\ \%
job L IN b A
LY 2o
" hY N S ™
. AN N < N
N NN o N
NS EANITATY S <
\ § Y% \\ i
M N ™ < S ™ \
N = ~ ] <
N A ™
L N& N
K 1 ~ o, ["a
N 2y "
< @]
% N ~ ~%_,
\\-»"o Ny
\95,“‘ t-..______ -
N V.
N ™~ NI A,/ /
-
&, S| A /
< -
0.4 \%"'9 “"""--. » —-/ /
NG
N
\\Go
NG ]
N /
\
\\- /*
LA
001 — :
i0 {00 1000 {0000

Pressure, psia

Fig. 4-63. Equilibrium ratios at 200°F for a low-shrinkage oil. (From Katz and
Hachmuth®)
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force between the molecules affect the vapor-liquid equilibria. Therefore,
at higher pressure and temperatures the composition of the mixture affects
the equilibrium ratio. Asboth Raoult’s and Dalton’s laws and the fugacity
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F1s. 4-64. Equilibrivm ratios at 200°F for a condensate Huid, (From Roland et al*®

relation caleulate equilibrium ratios independently of composition, it is
necessary to find another means for their determination.

The petroleum industry relies on experimentally determined equilibrium
ratios (sometimes called equilibrium constants or K values). Katz and
Hachmuth* presented equilibrium-ratio data for low-shrinkage oils (Fig.

FUNDAMENTALS OF THE BEHAVIOR OF HYDROCAREON FLUIDS 321

4-63), and Roland, Smith, and Kavelert presented data for condensate
fluids (Fig. 4-64).

Development of Equations for Calculating Equilibrium Relations

From equilibrium concepts and appropriate equilibrium ratios, the com-
position of the equilibrium gas and liquid phases and the fraction of the
mixture existing in each phase can be caleulated.

In defiving the various equations describing phase equilibrium, it is
convenient to define a group of terms and gymbols as follows:

7 = total moles of both gas and liquid present at any state of pres-
sure and temperature

L = total moles of material within liquid phase at conditions of n

V = total moles in vapor phase at same conditions as L

2:; = mole fraction of ¢th constituent in mixture

z: = mole fraction of ¢th constituent in Liquid phase

¥+ = mole fraction of ¢th constituent in vapor phase

By definition,
n=L+T (4-70)
That is, the total number of moles of composite is equal to the moles in the
liquid phase plus the moles in the vapor phase.
From which, by definition of the mole fraction, _
zi{n) = z:(L) + yAV) (4-71)
This states simply that the moles of the 4th constituent in the total must
be equal to the sum of the moles of the sth constituent in the vapor and
liguid phases.
A third equation by definition of the equilibrium ratio is

K, = % (4-72)

As x:, y;, and z; represent mole fractions, three more relations can be
stated from the definitions.

n

For 1 mole of mixture, n = 1,
V+L=1 (4-79)
therefore z; =zl + gV (4-75)
If y, is replaced by its equivalent K s,
gy = x,(L + K,V)
If both sides are divided by (L + EV), the following equation is obtained:
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po= — 21
UL+ KV

If on the right side of the above equation both the numerator and denom-
inator are divided by V, the results are as follows:
1 -1

V (L/V) + K;

As z; represents the mole fraction of the 7th constituent in the liquid phase,
the sum of the mole fractions of all the constituents is 1. Therefore,

(4-76)

T; =

"
2

LT+VvE, L @

,-21 w5 ,Zl T

or —E 7

L (L/V) + K (4-78)

A. similar equation can be obtained by replacing z, in Eq. (4-75) by its
equivalent y./K;, which, on solving for y,, yields

23
N ST
The summation of y; is equal to 1; thus

(4-79)

and =V (4-80)

Z (L/KV) £1 V) +1

These equations apply within the two-phase region. In equilibrium cal-
culations, the composition of the composite fluid or feed must be known
together with the pressure and temperature at which the equilibrium exists.
Suitable equilibrium ratios for each component must be available as de-
fined by the conditions of pressure and temperature and the composition
of the composite. In general if the system is comprised of m components,
the number of unknowns in the calculations are equal to 2m + 2, m values
of =z, m values of y;, and the values of L and V. There are available m
equations y; = K, and m equations z; = =L, 4+ y;¥. In addition for 1
mole of feed V + L = 1 and Zz; = Z2; = Zy; = 1. Thus there are avail-
able 2m + 2 equations to solve for 2m + 2 unknowns. As can be noted
fron% Eqgs. (4-74) through (4-77), it is not possible to solve analytically for
explicit values of the unknowns. However, in Egs. (4-74) through (4-77)
the number of unknowns have been reduced by substitution to two, L and
V. Thus any of Egs. (4-77) through (4-80) can be used together with Eq.
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(4-74) to solve for L and V, the mole fractions of liquid and vapor, respec-
tively. The two equations thus available for the solution for two unknowns
must be solved by a trial-and-error procedure. Several alternative forms of
Eqgs. (4-77) through (4-80) can be derived. The form selected depends on
the estimated magnitude of L and the eomputing method to be used.

At the bubble-point pressure, L = 1 and ¥V = 0, since all the mixture
can be considered as a single-phase liquid. Equations (4-76) through (4-78)
become meaningless at the bubble point. Likewise at the dew point, L =< 0
and V = 1 and Egs. (4-79) and (4-80) are meaningless. However, at the

bubble point

2, = or

and iy{-—* Zz.,-K,-=1

which is a reduced form of Eq. (4-79).
Thus at the bubble peint, the mixture is in equilibrium with an infini-

tesimal amount of gas having a composition defined by

(4+-81)

¥ = z:K;
At the dew point,
2 =Y
Z2; = ll}';'K; or T; = I%:
and Z z = ; 1 (4-82)
=1 f=1

which is a reduced form of the last segment of Eq. (+77).
The mixture at the dew peint is in equilibrium with an infinitesimal

quantity of liquid having a composition defined by

2

K;

r; =
Experimentally Determined Equilibrium Ratios. The equilibrium ratio
is defined as

K;=1L

The value of K; is dependent upon the pressure, temperature, and compo-
sition of the hydrocarbon system. Equilibrium ratios for a low-shrinkage
oil and a condensate at temperatures of 200°F are shown in Figs. 4-63 and
4-64 as functions of pressure. The equilibrium ratios for all constituents
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(K values) for both types of fluids are shown to converge to a value of 1 at
atiout 5,000 psia. This point is termed the convergence pressure. If the
temperature at which the equilibrium ratios were presented was the critical
temperature of the mixture, then the convergence pressure would be the
critical pressure. For all temperatures other than the critical temperature,
the eonvergence of K values is only an “apparent” convergence. The sys-
tem will have either a dew point or a bubble point at some pressure less
than the convergence pressure and exist as a single-phase fluid at the con-
ditions expressed by the point of apparent convergence. As equilibrium
ratios are undefined in the single-phase region, it is the extrapolation of the
actual values which apparently eonverges to 1.

The apparent convergence pressure is a function of the composition of
the mixture. The effect of composition is correlated by means of conver-
gence pressures in the most extensive set of published equilibrium ratios
for hydroearbons, the NGAA “Equilibrium Ratio Data Book.”# Equi-
librium ratios for hydroearbons, methane through decane, and nitrogen
for a 5,000-psia convergence pressure are reproduced in Figs. 465 through
4-77 by permission of the NGAA. Data for carbon dioxide and hydrogen
sulfide from the same source are presented in Figs. 4-78 and 4-79, respec-
tively, for a 4,000-psia convergence pressure. The values for 5,000-psia, con-
vergence pressures can be used for a large number of hydrocarbon systems.

The effect of eomposition on K values iz shown in Fig. 4-80, where
values for 1,000- and 5,000-psia convergence pressures are compared at a
temperature of 100°F. The differences in K values for the two convergence
pressures at pressures below 100 psia are not significant for the lighter hy-
drocarbons ethane through pentane. For fuids with CONVergence pressures
of 4,000 psia or greater, the values of the equilibrium ratios are essentially
the same to pressures of 1,000 psia. It then becomes apparent that at low
pressures and temperatures equilibrium ratios are nearly independent of
composition. To define the K values for a mixture at higher pressures it is
necessary to define the convergence pressure of the mixture. A discussion

“of the seleetion of the proper convergence pressure is presented in Chap. 5.

In conventional analyses of hydrocarbon fluids everything heavier than
hexane is grouped together and reported as heptanes plus. This fraction is
a mixture of materials of varying volatility. Because the vapor-pressure
curves and critical properties of the hydroearbons heavier than hexane are
fairly close together, it is possible to characterize the mixture by an average
set of K values. The properties of heptanes plus can be estimated from the
properties of heavier hydroearbons such as nonane or decane. Normally a
more satisfactory procedure for characterizing the heptanes plus is to use
correlated experimental data for heptanes-plus fractions of fluids with
similar properties to those under consideration. For this purpose equi-
librium ratios for the heptanes-plus fractions reported by Katz and
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vergence pressure. (From NGAA®) " 1000- and 5000-psia con-

Hachmuth® and Roland, Smith, and Kaveler® are plotted in Fig. 4-81. The
data of Katz are preferred for crude-oil systems, and the data of Roland
et al. are preferred for condensate fluids.

C‘alcula.ﬁ.ng Procedures for Solution of Equilibrium Problems. The
basic relations developed in Eqs. (£74) through (4-77) apply to hydro-
carbon systems which exist at pressures and temperatures within the two-
pl:%a.sg region. Equations (4-78) and (4-79) apply to the special conditions
existing at the bubble-point and dew-point pressures.

'_I‘he solution of the equations to determine the dew-point and bubble-
point pressures requires the selection of appropriate equilibrium ratios at
the temperature of interest. An estimate of the pressure is made, and the
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K values so determined used in Eq. (4-81) or (4-82) depending on whether
a bubble point or dew point is sought. If the sum of the calculated values
does not equal 1, another pressure is selected and the calculations re-
peated. Trials are continued until the sum is determined within the de-

sired accuracy.
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Fic. 4-81. Equilibrium ratios of heptanes-plus fraction. (Adepted from Kaiz and
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The primary use of dew-point or bubble-point pressure caleulations in
petroleum-production engineering work is in connection with adjusting
equilibrium ratios to observed bubble-point or dew-point pressures.

The calculation of phase equilibrium within the two-phase region in-
volves the selection of equilibrium constants for the conditions of pressure
and temperature under consideration and the solution of the relations ex-
pressed in Eqs. (4-77) through (4-80). Essentially two types of problems
are of interest: the equilibrium between phases at reservoir conditions and
at separator conditions. The caleulative methods for these cases are iden-
tical except in the final volume caleulation of the liguid. However, the
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selection of appropriate equilibrium ratios for reservoir conditions is more
difficult. The caleulation of such equilibriums based on adjusted equilib-
rivin ratios will be discussed in Chap. 5.

For separator calculations at pressures of 500 psi or less, the 5,000-psi .

convergence pressure charts of the NGAA can be used for most naturally
oceurring hydroearbon mixtures. The equilibrium ratio of the heptanes-
plus fraction ean he obtained from Fig. 4-81 or estimated as being equiv-
alent to octane or nonane from the NGAA charts.

The procedure of solution is as follows:

1. Select a set of published equilibrium-ratio data which applies to the
system of interest.

2. From the selected equilibrium-ratio data determine the value of K;
for each component at the desired pressure and temperature.

3. Assume a value of V, thus fixing the other value by the equation

L+Vv=1 (4-74)
4. Solve the following equations:

m m

E 7 = 2 H——"’V—K,—= 1 (4-77)

i=1 i=1

5. If Z z; = 1, the problem is solved and the vaiue assumed for V' or

i=1

L is the correct value. The values caleulated for #/'s represent the analysis

of the liquid. If Z z: # 1, then the assumed value of V or I is not correct
i=1

and it is necessary to assume another value of V or L and repeat step 4.
This particular proeedure is well suited to slide-rule calculations. Tt is
perhaps a little slower than other procedures, but the point of convergence
can be defined with fewer significant figures.

A variation of the ealculating procedure which is particularly advan-
tageous when using a desk calculator is as follows:

4a. Solve the equation

Z EL/TS-I-—K = (PMeaie (4-78)

Sa. If the calculated value (V) is equal to the assumed value V,, the
problem is solved and the composition of the liquid can be determined from:

1 2
TEVEM T K (+78)
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and that of the vapor from

Z; — :C,I/
yo= Ko or  yi="g

6a. If the calculated value (V)wi. is not equal to the as.sumed value
Ve, a new assumption for ¥V must be made and the calculation repeated.

7a. By several successive trials ¥ can be calculated to an accuracy of
about 0.0001. . . o

The procedure outlined is in most convenient form for solution w1t' a
desk ealculator which has s cumulative multiplication feature. Successive
trials can be made with a minimum transeription of numb.ers from the
calculator to a table. A plot of the calculated V as a function of the as-
sumed ¥V is of aid in making estimates for later tna%s. T}.xe nur‘nber. of
trials required depends on the experience of the engineer in estimating
values of V. )

The above relations apply when liquid is expected to be the major mole
fraction. Although they are valid even though the vapor is the major fra(?-
tion, it is desirable to use in that case either Eq. '(4-79) or {4.-80). This
results in determining the composition of the major phase with greater
aceuracy. . -

The solution of equilibrium problems on high-speed com_putors _has stim-
ulated greater interest in flash calculations, particularly in solving reser-
voir equilibrium problems and multistage separatcar. problems. )

Rachford* has reported on a procedure which utilizes a form of the equi-
librium relation developed as follows:

2 = LZ,‘ + VK,'I,‘ (4"83)
Lyi
and 2y = E + Vy.
Since L=1-YV
- — ®_
TR, -V 1
_ Kizs
YT K. 1)V +1
and Tz, =2y, =1
Therefore,
) (K — D2 _ qyKiz) =0 (4-84)
(ys—2) = ) T =f(V,Kqz:
iZl i=1 (K= 1)V +1

" must be assumed, and trial calculations performed. The correct value
of V makes the funetion f(V,K;z:) = 0. For other than the correct value
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the graph of the function has the form shown in Fig. 4-82. The function
has the unique property of yielding negative values if ¥ (assuimned) is too
great and positive values if ¥ (assumed) is too small. Trials can be made
by a.Iwa.ys assuming ¥V = 0.5 for the initial trial, then successively moving
to higher or lower values in a systematic fashion by suceessive halving of
the steps in the assumed values. This procedure yields rapid COnvergence
on the correct vaiue.

Another procedure proposed by Holland and Davison® uses the following
form of the equilibrium relation:

= 1\ 2
9(LKz) = E} TGy - 1=0 (4-85)

. In _this relation L is assumed and the function is caleulated. If the funec-
tion is not equal to zero with the desired degree of accuracy, & new value

+ * & A
¥/
&
- &/
] F B\
=2 &7
i i Ry
=ls i A
3 7 & |
5 ° Ob :
= v
N Coarrect V- 3
& = — Correct i_— o %
~ B — e e
® Fubble point empeia’e
o '
V assumed 0 10
ity L assumed

- Fio. 4-82. Graph of Rachford’s equilib- Fig. 4-83, Graph of Holland's equilibrium
;?(:J:.Hiunctmn. (From Rachford and function. (From Holland and Davison*)
of L is assumed and the caleulation répeated. A graph of the function is
_shown In Fig. 4-83. If, at the pressure selected, the selected temperature
Is greater than the dew-point temperature of the mixture, no solution
fexmts except the trivial solution L = 0. Also if the selected temperature
is less than the bubble-point temperature, the trivial solution L = 0 is the
qnly solution obtained. The dashed curves represent solutions of such
situations. The solid eurve represents the function if the pressure and
temperature conditions are truly in the two-phase region. In applying the
method, a value of L very close to 1 is first assumed. The function is
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evaluated. If the function is not equal to zero within the desired accuracy,
a new L is assumed as follows:

7. _ LKz
Li=Llm= 0T Koy (4-86)

where ¢'(L,K2.);- is the first derivative of g(L,K;z2:) ;1 and is equal to

, _ {1 — 1/K))z;
0K = L T - /K0 g

L; is the new assumed value of L, and L;_; is the previous assumed value
of L.

Separator Problems

The application of equilibrium ealculations to separator problems re-
quires a brief discussion of the separation process. In a separator, a stream
of fluid, referred to as the feed, is brought to equilibrium at the separator
temperature and pressure. The pressure of the separator is subject to
direct control by means of pressure-regulating devices. The temperature
isusually determined by the temperature of the fluid entering the separator
and the prevailing atmospheric temperature. Thus, the temperature of an
oil-field separator may vary from a low at night to a high during the day.
Seasonal variations also occur. In some instances separator temperatures
are controlled by heating or by refrigeration.

The vapor and liquid are removed from contact on leaving the separator.
Several separators may be operated in series, each receiving the liquid
phase from the separator operating at the next higher pressure. Each con-
dition of pressure and temperature at which vapor and liquid are separated
is called a stage of separation. Examples of two- and three-stage separation
processes are shown in Fig. 4-84. [t can be noted that a process using one
separater and a stock tank is a two-stage process unless the conditions of
pressure and temperature of the two are identical.

Beparator calculations are performed to determine the composition of
the products, the oil volume factor, and the volume of gas released per
barrel of oil and to determine optimum separator conditions for the par-
ticular conditions existing in a field.

Ezample 4-15 presents a sample caleulation of two-stage separation
applied to the reservoir fluid of Table 4-13. The equilibrium ratios were
taken from Figs. 4-65 through 4-72 and 4-81. Two calculating procedures
are presented in detail in the example. The ealculations are illustrated in
suitable form for the application of desk calculators. Graphs for estimating
the value of V to be used in additional trials after the first two trials are
illustrated in Figs. 4-85 and 4-86 for methods A and B, respectively. In
method A, ¥V (assumed) is plotted for each calculated Zz:. The correct
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value of V corresponds to Zz; = 1. Therefore, the extrapolation of 5 curve
through the calculated points to the line Zz; = 1 yields a corrected esti-
mate of V. For method B, ¥ (assumed) is plotted for each V (calculated).
The correct solution should. lie on s 45° line (slope of 1) which passes

Vapor

Vent

[‘\

——To pipeline

Separator Stacktank
Bt Rep and Ty, at Ay and 7

Two-siage separation

1 Stage vaper 29 sig e vapor
—_
Feed
Liguid
15* sfufge 29 siage Stocktonk
of {P::pgféido{rse,), o T%ST:); o P and Ty

and (rsep)z

Three-stage separation

F15. 4-84. Schematic drawing of separation processes.

through the origin. The intersection of the 45° and a curve through the
calculated points yields the new estimate for V.

The calculation procedure by method A yields directly the values of x5,
the mole fraction of a component in the liquid. The mole fractions of the
components in the vapor are caleulated from the definition of the equi-
librium ratio.

Yy = Kz,

Frequently, a satisfactory solution for the valyes of L, V, and z; will be

el
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obtained from which the calculated values of y; do not sum to 1. This is
because of minor discrepancies in the K values, and the error can be dis-
tributed uniformly over the composition of the vapor to yield corrected

10

09 / ,/

08 v

o7 /

First
s

08 03 ﬁympﬁbﬂ_
< N 7hird |
. 2 aSSUmpron
€@
E 05 5 < Second
@ / 2 ~ assumption
=T

04
04 080 10 14
Zxy
03
02
l First—stage, method A
of
f
0
0 10 20 30 40 80 &0

Zx

Fze. 4-85. Solution of equilibrium ratio equations, Eq. (4-77), for variots assumed
gas fractions,

Y values, or they can be caleulated by y: = (2, — 2,L)/V. For this reason,
if it is expected that the vapor phase composition is eritical, the alternative

. =1 _ .
relation Z W = 1, based on Zy,, should be used.
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In addition to the compositions and the mole fractions of the mixture
which exist in the liquid and vapor phases, three additional parameters are
of interest to the engineer. These are the API gravity of the stoek-tank
liquid, the gas-oil ratio, and the oil-formation volume factor. . The APL
gravity can be calculated from the density of the stock-tank liquid deter-
mined from the composition by the procedure of Standing and Katz®
discussed earlier in this chapter.

The gas-oil ratio is defined as the volume of gas in standard cubic {eet,
per barrel of stock-tank oil. Gas is removed from each stage of the separa-
tion process so that the gas-cil ratio can be calculated for each stage or
combination of stages. Total gas-oil ratio refers to the sum of the gas vol-
umes in standard cubic feet from all stages divided by the volume in barrels
of stock-tank oil.

In equilibrium (flash) calculations it is customary to solve the equilib-
rium relations for each stage on the basis of 1 mole of feed to that stage.
Thus, if n: moles of feed enter the first stage, the moles of liquid entering
the second stage

Ny = Lfn.l
and Tz = Lz’n.z = Lngnl
where 7 is the moles of feed and the subscripts refer to the stage. If the
third stage is the stock tank, then
fee = Lgng = LyLoLymy
where 7., is the moles of liquid remaining in the stock tank for n, moles
into the first separator. In general terms,

s
nes = m | L (4-88)

i=1

e

where m = number of stages
L; = mole fraction of liquid off ith stage
n: = moles of feed to first stage

Ifny = 1, then
‘ﬁ;z = ]I L,‘ (4:—89)
i=1

and 7., is the mole fraction of stock-tank oil in the feed.
In a similar manner the number of moles of gas can be evaluated. Let
n,; be the moles of gas off stage 7. Then

nn = Ving
The moles of gas off the second stage
Rgz = Vzﬂg = V2L1ﬂ1
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and from the third stage,
N = Vanz = ViLelam
In general terms the total gas off all stages

Hgr = E Tigs = T E V,' ﬁle = M1 — Na2 (4:—90)
i=1

i=1 ime i

If ny = 1, then
m i—=1
A= Y Vil Ls (4-91)
=1 i=1

where 7,7 is the mole fraction of total gas in the feed, such that n; = 7, +
Tyr. The number of moles of gas ean be readily converted to standard
cubic feet by multiplying the number of moles by the molal volume V.,
from Table 4-5 for the desired standard conditions. Thus the total gas
volume per mole of feed = 77V

The volume of stock-tank oil per mole of feed can be calculated from

the density and molecular weight of the stock-tank oil as follows:

(Vo = Tl (4-92)
Pst
where (V) = volume of stock-tank oil per mole of feed, bbl
M. = molecular weight of stock-tank oil
fise = moles of stock-tank oil per mole of feed
ps: = density of stock-tank oil at 60°F and atmospheric pres-
sure, 1b/bbl

The total gas-oil ratio is given by

_ ﬁ'aTVm _ ﬁgTVmpst
Br == witl (4-93)

where Ry is the total gas-oil ratio.

If it is known from other data that the feed to the first-stage separator
exists as a single-phase liquid at its point of entry into the production
stream, then an oil-formation volume factor B, can be caleulated from the
data obtained. The analysis of the feed can then be treated as the reser-
voir fluid, and its density calculated by the method of S8tanding and Katz.

Let pre. be the density of the feed in pounds per barrel. Ther

Ve = o= (4-94)
where (Vies)w is the volume occupied by 1 mole of feed at reservoir con-
ditions and M., is the molecular weight of the feed. By definition, the
oil-formation volume factor
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— (Vm)m - Mras Pst
(Vst)m Pres J:Mﬂﬁst

The calculation of API gravity, total gas-oil ratio, and oil formation vol-
ume factor is illustrated in Example 4-16.

The application of equilibrium ealculations to the determination of the
optimum first-stage separator pressure in a two-stage systemn (one separator
and the stock tank) is illustrated by the data of Table 4-17 and the graphs
in Fig. 4-87. The optimum pressure is defined as that pressure at which

B, (4-95)

336 600
“ — 136

580 / | ™ 134
o\ V/ / \\

NS

33.4

33.2

330

e
(9]
o

Formation volume factor

328 i.28

Stock tank grovity, *API at 60 °F

. i0
‘% Total gas ~ail rf

Separator + stock tank gas-oil ratio, scf/bbi

‘\,
326 32500 — , fo 126
/ ™ j’armaﬁon votu™
32.4 I 1'24
R S—ro 30 80 80 100 120 740

First-stage separator presSure.. psi

Fia. 4-87. Effect of separator pressure in a two-stage separation process,

the maximum liquid volume is accumulated in the stock tank per volume
of reservoir fluid produced. This pressure corresponds to a maximum in
the API gravity and a minimum in the gas-oil ratio and oil formation vol-
ume factor. The optimum first-stage separator pressure for the system
evaluated in Table 4-17 and Fig. 4-87 is 75 psia. The effect of additional
stages can be evaluated in a similar manner.

Equilibrium, or “flash,” ealculations can be used in many other applica-
tions. The applieations of the methods to calculating the performance of
Treservoirs containing condensate fluids or volatile oils are becoming in-
creasingly important. Many of these applications will be reviewed later
in this text.
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Example 4-16. Calculation of Stock-tank Gravity Separator and Stock-
tank Gas-Oil Ratios and Formation Volume Factor.

(1) (2 3 4 6)) (6)
Mn?le fra(_:tion Relative wt, Liqu'id_ Liquid
Component in liquid Mole wi, Ib/mole density volume
phase at, 1b/mole? ) X 3) at 60°F, cu ft/mole
15 psia, 40°F« 14.7 psia® 4 =5
C 0.00283 16.042 0.045399
Cy 0.00047 30.068 0.284744
Cy 0.05768 44.094 2.543342 31.64 0.0803837
Cu 0.05292 58.120 3.075710 35.714 0.0861302
Cs 0.05441 72.146 3.925464 39.08¢ 0.1004468
Cs 0.05690 86.172 4.903187 41.36 0.1185490
Cry 0.76579 263 201402770 55.28 3.6433207
Total 1.00060 216.180616 4.0108304

¢ From Table 4-4.
4 Average of iso and normal.

¢ From Example 4-15.
¢ From Table 4-13.

wt of Gy, 215.850

volof Co = 2011 = 53817 Ib/ou

Density of Cyy =

Wt 9 Cyin Cy, = é%ﬁ X 100 = 0.132
Wt % C, in Crp = 2(1]6(“1‘21 % 100 = 0.021

Density of system including C, and C; = 53.5 Ib/cu ft at 60°F and
14.7 psia (from Fig. 4-50)

Pressure correction from 14.7 to 15 psia is negligible. No temperature
correction required.

Density = 53.5 Ib/eu ft at 60°F and 15 psia

Bpecific gravity = 0.8588

API gravity = 33.26°

Separator GOR (gas-oil ratio) = %
AT E42

_ 380.69(.47904)(53.5)(5.61)
T 216.181(.52096)(.9789)

= 496.47 cu ft/bbl
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380.69Vap0,:(5.61)
mol wi ST lig. X L.

_ 380.69(0.0211)(53.5)(5.61)
’ T 216.181(.9789)

= 11.35 cu ft/bblL.

Total GOR = separator GOR + stock-tank GOR
496.47 + 11.35 = 5(07.82 cu ft/bbl

Stock-tank (ST) GOR =

Sample calculation of formation volume factor:

B = bbl res lig/mole res lig

ST bbl/mole res Iiq (4-95)
. .. M s
Reservoir bbl/mole res liquid = P
1221748
= 166(5.61) = 0467
. 216.181
Stock-tank vol/mole stock-tank oil = m

= 0.72027792 bbl/mole

Stock-tank bbl/mole res fluid = bbl/mole ST g X LiLs ;/
= 0.720(0.52096){0.9789)
= 0.367

==

46
B, = 0367 — 1.2723

<3

TaBLE 4-17. EFFECT 0F SEPARATOR PRESSURES oN FLUID PROPERTIES

Separator pressure, | ¢y i1 ratio, cu ft/bbl
psia B
Stock-tank | . -
p . oil formation
Total | oil gravity,

Ist stage | 2O S8 | rntor | Stock tank "AP ‘fmhmrrlf:3
A (stock tank) eparator OCK tan acto
15 15 587.2 582.2 32.58 1.340
35 15 507.7 8.5 516.2 33.26 1.283
75 15 450.4 39.9 498.3 33.58 1.265
135 15 368.1 135.7 503.8 33.12 1.276

* Separator and stock-tank temperature, 40°F.
* Reservoir pressure, 3,614 psia; reservoir temperature, 200°F.
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CHAPTER 5

DETERMINATION AND APPLICATION
OF RESERVOIR-FLUID PROPERTIES

INTRODUCTION

The volumetric behavior of reservoir fluids must be determined as a
function of pressure and temperature in order that the engineer can eval-
uate the production performance of a reservoir. In Chap. 4, the funda-
mentals of fluid behavior were developed. The volumetric behavior was
shown to be related to various physical properties of the hydrocarbons
composing the fluid. Mixtures of hydrocarbons may be characterized by
specific gravity, molecular weight, compositional analyses, and other prop-
erties which are readily subject to measurement.

The fluids must be identified by direct measurement of certain proper-
ties. These measurements involve securing samples of the fluids from the
field. The simplest procedure is to make measurements of the properties
of the produced fluids. The API gravity of stock-tank oil and the produe-
ing gas-oil ratio are routinely determined. The gas-oil ratio is ordinarily
the ratio of the volume, in standard cubie feet, of gas from the separator to
the volume of stock-tank oil both measured over the same time interval,
If good field practice is followed, the gravity of the separator gas is deter-
mined by the Ac-Me balance or similar device. These data, together with
estimates or observations of the reservoir pressure and temperature, can
be used to estimate the properties of the reservoir fluids. Such estimates
may be of limited aceuraey.

Improved estimates of the properties of the reservoir fluids can be made
by securing samples which are representative of the reservoir fluids and
subjecting these samples to various laboratory analyses. The proper sam-
pling of fluids is of greatest importance in securing accurate data.

Samples are usually collected by field or laboratory technicians especially

‘trained in performing the operation. However, field and reservoir engineers

must be familiar with sampling techniques and the various laboratory

analyses available. The engineer involved must decide when a sample is

required, what sampling techniques should be used, and how the well

should be prepared for sampling. Direct supervision of the preparation

and sampling of the well is essential. The reservoir engineer must under-
359



360 PETROLEUM RESERVOIR ENGINEERING

stand sampling methods in order to evaluate the accuracy of reported
laboratory data.

SAMPLING RESERVOIR FLUIDS

There are essentially three sampling techniques for obtaining reservoir-
fluid samples for analysis of the pressure, volume, and temperature PV
relations. These three techniques are commonly known as:

1. Bottom-hole sampling

2. Recombination sampling

3. Bplit-stream sampling
The general manner of preparing a well and obtaining a sample for each
of these three testing techniques is presented in the following seetions.

Bottom-hole Sampling

A well must be selected and properly prepared before any of the sam-
pling techniques can be applied. The engineer should select a well with a
high produetivity so as to maintain as high a pressure as possible in the
formation surrounding the well. Tt is suggested that the well be as new as
possible so as to minimize free gas saturation. The well selected should not
be producing free water. If the only available well does produeex water,
special care must be exercised in locating the sampling bomb. A series of
productivity tests should be conducted on the well to determine the
bottom-hole flowing pressures which exist at various rates of flow. These
tests aid in selecting the well which will have the highest flowing bottom-
hole pressure at the stabilized flow rate. The producing history of the wells
should be studied. The well selected for sampling shouid have heen pro-
ducing with a stabilized gas-oil ratio. If a well exhibits a rapidly increas-
ing gas-oil ratio, the saturation conditions would probably prohibit the
collecting of a representative sample.

Once the well to be sampled has been selected and all necessary tests
performed, it must be properly prepared. The time required for well prep-
aration is dependent upon the past history and the productivity of the
well. The well should be flowed at as low a stabilized rate as possible.
The stabilized rate of flow should be continued until such time as a con-
stant gas-oil ratio is indicated on the surface. It is desired, but not alw:ays
obtained, that the low How rates will cause such a small pressure gradJer_lt
around the well bore that the gas saturation in the surrounding area will
be reduced, by solution and compression, to an immobile state. ) )

The length of time required to reach a constant producing gas-oil ratio
is dependent upon the free gas saturation when the well preparation beg?,n.
The well is then shut in to permit the pressure to build up in the ff)rmatlon
adjacent to the well bore. The duration of the shut-in period will be de-
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pendent upon the productivity of the well. In some mstances, the time
period may be 2 to 3 hr, whereas in others, it may be as high as 72 hr.
Fluid entering the well bore during the shut-in period enters under in-
creasing back pressures. The fiuid which is opposite the perforations after
the maximum well pressure is obtained should be gas-saturated at the
pressure and temperature at the bottom of the hole.

A tubing pressure survey is conducted to locate the gas-oil and water-
oil interfaces. A special sampling bomb is run on a wire line. This bomb
is activated at the surface so as to retrieve a bottom-hole fluid sample
under pressure. There are several
different types of bottom-hole samp-
ling devices on the market. In F' ig.

5-1 is a schematic drawing of a
sampler. The valves are locked open
at the surface, the bomb is located
at the desired sampling position, and
the valves are activated by dropping
a metal bar or by a preset clock
mechanism. Instruction for the oper- .

. . . . Locking
ation of these various devices will Jevice for
normally accompany the instrument /fower vatve. |
and hence will not be discussed here.

If properly used, all the devices are
successful in obtaining appropriate
samples.

The foregoing well preparation
and sampling procedure can be used
with any normal gas—crude-oil sys-
tem. This procedure is often modified
when reservoir fluid and well con-
ditions meet special requirements.

"Vhen, at a low stabilized Row rate, Fia. 5—1_.Schematic drawing of bottcm.n-
. hole fluid-sample bomb. (From Pir
the flowing hottom-hole pressure of ;5,1
the test well is thought to exceed the
bubble-point pressure of the reservoir fluid, a bottom-hole sample can be
collected with the well flowing. An additional step is added to the well-
preparation procedure previously discussed. After the shut-in period, the
well is allowed to flow at a low stabilized rate. The sample bomb is run,
and the sample collected with the well flowing. The sample collected
should be representative of the reservoir fluid. This is the ideal samp-
ling procedure, as the oil entering is fresh oil at all times and is representa-
tive of the reservoir fluid.
The bomb and its fluid sample are brought to the surface. The bomb is

Tripping
arm

|~ LUpper valve

|- Spring and
1 guide for
closing bomb

] - Lower valve
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checked at the surface for possible leaks. The pressure in the bomb at the
surface is measured to indicate whether or not the bomb was properly
activated in the hole. The pressure in the bomb should be slightly less
than the bottom-hole pressure at which the sample was collected. Nor-
mally, the saturation pressure of the collected sample at surface tem-
perature is measured by pumping water or mercury into the sample and
observing the pressure-volume behavior. Once again, this pressure should
be less than the pressure at which the sample was collected. If it exceeds
the sampling pressure, then the sampling device either collected free £as
or leaked oil. To protect against possible leakage, at least two fluid sam-
ples are collected and checked against each other.

If the reservoir were initially at its saturation pressure, the bottom-hole
sample obtained would probably indicate a solution-gas-oil ratio and
bubble-poini pressure different from that of the original reservoir fluid.
The saturation pressure obtained from the bottom-hole fluid sample will
normelly be lower than the bubble-point pressure of the original reservoir
fluid. As the pressure around the well declines with produetion, gas is
released from solution. This gas either remains in the reservoir or is pro-
duced. The oil that enters the well bore has a lower saturation pressure
than that originally existing in the reservoir. Any free gas that enters the
well will migrate upward in the tubing owing to gravity. Hence the oil
collected by the bottom-hole sampler exhibits a saturation pressvrée COTTe-
sponding to the existing reservoir pressure rather than to the initial
Teservoir pressure.

These inaceuraeies in sampling can be corrected either by a mathematical
technique, which will be discussed later in this chapter, or by adding ad-
ditional gas to the samples in the laboratories. Both methods have limita-
tions but yield a sufficiently close approximation to the actual reservoir
fluid for use in reservoir caleulations.

Recombination Samples

A second technique used in obtaining fluid samples from which to deter-
mine PV T relations is known as recombination sampling. For a recombina-
tion sample, the fluids are collected at the surface. A sample of separator
oil and separator gas are collected, and these samples are recombined in
the lahoratory in the proper proportions as determined by production char-
acteristics measured at the surface during sampling operations.

The selection of the well from which to collect the sample is based upon
the same conditions specified for bottom-hole sampling. The same pre-
sampling tests are desired.

Onece the well is selected, it is flowed for a period of time sufficient to
stabilize the producing gas-oil ratio at the surface. It is desired to have
the gas-oil ratio checked over at least three comparable time intervals.
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These checks may be over 2-hr, 4-hr, or longer time intervals if NEeCcessary
to obtain the desired stability of the producing gas-oil ratio. Onece the pro-
ducing gas-oil ratio stabilizes, the well is ready for sampling.

Gas and liquid samples are collected from the same separator at the
same flow conditions. A larger quantity of separator gas must be collected
because of its high compressibility compared with the liquid. The manner
of collecting these fluid samples varies with company and individual pref-
erence. Pressure~control devices are attached to the separator to maintain
stabilized eonditions. The sampling containers can be attached to the sep-
arator as indicated in Fig. 5-2. The oil-control valve should be regulated

Pressure
control

x M

L
Meter, gas

measuring
point

Gas
sampling

Well fluid point

=-Liquid
sample
paint

Normal liquid
measurement

Internaily operafed point

oil-level control

Separator Stock-tank

Fe. 5-2. Schematic layout of production facilities with indicated sample points for
recombined samples.

so that the oil sample outlet is always submerged. Regardless of the method
of collecting the fluid samples, the following data should be recorded:

1. A volume of oil in the separator compared with a volume of oil in the
stock tank. This information permits the field caloulation of & shrinkage
factor for separator oil. The final shrinkage factor for separator oil is de-
termined in the laboratory by flashing to stock-tank conditions.

2. The temperature and pressure of the separator.

3. The temperature and pressure of the stock tank.

4. The specific gravity of the stock-tank oil.

5. The amount of separator gas produced per stock-tank barrel (GOR,
gas-oil ratio),

6. The gravity of the separator gas obtained in field or laboratory to
correct meter measurements,

7. The flowing bottom-hole pressure and temperature.

8. The shut-in bottom-hole pressure and temperature.
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With these data it is possible to obtain an analysis of the fluid entering the
separator by properly recombining the separator liquid and separator gas.

The recombination method of sampling is just as good as the bottom-
hole sampling technique for reservoirs where the flowing pressure exceeds
the bubble-point pressure of the reservoir fluid. When the bottom-hole
flowing pressure is less than the bubble-point pressure, free gas is produced
from the reservoir. The bubble-point pressure for a recombination sample
may be in excess of the original bubble-point pressure of the reservoir
fluid owing to the excess gas. In most cases, these errors can be found and
corrections made by taking into aceount the other data measured while
collecting the sample.

Split-stream Sampling

The third method of sampling is split-stream sampling. This method is
primarily used in sampling of gas condensate wells. The same qualifications
and procedures are used in seleeting and preparing a well for split-stream
sampling as were used for obtaining a recombination sample. Ir addition
to the data measured for recombination sample, it is necessary to note the
temperature and pressure of the flow stream of the point at which the sam-
ple is collected.

In split-stream sampling, a small-diameter tube is inserted into the
middle of the flow stream. Part of the flow is diverted through this tube
into either an auxiliary separator or sampling bottles. In most cases, this
sample is obtained by inserting the tube in tubing to 8 or 10 ft below the
surface well head connections or in the flow stream just upstream of the
separator. Precaution must be taken to center the tube properly in the
main flow stream. The velocity of fluid flow in the sampling tube should
be maintained equal to the veloeity in the pipe. The quantity of fluid re-
moved by the sampling tube should not exceed the quantity of fluid which
is flowing in a comparable ares within the main flow stream. This method
is fast and, if used in conjunction with a small, temperature-controlled
separator, will permit an analysis of the reservoir fluid in the field.

The sampling tube can be conneeted directly to the sample bottle. The
sample thus collected is comparable to a bettom-hole sample taken under
flowing conditions. The fluid from the sampling tube can be separated so
as to collect separate gas and liquid samples as in the recombination
method. Creater accuracy is obtained by separating the sample stream
and collecting individual gas and liquid samples. Any variations in instan-
taneous gas-liquid rates are usually averaged out during the period of
separation.

The split-stream method of sampling loses its accuraey with bigh-liquid-
content fluids. It is difficult to ensure the proper entry of gas and liquids
into the sampling tube for high flowing liquid-gas ratios. Much of the
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liquids will be concentrated along the wall of the pipe owing to friction.
The sample tube located ih the middle of the pipe collects a greater propor-
tion of gas than actually exists. More detailed information on sampling
techniques is available in the literature.>®

Once the samples have been collected, they are shlpped 10 a laboratory
for complete analysis. The type of laboratory analysis is dependent upon
the type of reservoir and the information desired.

LABORATORY ANALYSIS OF RESERVOIR-FLUID SAMPLES

Laboratory analyses are the same regardless of the method used in col-
lecting the sample. Before any tests can be performed, it is necessary that
a certain amount of preparation be made on the field sample.

In the case of a bottom-hole sample it is necessary to raise the tempera-
ture and pressure of the field sample to reservoir conditions. The sample
is then transferred to an appropriate test cell for analysis.

The preparation of a recombination sample is more complex. The gas
and oil must be recombined in correct proportions to obtain a representa-
tive reservoir-fluid sample. The quantities which must be measured in the
laboratory prior to recombination are briefly enumerated. A mole analysis
of the separator liquid and gas sample are obtained usually by means of a
fractional distillation colurnn. A small volume of the separator liguid is
raised to field separator test conditions and flashed to field stock-tank test
conditions. The volume of separator liquid and the resulting volume of
stock-tank liquid are used in caleulating a separator shrinkage factor.

volume stock-tank oil (5-1)
volume separator oil

This shrinkage factor is used to determine the ratio of separator gas to
separator liquid. The separator gas-oil ratio is then calculated, and the
number of cubic feet of gas to be recombined with a given volume of sep-
arator Hguid is determined.

8. = separator shrinkage factor =

R;JS.: = Rtp (5-2)

where R, = separator GOR expressed with respect to stock-tank liquid
S, = separator fluid shrinkage factor
R.p, = separator GOR expressed with respect to separator liquid

The separator liquid and gas samples are recombined in the proportion
dictated by R,,. The mole composition of the produced fluid can be caleu-
lated from the analysis of the separator liguid and gas. The procedure for
caleulating the composition of the produced fluid from separator fluid
analyses is presented in Example 5-1.

‘When the fluids are recombined, the resulting fluid is equivalent to a

Il
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bottom-hole sample, and it is only necessary to raise the pressure and
temperature of the sample to reservoir conditions for further analysis.

The preparation of a split-stream sample is the same as a recombination
sample if it was separated and collected as gas and liquid. If the sample
wag collected without separation, it is treated in the same manner as a
bottom-hole sample.

There are many analyses which can be made on a reservoir-fluid sample.
The amount of data desired determines the number of tests performed in
the laboratory. There are three laboratory tests which are measured on
all gas—erude-oil reservoir-fluid samples. These three tests determine the
composite or total formation volume factor by flash liberation, the differ-
ential liberation formation volume factors and solution-gas—oil ratio, the
gas-compressibility factor, and a study of the effect of surface separator
conditions on flash volume faetors.

Example 5-1. Calculation of Composition of Produced Fluid Analysis
from Analyses of Separator Liquid and Gas.
1. Caleulation of liquid density:

(1) 2) (3) 1€Y) 5 (6) (7}
Relative wt, Wt Liquid Liquid
Mol , qui
Component 5 :. N . | Molwt Ib/mole fraction density, f/ volurme,
raction @) X (3) (4)/2(4) Ib/cu ft cu ft/mole
(4)/(6)
Cy 0.0238 16.042 (.28180 0.00239
C: 0.0069 30.068 0.20747 0.00130
_C; 0.0155 44.094 0.68346 0.00429 31.64 0.02160
1Cy 0.0230 58.120 1.33676 0.00839 35.08 0.03810
1_104 0.0239 58.120 1.38907 0.00872 36.35 0.03821
#Cs 0.0329 72.146 2.37360 0.01489 38.90 0.06102
nCs 0.0440 72.146 3.17442 0.01992 39.27 (.08084
Cs 0.0610 86.172 5.25649 0.03298 41.36 0.12709
Cy+ 0.7690 188.00 144 57200 0.90712 52,77 2.73966
159.37507 1.00600 3.10652
* From laboratory and field data.
Density of Gy = 159.37507 — 0.38180 — (0.20747 = 51.11372

3.10652
Wt % C], in Cl+ = 0.239

0.20747
159.37507 — 0.38180

Density of separator liquid = 51.0 Ib/cu it

Wt % Cpin Co- = = 0.1304

JE——————yl
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Gravity of stock-tank oil* = 29.2°API at 60°F
GOR* = 338.5 cu ft/bbl
8G = 0.8289 density of stoek-tank oll = 51.64 lb/cu ft
Separator shrinkage factor = 0.960
Separator-gas—separator-liquid ratio = 338.5 cu ft/bbl (0.960)
= 825 cu ft/bbi

2. Calculation of composition of produced fluid:

(8) (® (10) (11) (12) (13) (14
Co_m poment | yrole Component Molle
Com- Mole 10 gas, fraction in liquid fraction
fraction | lb-moles/bbl | 5. . ? (10} + (12) ; composite,
ponent gas, y:* | 325 hqu:‘d, Ib-moles/bbl (13)/2(13)
Teoms X @ | = 1.79672 x (11) o
N 0.0088 0.00751 0.00751 0.00283
CO. 0.0260 0.02220 0.02220 0.00838
H,S 0.0140 0.01195 0.01195 0.00451
C 0.6929 0.59154 0.0238 0.04276 0.63430 0.23932
C: 0.1401 0.11960 0.0069 0.01240 0.13200 0.04980
C 0.0731 0.06241 0.0155 0.02785 0.09026 0.03405
FLOA 60119 001016 0.0230 0.04132 0.05148 0.01942
»Cy 0.0210 0.01793 0.0239 0.04294 0.06087 0.02297
iCs 0.0049 (.00418 0.0329 0.05911 (0.06329 0.02388
7Cs 0.0046 0.00393 0.0440 0.07906 0.08299 0.03131
Cs 0.0010 0.00085 0.0610 0.10960 0.11045 0.04167
Cre 0.0017 0.00145 0.7690 1.38168 1.38313 0.52186
1.0000 2.65043 1.00000

* From laboratory and field data.

Number of moles of separator liquid/bbl of separator liquid

_ density of separator liquid, lb/bbl _ 51(5.61) _ 1.79672
- mol wt of separator liquid = 159.37507 ;

Relative Total Volume

The relative total volume is measured by an equilibrium, or “flash,”
liberation process commonly called the pressure-volume, or PV, test. The
test is started with a sample of reservoir fluid in a high-pressure cell at
reservoir temperature and at 2 pressure in excess of the reservoir pressure.
The volume in the cell under these conditions is known. The pressure in
the cell is lowered by increasing the space available in the cell for the fluid.
Depending on the cell, the volume is increased by withdrawal of mercury

* From laboratory and field data.
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from the cell or the removal of 2 piston. A schematic representation of the
test is shown in Fig. 5-3. The cell pressure is lowered in small Ingrements
and the volume change for each pressure increment recorded. This pro:
cedure is repeated until a large change in the pressure-volume slope is in-
dieated. This change in slope oceurs when gas is liberated from solution.
The pressure at which the large change in the pressure-volume slope occurs
is considered the bubble point (see Fig. 5-4). After gas is liberated, the
procedure is altered and the sample is brought to equilibrium after each
change in volume. To obtain equilibrium, the sample is thoroughly agi-

Incipieat
formation
of gas
1 2 3
T 2
Yl ol %, Oil I oil
SRR
t i
/ / ot AN
Hg Hg / / Hg J_
>
/ Hg
%
Py7>Fy P> Fy P3=Fp B<hy FB<Fa<hy

Temperature of test = reservoir temperature

Fi5. 5-3. Schematic representation of equilibrium {flash} PV test.

tated, either with an internal mixing device or by shaking the test cell.
The equilibrium pressure is recorded. This procedure is followed until the
volume capacity of the laboratory cell is reached. The resulting data are
expressed as the relative total volume. A procedure will be discussed later
for calculating the total formation volume factor using relative total vol-
ume data.

The pressure-volume test is conducted on a hydrocarbon mixture of
definite composition. As no hydroearbon material is removed from the
cell during the test, the eomposition of the total hydrocarbon mixture in
the cell remains fixed at the original composition. The test is equivalent
to determining the volume relations along an isotherm of a phase diagram
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such as Fig. 4-6. The gas liberated from solution is the equilibrium vaper
phase which forms in the two-phase region.

Differential Oil Formation Volume Factor and Gas in Solution

The differential formation volume factor and gas in solution fest begins
in the same manner as the relative
total volume test. The sample is
placed in a high-pressure cell with
the pressure above the reservoir bub-
ble-point pressure and the tempera-

ture of the cell at reservoir tempera- 4

ture. The pressure is lowered in

inerements, and the volume change

in the cell noted. The pressure is fﬁﬁfi‘le/'

lowered until such fime that free oy ] .
gas is liberated in the cell. Then for Ps P Ps P A
predetermined pressure or volume Pressura

increments, mereury is withdrawn o o o of bubble poiat
from the cell, gas is released from fom PV refations.
solution, and the cell is agitated until
the liberated gas is in equilibrium with the oil. A schematic representation
of the test is shown in Fig. 5-5.

The total volume of the gas and oil is determined by the mercury-
volume changes during the test. All the free gas is ejected from the cell at
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Fic. 5-5. Schematic representation of differential liberation test.
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a constant pressure by injecting mercury. The volumes of the free gas
displaced and the oil remaining in the cell are thus measured at cell con-
ditions. The free gas is also measured at standard conditions. Depending
upon future tests, either the free gas is analyzed at each stage of liberation
or all the gas is collected in a sample bottle. This procedure is repeated
for all the pressure increments until only oil remains in the cell at reservoir
temperature and atmospheric pressure. The gas which is liberated by a
differential process, from the bubble-point pressure to atmospheric pres-
sure at reservoir temperature, can be caleulated from these data.

A shrinkage factor for the oil, due to temperature change, is determined
by ejecting the oil out of the cell into a container so that its volume can
be measured at 60°F. With the appropriate caleulating procedures, the
differential formation volume factors at all the various pressure intervals
can be computed. If all the liberated gas is collected in one sample con-
tainer, compressibility factors for the composite gas can be measured.

The differential liberation process as conducted in the laboratory is a
stepwise equilibrium process. At each pressure decrement vapor and liquid
phases are brought to equilibrium.

The essential difference between the equilibrium test and the differential
test is the removal of a portion of the fluid from the cell during the differ-
ential test. As a result the composition of the material remaining in the
cell is progressively changed during the test. The materials removed are
predominantly lighter hydrocarbons, methane, ethane, and propane.

Flash Separation Test

Another test which is often performed as a routine test is that of deter-
mining flash separation data on a bubble-point fluid sample. A cell is
charged with a reservoir sample at a pressure above the original bubble-
point pressure of the reservoir. Then part of this fiuid is ejected from the
cell into a stage separation system. The volume ejected is carefully meas-
ured and is flashed through the separation process, either one, two, or three

- stages. The pressure and temperature of these stages are carefully con-

trolled. The volume of gas from each stage of separation and the volume of
residue liquid remaining in the last stage of separation are measured.
Thus, an oil formation volume factor for fash separation of a hubble-point
sample and the flash gas-oil ratio off each stage of separation can be cal-
culated.

This process is repeated for several firsi- and second-stage pressure com-
binations for a three-stage system. If 5 two-stage system is used, the
process is repeated for several first-stage separator pressures. The follow-
ing data are reported as a result of these tests:

The oil formation volume factor for the separator condition

The gravity of the stock-tank oil

RTpR—
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The separator gas-oil ratios

The stock-tank gas-oil ratic

The total gas-cil ratio
The flash separation tesis are essentially small-scale field separation proe-
esses. The resulis could be caleulated from the composition of the reservoir
fluid as described in Chap. 4. However, the laboratory tests are easily
made and are preferred. :

Gas Compressibility

The compressibility of the liberated gas or of the separator gas can be
determined in much the same manner as the composite volume factor of
the oil. The gas sample is charged into an evacuated pressure cell, and
the mass of gas in the cell is calculated. The pressure of the gas is increased
by injecting mercury into the cell. The volume of gas in the cell, af the cell
pressure, is determined by the amount of mercury injected. From these
measurements it is possible to caleulate the compressibility factor for the
gas by utilizing equations shown in Chap. 4.

The compressibility factor of the gas liberated at each pressure decre-
ment during a differential liberation process can be calculated from the
volumes cccupied by the displaced gas at cell pressure and at atmospheric
pressure as measured in & receiver.

The analysis or gas gravity of the gas liberated at each pressure decre-
ment can be determined. Using the analysis or gravity of the gas displaced
at each pressure step, the compressibility factor as a function of pressure
is calculated by the use of pseudo-eritical properties and eompressibility
curves. The methods of calculation are presented in Chap. 4, A sample
calculation from the measured gas gravity for a sample is presented later
in this chapter,

There are numerous other laboratory tests which are often requested on
reservoir-fluid samples. These analyses are normally considered in addition
to conventional PVT analysis. Some of the more frequently requested
analyses are fluid viscosity, differential-flash formation volume factors,
equilibrium ratios, and fluid composition. Following are brief discussions
of the procedures used in performing some of these laboratory tests.

Fluid Viscosity

Ii the oil viscosity is desired at reservoir pressure and temperature, if is
necessary to use a high-pressure rolling-ball viscosimeter. This instrument
measures the time required for a precision steel ball to roll a given distance
in a tube filled with oil. The time of travel is converted to viscosity by
means of a calibration curve for the instrument. The clearance between
the ball and tube can be changed by changing the ball diameter. The lower
the fluid viscosity, the smaller the clearance used.
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In order to measure the reservoir-oil viscosity, the rolling-ball viseosi-
mt'atfer is charged with a reservoir-fluid sample at a pressure in excess of the
01:1g1nal reservoir pressure. The pressure in the viscosimeter is lowered by
differential separation of gas and liquid inside the viscosimeter. The vis-
cosity of the liquid remaining from the separation is measured. To reduce
the pressure m the rolling-ball viscosimeter, the top valve of the viscosim-
eter is opened slightly, permitting some liberated gas to escape. The
pressure on the system is lowered, and more gas is liberated. The Aow of
gas 1s stopped, and the viscosimeter is rotated, permitting the ball to travel
up and down the tube. This agitates the system and permits the oil and
gas to reach equilibrium. The pressure existing in the cell when equilib-
riem is reached is the pressure at which the liquid viscosity is measured.

A sample can be differentially liberated in a rolling-ball viscosimeter
provided the fluid shrinkage is not greater than approximately 50 per cent.
There is excess volume in the top of the viscosimeter for the accumulation
o_f the free gas, thus keeping the tube completely immersed in oil at all
times. Bhould the sample have a shrinkage greater than 50 per cent, it
would be necessary to perform the tests in two stages. The first st;.ge
would be with a sample above the original bubble point. This sample
would be permitted to shrink approximately 50 per cent. The viscosimeter
Would.- then be charged with a sample already differentially liberated “to
some n'ltermedia.te pressure. The viscosity of the liquid phase over the
remaining pressure range would then be measured.

’ljhe rolling-ball viscosimeter can alse be used for measuring gas vis-
cosities. It is rather difficult, as the clearance between the ball and the
tube must be extremely small. Any impurities or any small obstruction
causes the' ball to hang, yielding inaccurate readings. In most cases, the
gas VIS(‘EOSItY can be calculated from the gas analysis and the curves pre-
sented in Figs. 4-40 through 4-45. Thus, the engineer is able to calculate
8 gas viscosity at each pressure at which he has the analysis of the liberated
gas. This is cheaper, easier, and perbaps more accurate than measuring

- these data in the laboratory.

Differential-Flash Oil Formation Volume Factors and Gas in Solution

The .differentia.l formation volume factor is not the same as the flash
formation volume factor. Nor are the differential and flash gas-oil ratios
the same. Thus, regardless of the testing procedures—flash or differential—
some correction must be made on the resulting data to approximate the
fluid behavior in the oil-production process.

Another type of test has been suggested by Dodson* which represents
a combination of differential and flash liberation processes. Thus, this
method is called composite liberation. The test is more difficult to per-
form and requires collection of larger reservoir-fluid samples. The sample
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is differentially liberated to a pressure. The oil resulting from this differ-
ential liberation is then flashed to stock-tank conditions. The gas liberated
by the flash is the gas in solution, and the oil volume discharged from the
cell compared with the resulting oil volume is the formation volume factor.
The differential process is continued to a lower value of pressure. The re-
sulting liquid at this lower pressure is flashed to stock-tank conditions,
yielding data as in the previous flash. The process is repeated over a num-
ber of pressure steps to secure the complete analysis. The above laboratory
procedure can be utilized to obtain a more accurate representation of the
actual separation imposed upon an oil-gas system in the production process.
This behavior will be discussed more thoroughly later, where means of
approximating combination formation volume factors will be discussed.
These tests are more expensive and time-consuming than the conventional
tests. The question arises, Does the reservoir warrant such an expenditure,
or is it necessary for the type of caleulations desired? This question

must be answered by the engineer.

Equilibrium Ratios

One of the more expensive laboratory tests is the determination of equi-
librium ratios (K values) for a reservoir fluid. This particular type of test
is a modification of the flash test previously described. The test is per-
formed in the following fashion: A cell is charged with a reservoir-fluid
sample above its saturation pressure and at reservoir temperature. The
sample is then flashed by dropping the pressure in the cell until gas is
liberated within the eell. The oil and gas are agitated until a state of
equilibrium s reached. The oil and gas are both removed individually
from the cell at the cell pressure, and each analyzed by means of a Pod-
bieiniak fractional distillation column. The equilibrium ratios at this par-
ticular value of pressure and temperature can be calculated from these
analyses. The cell is recharged with another sample of oil above the orig-
inal saturation pressure. This sample is flashed to a lower pressure than
the previous sample. Once again the gas and liquid are removed individu-
ally at this sampling pressure, and the analysis of each phase determined.
Equilibrium ratios at another pressure and at reservoir temperature are
thus obtained. This procedure is continued over a desired range of pres-
sure. The equilibrium ratios obtained by this procedure apply only to a
material having the composition of the bubble-point fluid and do not neces-
sarily apply to the gas-liquid systems which actually exist in the reservoir
after fluid has been produced.

Fluid Composition
The composition of hydrecarben fluids is normally determined by frac-
tionation. A low-temperature fractionating column is used for gases, and
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a high-temperature column is used for liquid hydrocarbons. These columns
are essentially pressure- and temperature-controlled fractionating towers
in which the components are removed in decreasing order of their vapor
pressures at the temperatures of the column. This type of analysis is
accurate and requires small sample volumes. Impurities such as CO,, ete.,
must be removed and determined by other means such as an Orsat absorp-
tion analysis.

An alternate system, the mass spectrometer, is available for gas analysis.
The advantages of the mass spectrometer are that it is extremely fast and
requires a very small sample. The mass spectrometer will measure other
components such as hydrogen sulfide (HsS), carbon dioxide (CO.), and
nitrogen (Ny), a5 well as the hydrocarbons in the system. For a gas sam-
ple which is to be analyzed by the mass spectrometer, it is necessary that
1t be collected in a glass- or ceramic-lined container to prevent a reaction
between the sample and the walls of the retaining vessel. Analysis by
means of the mass spectrometer is inexpensive. The disadvantage of this
method is that a ealibration or test sample must be made to permit quan-
titative as well as qualitative analysis, and as the number of components
increase, the caleulations required increase, so that for » components n
simultaneous equations must be solved. Therefore for many analyses high-
speed computing equipment is desirable to reduce costs and caleulation
time.

Chromatography is another means of determining fluid composition. A
special column is used which separates the components on molecular weight
and structure. This method is fast, requires a small sample, and is inex-
pensive. Chromatography is becoming a standard means of gas or liquid
analysis.

Presentation of a Fluid Analysis for a Gas—Crude-oil System

The form in which data from a laboratory analysis of a gas-crude-oil

system are reported is dependent upon the requirements of the individual

- company or laboratory which analyzed the fluid. There are two basic
means of expressing the reservoir volume: (1) as a ratio of the surface vol-
ume and (2) as a ratio of some reference reservoir volume.

There are essentially six methods of referring the oil volume in the reser-
voir to surface or stock-tank volumes.

The most common of these is the differential oil formation volume factor.
This volume factor is obtained by dividing the volume occupied by the
liquid, at some reservoir pressure, by the volume that liquid would yield
if it were differentially liberated to stock-tank conditions. Expressed in
equation form, this would be

Differential FVF = By = —— (5-3)
Vira
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where Vrs = volume resulting by a differential process to stock-tank con-
ditions
V = volume of liquid at some given pressure and temperature
B, = differential formation volume factor .

The second way of expressing reservoir volume relationships is essen-
tially the same as the first, exeept that the standard surface volume is ob-
tained by a flash liberation process. This quantity is referred to as a flash
formation volume factor (FVF); it represents the ratio of the liquid volume
at some pressure and temperature in the reservoir compared with the vol-
ume resulting from a flash liberdtion of that reservoir volume to some
standard condition. This relation is expressed in Eq. (5-4).

Flash FVF = B, = —— (5-4)
ng
were Vg, is the residual volume resulting from a flash liberation process
and B, is the formation volume factor by flash liberation.

Another means of expressing volume changes for reservoir fluids is com-
monly referred to as the shrinkage factor. The shrinkage factor is the
ratio of the volume of residual fluid resulting from a liberation process to
the volume at reservoir pressure and temperature required to yield that
residual volume. There are two shrinkage factors, one resulting from a
differential liberation process and another resulting from a flash liberation
process. These two shrinkage factors are expressed in equation form as

Differential shrinkage factor = Ves _ (5-5)
14 B

; _ Ve _ 1 )

Flash shrinkage factor = v =B (5-6

The last means of expressing reservoir volumes with respect to surface
volumes is the percentage shrinkage of the reservoir crude. As previously
indicated for the other two expressions, there are two percentage shrinkage
values dependent upon the type of liberation process involved. The per-
centage shrinkage is an expression of the change in volume from reservoir
pressure and temperature to some standard pressure and temperature. The
change in volume is compared with the resulting volume at the standard
pressure and temperature. Expressed in equation form they are

9, shrinkage differential = V;—J’“ X 100 = (Bos — 1)100 (5-7)
Y — Ve v 100 = (B, — 1)100 (5-8)

%% shrinkage flash =
Var

The change in reservoir liquid volumes is often referred to some volume
base other than surface volumes. The base to which it is most frequently
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referred is to the volume occupied by the liquid phase at the bubble-point
pressure and reservoir temperature. This relationship is normally referred
to as the relative oil volume and expressed in equation form is

% = relative oil volume (5-9)
where ¥, is the lquid volume at bubble-point pressure and reservoir tem-
perature.

As would be expected, two numerical values exist for any one fluid, de-
pendent upon the means of liberation used in obtaining the resulting voi-
uraes. The volume V in the above equation can take on two values,
dependent upon the liberation process, resulting in relative oil volume by
differential liberation and a relative oil volume due to flash liberation.

At times it is convenient to express reservoir volume relationships in
terms of total volume, that is, the reservoir oil volume and its original
complement of dissolved gas. These volumes, as in the ease of the liquid
volume, are referred to either stock-tank volumes or bubble-point volumes.
The total volume ratios are expressed as

Total vol factor = B, — %
Bf

— Yol of oil and its complement of liberated gas at P
vol of stock-tank oil resulting from oil vol at P

—

and
¥V,

Relative total vol = <
Vs

_ Vol of qil and its complement of gas liberated at P
vol of bubble-point oil required to yield vol P

As in the case of the other expressions of fluid volume, different values

. are obtained for different liberation processes. . Most laboratory fluid analy-

-ses report only the relative total volume by the flash process. As the other
total volume relationships must be caleulated, their discussion is deferred
to the section on correcting laboratory fluid-analysis data.

Other than expressing comparative volumes of reservoir fluids with re-
spect to some standard measure, as either bubbie-point liguid or stock-tank
liquid, there also must be a means of expressing the gas in solution and the
gas liberated from the oil owing to pressure changes. Liberated gas is that
gas which is formed as the pressure is dropped below original bubble-point
pressure. The gas in solution normally refers to the total amount of gas
that has been liberated in bringing the liquid existing at the elevated
temperature and pressure to stock-tank conditions and is reported in stand-
ard cubic feet per stock-tank barrel. The gas liberated at bubble-point
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pressure is zero, whereas the gas in solution is a maximum at the bubbie-
point pressure.

The numerical values obtained for the gas in solution and gas liberated
will depend upen the process of liberation, flash or differential. In most
cases the gas Liberated by a differ-
ential liberation process is reported
as the pressure is progressively de-

creased. Most engineers consider 12

that the liberation process in the

reservoir more closely approaches a 5, By, % ;
oF

differential process than a flash 11 i
process. The fluid produced from
the reservoir to the surface is con-
sidered to undergo a flash process, w
as it is felt that the liberation in
the tubing and in the surface equip-

ment closely approaches a true
Fig. 5-6. Idealized comparison of flash

flash liberation system. : . ;
. . . d differential formation volume fac-
Idealized flash and differential :Qrs_ erental forimation v

formation volume factors B, and

solution-gas—oil ratios R, are presented in Figs. 56 and 5-7. It is noted

that the flash liberation values are less than those of the differential

process. This relationship between the two processes may occur as shown

or in reverse. The exact relation of the two processes depends on the
composition of the fluid, reservoir

|
Bubble point
YThermo! shrinkage

Reservoir pressure -, psig

2 temperature, and the surface sepa-
x ! ration process.

2 l An illustration of one form in
:‘g_ i which the results of a laboratory
< analysis of a crude oil-gas sample
3 Az, f are reported is shown in Tables 5-1
§ ; through 5-3 and Figs. 5-8 through
% s, 5-11. The pressures at which the
@ Bubble point laboratory  measurements were
£ pressure made are listed in Table 5-1,
& column I. The relative total vol-

umes resulting from a flash liber-
ation process are listed in Table
5-1, column 2, and are presented
graphically in Fig. 5-8. It is noted
that a marked change in slope occurs in the relative volume curve at the
bubble-point pressure. The viscosities of the reservoir liquid resulting from
a differential liberation are reported in Table 5-1, column 3. It will be noted

Reservoir pressure-, psig

Fie. 5-7. Ideakized comparison of flash
and differential solution-gas-oil ratios.



TaBLE 5-1. RESERVOIR-FLUID SAMPLE TABULAR Darat

M @) 3 @ | ® (6)
Pressure-volume Differential liberation 220°F
Press relation at 220°F, | Viscosity
YESSI® | relative volume of | of oil 8t | Gas il ratio | Gas-oil ratio
pst oil and gas T4 220°F, ep | lLiberated | in solution v
g Vs per bbl of per bbl of Vra
residual oil | residual oil
e
5,000 0.9739 1.355
4,700 0.9768 1.359
4,465 1.004
4,400 0.9799 1.363
4,100 0.9829 1.367
3,970 0.968
3,300 0.9862 1.372
3,600 0.9886 1.375
3,530 0.931
3,400 0.9909 1.378
3,200 0.9934 1.382
3,130 0.908
3,000 0.9960 1.385
2,900 0.9972 1.387
2,820 0.889
2,300 0.0985 1.389
2,695 1.0000 0.880 0 638 1.391
2,663 1.0038
2,607 1.0101
2,560 0.890
2,512 42 596 1.373 —
2,603 1.0233
2,358 1.0447
2,300 89 549 1.351
2,197 10727
2,008 150 488 1.323
2,000 1.1160
1,960 0.997
1,773 1.1814
1,702 213 425 1.295
1,550 1.2691
1,470 1.124
1,351 1.3792
1,315 290 343 1.260
1,180 1.5117 ’
1,010 351 287 1.232
992 1.7108
940 1.300
711 2.2404 ‘
705 412 226 1.265
540 2.8606
450 1.570
410 3.7149
405 474 164 1.175
289 5.1788
150 539 99 1.141
0 2.872 638 0 1.066%
At 60°F = 1.000 Vre = residual oil volume at 14.7 psia
V' = volume at given pressure and 60°F
¥y = volume at saturation pressure at Gravity of residual oil = 28.8°API at
specified temperature 0°F

Bpecific gravity of liberated gas = 1.0626
378
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that the viscosity decreases with pressure until the bubble point is reached
and that above the bubble point the viscosity increases with pressure. The
volumes reported in columns 4, 5, and 6 of Table 5-1 were all measured
during.one laboratory test, a differential liberation of the reservoir sample
from pressures above the bubble point to stock-tank conditions of 14.7 psia
and 60°F. The gas liberated from solution expressed as standard cubie
feet per stock-tank barrel of oil resulting from the differential liberation is

4.0

3.0

r
=]
D]

Relative volume 1/l

o

OO 1000 2,000 3000 4000 5000 6,000
Pressure, psig

Fre. 5-8. Volumetrie behavior of hydrocarbon sample. (Courtesy of Core Labora-
tories, Inc.)

reported in colurnn 4. Tt is noted that as the pressure is progressively de-
creased, the amount of gas liberated progressively increases, The gas dif-
ferentially liberated is shown as a function of reservoir pressure in Fig, 5-9,
The gas in solution in the reservoir liquid at reservoir pressure and tem-
perature is tabulated in Table 5-1, column 5, and illustrated graphically
in Fig. 5-10. The differential formation volume factors are presented in
Table 5-1, column 6, and Fig. 5-9. :

The results of flash liberation of a bubble-point oil sample through vari-
ous combinations of stage separation are indicated in Table 5-2 and Fig.
5-11. These data were obtained by flashing bubble-point il through a
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separator system where the first-stage separator operated at 0, 50, 100,
and 200 psig and the second stage of separation was always at O psig. The
separator temperature (column 2} remained fairly stable in the neighbor-
hood of 74 to 77°F. The first-stage separator gas-oil ratio (column 3)
progressively decreased as the first-stage separator pressure increased. The
second-stage separator gas-oil ratio (column 4) progressively increased.

70C 170

600 i - 160

500 1.50

140

400 \ %w
300 \ A 1.30

200 ’/ 1.20

A

Gos liberated, scf/sth

Difterential formation volume foctor, Byg

140

100

0 1.00
Q 1,600 2,000 3,000 4000 5,000
Pressure, psig

Fi6. 5-8. Analysis of hydrocarbon sample; (©) measured data.

The total gas-oil ratio, which is the sum of the gas liberated in the separa-
tor and stock tank (sum of columns 3 and 4), reached a mininum value
for a separation pressure of approximately 100 psig, after which it began
to increase. The gravity of the stock-tank oil reached a maximum value
for a first-stage separator pressure of approximately 100 psig. The shrink-
age factor, which is the reciprocal of the flash formation volume factor,
also reached a maximum at a first-stage separator pressure of 100 psig.
The specific gravity of the flashed gas is reported as 0.9725 for the single-
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stage separator system. The flash separation values reported in Table 5-2
are used in conjunction with the values in Table 5-1 to calculate the fluid
properties needed for reservoir ealeulations. The procedure for calculating
the required fluid characteristics is discussed later in this chapter.

The last major part of a standard fluid analysis is the composition of
the bubble-point liquid expressed as both welght and mole per cent. The
sample analysis is indicated in Table 5-3. In all such analyses the Liquid

3.20 -
|

2.80

2.40

2.00 \

1 v 60 \
Saturation pressure
1.20 \\\ /

.80

Viscosity, centipoise

\b/,#—*-*‘""

0'400 1,000 2,000 3,000 4,600 5,000

Pressure, psig

Fre. 5-10. Viscosity of liquid hydrocarbon.

density, the molecular weight, and the AP gravity of the heptanes-plus
fraction are reported. The reporting of these properties is neeessary in
choosing satisfactory pseudo-critical properties and equilibrium ratios.

A fiuid analysis where the values are reported in terms of a unit volume
of oil at the bubble-point pressure and reservoir temperature is presented
in Table 54.

It is important that the engineer analyze the form in which the fluid-
analysis data are reported. The engineer must convert the reported fluid
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Fic. 5-11. Effect of separator pressure on physical properties of erude oil.

analysis to the basis of field operating conditions. For example, the gas.
production is normally that liberated at the separator with no record of
the gas liberated from the stock-tank oil. In the standard analysis, no
data are reported which relate liberated and solution-gas—oil ratios with
respect to separator conditions. If differential data were used, an error

TasLE 5-2. SEPARATOR TESTS OF RESERVOIR-FLUID SaMPLES

(1) @ 3) €} (8) (63 7 8)
Stock- | Steck- Flash | Specific
Separator | Sepa- | Separator tank tan'k Shrinkage formation gravity
pressure, rator gas-oil as-oil gravity, ; faector,® volume of
‘ psi temp, °F |  ratio® ratios CAPT at| Var/Vs factors flashed
60°F gas
0 74 620 29.9 0.7236 1.382 0.9725
50 75 539 23 31.5 0.7463 1.340
100 76 505 49 31.9 0.7491 1.335
200 77 459 98 31.8 0.7479 1.337

< Beparator and stock-tank gas-oil ratio in cubic feet of gas at 60°F and 14.7 psia per
barrel of stock-tank oil at 60°F.

t Shrinkage factor: Vz,/V; is barrels of stock tank oil at 60°F per barrel of saturated
oil at 2,695 psig and 220°F.

< Formation volume factor: ¥/ Ve, is barrels of saturated oil at 2,605 psig and 220°F
per barrel of stoek-tank oil at 60°F.
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TasLE 5-83. HYDROCARBON ANALYSIS OF RESERVOIR-FLUID SaMpLzS

Component Weight 9%, | Mole %, Dens;t;;;cﬁo F, . t‘g;[F Mol wt
Methane 4.45 33.78
Ethane 1.59 6.42
Propane 3.56 9.82
Isobutane 0.63 1.33
n-Butane 1.43 2.99
Isopentane 0.74 1.25
n-Pentane 1.14 1.93
Hexanes 2.12 2.99
Heavier 84.20 38.97 0.8859 28.1 263
Hydrogen sulfide 0.14 0.52
100.00 100.00

approaching 20 per cent for high Separator pressures may be made in cer-
tain caleulations.

In the next section the correction of the reported laboratory data for
fallacies in technique in obtaining samples, for technique of measuring
properties in the laboratory, and for field measurement practices are
presented.

PREPARATION OF FLUID-ANALYSIS DATA FOR USE
IN RESERVOIR CALCULATIONS

The manner in which fluid samples are collected, analyzed, and reported
has been discussed. It was mentioned that certain corrections of reported
data were required before application to a field problem. The type of cor-
rections required will be dependent upon the state of depletion at which
the fluid sample was collected and the sampling method used. It is de-
sirable to obtain a fluid sample as early in the life of a field as possible so
that the sample will closely approximate the original reservoir fluid. Coi-
lection of a fluid sample early in the life of s feld reduces the chances of
free gas existing in the oil zone of the reservoir.

There are three series of calculations which must be made on laboratory
fluid-analysis data so that they can be used in reservoir caleulations. T irst,
the laboratory data as reported must be smoothed. This smoothing is to
reduce any errors which might have been introduced in laboratory meas-
urements. The smoothing is applied to the relative total volume and
differential oil volume data.

The second series of calculations involves the computation of combina-
tion (often ecalled flash} formation volume factors and gas-oil ratios. These
parameters are calculated assuming that differential liberation oeccurs in
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the reservoir and that flash liberation occurs between the reservoir and
the stock tank.

The other corrections which are necessary depend upon the sample and
when it was obtained. If, from field data, it is apparent that the bubkle
point of the laboratory sample is in error, it becomes necessary to al};e.r all
the values reported in the fluid analysis to fit observed ﬁelc% conditions,
There are several field conditions which might be used to indicate the
accuracy of a fluid analysis. These conditions will be discussed in more
detail when the correcting procedures are amplified.

Smoothing Laboratory Data

The smoothing of laboratory data is accomplished by two means. The
total relative volume is fitted to a dimensionless compressibility curve
which is referred to as the ¥ function. The ¥ function usually is linear with
pressure when plotted on rectangular coordinate paper. The re.zlative o}i
volume factor is fitted to a dimensionless volume change function. This
funection is referred to as the AV or Hurst® function. The logarithm of AV
is usually linear with the logarithm of the difference in pressure and the
bubble-point pressure. )

In determining the best line which will fit the laboratory data points,
two methods are recommended: the mean least-squares method and t%a
method of averages. .

Relative Total Volume Data. The pressure-volume reIa.tionglnp of a
crude-cildissolved-gas system is a flash liberation process. A given mass
of the reservoir fluid is expanded in a cell maintained at reservoir tempera-
ture, and the equilibrivm pressure and volume observed. The laboratory
data are usually expressed as relative total volume V,/V.'b. These. daf;a.
frequently require smoothing to correct for laboratory Inaceuracies in
measuring small volume changes. A dimensionless compress1b1ht:v func-~
tion is used to smooth the values reported by the laboratory. This func-

tion is defined as
' Y = _HM_ (5-10)

P(V./Vs) — 1]
where P, = bubble-point or saturation pressure
P = reservoir pressure for which ¥ is being calculated
Vi/V» = relative total volume at the pressure P

The Y function either is a straight-line function of pressure or has ox_ﬂy
small curvature. To smooth the relative total volume data, the ¥ functlc.m
is computed and plotted as a function of the pressure P. T.he Y c%ata will
be erratic near the bubble-point pressure owing largely to difficulties asso-
ciated with measuring small changes in volume in the laboratory pressure
cell,
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Fie. 5-12. Smoothing of relative total volume data., Bottom-hole sample BHS-46C.

Calculation of Best ¥ Curve. Straight-line relationships are conven-
iently expressed raathematically in the form

¥y=0a-+br (5-11}
where b is the slope and g the intercept.

Several methods are available for fitting an expression such as Eg. (5-11)
to an array of data point. Two of these methods will be considered here.

Fitting an equation to a given set of data implies determining the con-
‘stants ¢ and b such that the resulting straight-line equation will closely
express the relationship throughout the range of the data. The method of
least squares and method of averages can be used to obtain the equation
of the best curve which can be fitted to the measured data points.

The least-squares fitting method can be applied to the ¥ funetion re-
gardless of its curvature. If the data points approximate a straight line,
the equation to be fitted is ¥ = ¢ + 6P, Avalueof ¥ corresponding to
each pressure is calculated and then plotted as a function of pressure.
The curve which best fits these points can then be ealculated using the
method of least squares. The laboratory relative volume data in Table 54
are smoothed by means of the least-squares method in Example 5-2. The
resulting least-squares fit is shown in Fig. 5-12,
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Method of Least Squares. The method of least squares for a straight
line can be expressed for practical purposes as follows:

For each data poeint, write an equation of the form y; = a + bz;, where
a and b are unknowns to be determined. For example, with four data points
(Zui), (@o,y), (@3,303), (Za,ys) the array of Eqs. (5-11) becomes

th =a + bz
ye = a + bz
s = a + bz, (5-12)
Ys = & + bzy

Summing the above equations, obtain the first normal equation:

4
y: = 4a + b Z x5 (5-13)
=1

el

z

To obtain the second normal equation multiply each equation by the
coefficient of b, so that
wim = azy + bx?

Yoz = QT2 + bzs? 5.14
Y3 = az; + bxy ¢ ) _‘
YiTs = aZq -+ bxg?
Summing Eqs. (5-14) yields the second normal equation
4 4 4
Y: = a z; + b zd (5-15)
izl izl iZI
Generalizing Eqgs. (5-13) and (5-15) so that they apply to n points
Zy,—=na—l—bz.’c,- (5-16)
i=1 i=1
and Z gy =a z z+ b E 22 (5-17)

=1 =1 i=1
Equations (5-16) and (5-17) are the generalized normal equations for

two dimensions. The constants ¢ and b are evaluated by solving Eqs.
(8-16) and (5-17) simultaneously, so that

) zi i y;—*ni (zy)
b =izl =l = (5-18)
) z i — (Z xi)z
i=1 t=1

;
/
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x:yi E i
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k) 2
1
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e
e
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(5-19)

To verify the goodness of fit of the calculated line, the standard devia-
tion is computed (see Example 5-2}. The standard deviation is caleulated
by the following equation:

n /2
Standard deviation = § = [% Z {0: — yr:i)z] (5-20)
i=1

where 7 = number of data points
%o: = value of y from the data,
Ye: = value of y calenlated from the equation of the curve

The standard deviation has the same units as the data. From Fig. 5-12 it
is noted that several points near the bubble point were omitted from the
calculations. These were eliminated on the basis of possible errors as
previously mentioned.

Example 5-2. Smoothing of Relative Volume Data. A calculation of
the best-fitting line by the method of least squares follows (¥ function,
BHS-46C):

(1) @ 3 {4)
* _ i.P_ Pressure
Y v v 11| B ooeia Ye s
3.4043 4120 1402572 | 16,074.400
3.3373 4,060 13,540.44 | 16,483,600
3.3446 3,908 13,37171 | 15984004
3.2943 3,885 12,798.35 | 15,093 225
3.2649 3,780 12,341.32 | 14,288,400
3.2021 3,590 11,495.54 | 12,888,100
3.0355 3,215 975913 | 10,336.225
2.9068 2,930 8,516.02 | 8584900
2.6869 2,415 6,483.86 | 5832225
2.4839 1,938 481379 | 3755844
23259 1578 3,670.27 | 2,490,084
2.2444 1,380 3,097.27 |  1,904.400
2.9207 1,200 2,664.84 | 1,240,000
2.0709 975 2,019.13 950,625
2.0062 825 1,655.12 680,625
1.9644 715 140454 511,225
1.9383 630 1,221.13 306,900
1.8921 570 1.078.49 324,900
47.6235 41,804 | 12397157 | 128,019,682

* Table 54, column 5.
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The normal eguations (1) and (2) are
1 ZY = no + bZP

47.6235 = 18a + 41,804b

47.6235 — 41,804b
e= 18

(2) XYP = aZP + bZP?
123,971.57 = 41,804a + 128,919,6826

Substituting for a in (2}

123,971.57 = 41,804 27:6235 - 41,8045

+ 128,919,6825

123,971.57 = 110,602.933 — 97,087,467b + 128,919,682b
31,832,2156 = 13,368.64

b = 0.00041997

then
o 476235 — (41,8804) (0.00042) _ 30-38658 — 1.6703

Y = g + bP = 1.6703 4 0.000420P

Method of Averages. The method of averages is the second means of
caleulating the equation of a straight line which describes a set of data
points. The data are divided into two groups with approximately equal
numbers of data points. The arithmetic average coordinates for each
group are obtained. The equation which deseribes the line passing through
these two average coordinate points would represent a fitted curve to the
over-all group of data points. Mathematically these can be expressed as

%
1
P;[ - E -Zl P,;
13
1
Yi=2 )Y
ki-ﬂl
(5-21)
1 ]
Pz = —— k P;
ikl
1 aY
Yz=n_k Y,'
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where (Py,Y:) = first average point
(Ps,Y3) = second average point
% = number of data points used in evaluating first point
n = total number of data points

From the foregoing equation which defines the coordinate points 1 and 2,
it is possible to calculate the slope of the straight-line curve by the follow-
ing equation:

. Y2 - Yl
L (5-22)

The value of ¢ can readily be caleulated once the value of b is obtained
by inserting into the basic equation ¥ = a + bP the value of b and the
value of ¥ and P for one of the average points caleulated. The result of
the value of a will then be given by Eq. (5-23).

a=Y2—bP2=Y1—bP1 (5—23}

The method of averages is more appropriately applied when there is
more than one fluid sample; hence an illustration of the procedure is pre-
sented in Chap. 7 where several fluid analyses are involved.

Smoothing Differential Liberation Oil Volume Data. The flash total
volume data were fitted to a straight line by means of a dimensionless com-
pressibility term expressed as a function of reservoir pressure. Hurst’
found that the differential oil volume data could be smoothed by the use
of a dimensionless volume difference term as a funection of the pressure
difference. The dimensionless volume difference term is denoted as AV
and is expressed as
_ -V _ .V
- Vb . V;,
where V/V, is the relative oil volume, volume of oil at P per volume of oil
at the bubble-point pressure. The pressure difference term is denoted as
AP and is expressed as

AV (5-24)

where Py = bubble-point pressure
P = reservoir pressure at which ¥V/V, is determined

Hurst found that the logarithm of AV and logarithm of AP should plot as
a straight line. The equation of the resulting straight line is

log AV = B + C log AP
or AV = D APC
where D =108 (5-26)
C = slope of resulting curve
B = value of log AV when AP = 1, log AP = 0
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The previously discussed least-squares or averaging methods can be used
to determine the best values of the constants B and €. Once the equation
of the best straight line has been determined. the engineer can caleulate
the relative oil volumes for the smoothed data. The relative oil volumes

are expressed as

-% —1— DAPC (5-27)

The smoothed differential formation volume factors can be computed
from the relative oil volume by the following equation:

Bos = Vi Vg = By (1 — D APS) (5-28)

An illustrative example of this type of calculation for bottom-hole sam-
ple 46C, Table 54, is shown in Examples 5-3 and 54, and the resulting
graphical plot is shown In Fig. 5-13.

Correction of Laboratory Sample Data for Separator Conditions

As indicated earlier, laboratory data are reported for differential libera-
tion from the bubble-point pressure to standard conditions and for flash

1
P
//6 i
SRS
- ot
S 2
<3 ‘/‘
J/
log AV = -3320536 \
+(0.788052} log{4-~)
e
s103]
100 1,000 10,000

AP, psi
Fia. 5-18. Smoothing laboratory-determined differential volume data; (o) BHS-46C.
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liberation of a bubble-point sample through various separator systems. In
the standard fluid-analysis report the effect of producing differentially lib-
erated oil through a separator system is not considered.

Example 5-3. Calculation of Best-fitting Line by Method of Least
Squares (relative oil volume difference curve, BHS-46C).
Normal equations
(n Zlog AV = on + bZ log (P, — P)
(2) Z[log AV log (P, — P)] = aZ log (P; — FP) + bZ [log (P — P)P

Py — P | log (P, — P) |llog (P, ~ P))2] AV log AV log AV log( Py — P)
410 2612784 6.826640 0.0526 —1.279014 —3.341787
818 2.912753 8.484130 0.0950 | —1.022276 —2.977637

1,218 3.085647 9.521217 0.1291 —0.892451 —2.753789
1,618 3.208979 10.297546 0.1614 | —0.792096 —2.541819
2,018 3.304921 10.922503 0.1909 | —0.719194 —2.376879
2,418 3.383456 11.447774 0.2188 | —0.659953 —2.232922
2,818 3.449941 11.502093 0.2448 —0.611189 -—2,108566
3,218 3.507586 12.303160 0.2693 | —0.569764 —1.998496
3,618 3.558469 12.662702 0.2961 | —0.528562 —1.880871
3,983 3.600210 12.961512 03265 | —0.486117 —1.750123
32.624746 107.320277 —7.560616 —23.962889
(n —7.560616 = 10a -+ 32.624746b
(2) —23.962889 = 32.624746a + 107.329277h

Solving for a in (1),
—32.6247466 — 7.560616
¢= 10

Substituting for ¢ in (2),

—23.062889 — 32.624746 _32‘62474%" 7.560616 , 7 3299775

—23.962889 = —24.666317 — 106.437405b + 107.320277b
0.891872b = 0.703428

b = 0.788700
_ —32.624746(0.788709) — 7.560616
o 10
= —3.329301

log AV = a -+ blog (P; — P)

—3.329201 - 0.788709 log (P; — P)

Il
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Ezample 54. Calculation of Smoothed Relative Qil Volume Dats
for BHS-46C.

(1) (2) (3 (4 (3) (&) M (8)
Pogitive S::‘Z?;‘;t:d
P | Py—P|log Py — P) 0.788709 log AV mani;lssa AV oil
log (Py — F) ° volu
log AV me
V/V,
4,228 0 1.00000
3,690 538 2.73078 2.15379 —1.17541 | 0.82459-2 { 0.06677 | 0.93323
3,410 818 2.91275 2.29731 —1.03170 [ 0.96830-2 | 0.09206 | 0.90704
3,010| 1,218 3.08565 2.43367 —0.89553 | 0.10447-1 | 0.1272 0.8728
2,610 1,618 3.20898 2.53095 —0.79825 ( 0.20175-1 | 0.1591 0.8409
2,210¢ 2,018 3.30492 2.60662 —0.72258 | 0.27742-1 | 0.1894 0.8106
1,810 2,418 3.38346 2.66856 —0.66064 | 0.33936-1 | 0.2185 0.7815
1,410 2,818 3.44994 2.72009 =0.60821 | 0.39179-1 | 0.2465 0.7535
1,010 3,218 3.50759 2.76646 —0.56274 | 0.43726-1 | 0.2737 0.7263
610 3,618 3.55847 2.80659 —(.52261 | 0.47739-1 { 0.3002 0.6998
245, 3,983 3.60021 2.83951 —{0.48969 | 0.51031-1 ; 0.3238 0.6762
14
AV =1 — 7.
log AV = log D + C log (P, — P)*
¢ = 0.788709

log D = —3.32920 = 7.67946 — 10

The normal practice is to consider that differential liberation occurs in
the reservoir. It is necessary, then, that any expression of liberated gas
should yield the same values as are obtained on the differential liberation
test. These values should be expressed as standard cubic feet liberated per

" barrel of bubble-point oil or per barrel of flash stock-tank oil.

Flash liberation is considered to occur between the reservoir and the
separator. The oil that leaves the reservoir is flashed to the separator,
necessitating that the solution-gas—oil ratio and formation volume factor
be determined by a flash process. To compensate for the simultaneous
operation of both liberation processes, combination solution gas, liberated
gas, and formation volume factor values are required. )

The required dats can be measured in the laboratory by the techmgue
indieated by Dodson.* The purpose here is to show how a combination
liberation system can be approximated by use of the differential and flash

* ( and log D obtained from carve-fitting caleulation in Example 5-3.
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liberation data contained in a conventional fuid-analysis report. In order
to caleulate the combination fluid-analysis properties from standard analy-
sis data, certain assumptions are required. These assumptions are:

1. Standard cubic feet of gas in solution per barrel of bubble-point il is
defined by the flash liberation test to separator pressure and temperature.

2. The standard cubic feet of gas liberated per barrel of bubble-point
iquid is defined by a differential liberation process at reservoir conditions.

3. The standard cubic feet of gas remaining in solution at reservoir con-
ditions which will be liberated upon producing that liquid to the separator
by a flash liberation process is the difference between the original gas in
solution and the differentially liberated gas corrected for the reservoir
shrinkage of the fluid.

4. The relationship between the formation volume factors of flash and
differential separated samples remains constant over the entire pressure
range of interest.

5. The formation volume factor of the bubble-point liquid is determined
by the flash liberation process to separator conditions and then to the
stock tank.

The preceding assumptions limit the range of application of the calcu-
lating procedure to pressures above 500 psia. Assumptions 3 and 4 above
are thought to be the more limiting. It is known that excess produced gas
will affect the separator gas-oil ratio, composition of produced liquid and
gas, and hence the formation volume factor and gas in solution values.
The effect of excess gas production is not normally considered even when
measuring combination fluid properties in the laboratory.

Correction of Solution-gas-Oil Ratios. First, consider the caleulation
of the gas in solution. As stipulated in the first assumption above, the total
gas in solution is determined by flash liberation of a bubble-point fluid
sample. The engineer will have to select the separator conditions which
most closely approximate field operating conditions. This means that the
engineer must convert the gas-oil ratio reported in the analysis to the basis
of 1 bbl of bubble-point oil to apply the following procedure.

The conversion from a stock-tank base to a bubble-point base requires
that the gas-oil ratio be multiplied by the shrinkage factor (the reciprocal
of the formation volume factor). In equation form this can be stated as

1
i Bufb
where (R.)s = gas in solution per barrel of bubble-point oil, sef
R, = gas liberated at the separator per stock-tank barrel of oil by
flashing bubble-point oil, sef
Boss = bubble-point oil required to yield I bbl of stock-tank oil
when flashed through the separator system, bbl

(Bs)» = B (5-29)
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The standard cubic feet of gas liberated by a differential proeess can be
reported with respect to stock-tank or bubble-point conditions. If the
values are reported with respect to stock-tank oil, it is necessary to refer
them to bubbie-point oil. This eonversion can be expressed ag

(Be)s = (Ri)sta Et (5-30)

where (R1), is the standard cubic feet liberated by differentially lowering
the pressure from the bubble-point pressure P, to some other reservoir
pressure P referred to a barrel of bubble-point oil, (R.)s:q is the standard
cubic feet of gas liberated by differentially lowering the pressure from the
bubble-point pressure to some other reservoir pressure referred to a barrel
of liquid at standard conditions, and B, is the barrels of bubble-point oil
required to yield 1 bbl of differentially liberated stock-tank oil.

The gas in solution at any reservoir pressure P with respect to a barrel
of bubble-point liquid is the difference in the gas originally in solution and
the gas differentially liberated. This ean be expressed as

(Ba)o = (Buhy — (Bi)s (5-31)

where (R,); is the standard eubic feet of gas in soiution at P per barrel of
bubble-point oil.

Multiplying (R,), by the flash bubble-point formation volume factor
converts the gas in solution per bubble-point barrel to gas in solution per
stock-tank barrel of oil, so that

Rs = (Re)bBofb
= [{Rur}s — (R1)5)Bops {5-32)

Bn
= R.p — [(Rz)ss] Bf.j:

Calculations illustrating the conversion of the differential liberation gas
. data to field operating separation conditions is illustrated using fluid sam-

ple BHS-46C (Table 5-4) in Example 5-5.

Correction of Oil-volume Relations. It was assumed previously that
the relationship between the flash and differential liberation Processes
would be constant at any reservoir pressure. In this case, the combination
flash-differential formation volume factor can be caleulated from the dif-
ferential formation volume factor data and the flash formation voluine
factor for bubble-point oil.

The combination formation volume factor can be expressed as

B, = ?BM (5-33)
odb
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where B,;, = bubble-point oil required to yield 1 bbl of stock-tank oil
when flashed through the sepasrator to stock-tank condi-
tions, bbl ‘
B,; = bubble-point oil required to yield 1 bbl of stock-tank oil
when differentially liberated to stock-tank conditions, bbl
B = oil at reservoir pressure P required to yield 1 bbl of stock-
tank oil when differentially liberated to stock-tank condi-
tions, bbl
B, = oil at reservoir pressure P required to yield 1 bbl of stock-
tank oil when flashed through the separator, bbl. This term
is often referred to as simply the flash formation volume
factor

Example 5-5. Gas in Solution Corrected for Field Separation Condi-
tions of 50 Psig and 76°F.

R, = Bep — (Br)s B.p

_1
0.6130

R, = 1,083 scf/STB

Boss* = = 1.63132

Pressure {Re)* (Br)sBoss R,
4,228 G 0 1083.0
3,810 102.7 167.54 915.46
3,410 1885 307.50 775.50
3,010 264.3 431.16 651.584
2,610 3311 540.13 542 87
2,210 393.4 641.76 441.24
1,810 452.9 738.82 34418
1,410 508.4 820.36 253.64
1,010 561.2 915.50 167.50

610 615.6 1,004.24 78.76
245 671.7 1,095.76 —12.76
* Table 5-4.

Ezample 5-6. Determination of Combination Formation Volume Fac-
tors for 50 Psig and 74°F Separator Conditions (BHS-46C),

— Eo_ﬂ’ - K *
B, =B B~ Vo Boss

*Bos = 1/0.6130 = 1.63132 (from Table 5-4, column 15).
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Pressure V/V,t B,

4,228 1.0600 1.63132
3,810 0.9474 1.54551
3,410 0.9050 1.47634
3,010 0.8709 1.42072
2,610 0.8386 1.36802
2,210 0.8091 1.31690
1,810 0.7812 1.27439
1,410 0.7552 1.23197
1,010 0.7307 1.19201

610 0.7039 1.14829

245 0.6735 1.00869

¥ Table 54, column 6.

Caleulations on the fluid sample of Table 5-4 illustrating the computa-
tion of combination formation volume factors are shown in Example 5-6

on page 394,

The caleulation of combination volume factors and solution-gas—oil ra-
tios Is in close agreement with composite data measured in the laboratory.
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Table 5-5 and Figs. 5-14 and 5-15 present a comparison of laboratory-
measured differential and ecomposite volume factors and solution ratios
and values calculated by the methods deseribed previously. The calcu-
+lated values closely agree with the measured values to approximately 500
psia.

TaBLE 5-5. COMPARISON OF MEASURED AND CaLCULATED CoMPOSTTE VOLUME
Facrors anp SovLvTion Ratios

Composite liberation datat

Reservoir data Gas-oil ratios, cu ft/bbl
Formation volume
Pr;ﬁ:re, Temp, °F | Separator | Stock tank | Total factor B,
2,730 140 566.3 36.7 603 1.2552
1,986 140 403.3 40.6 443.9 1.1752
511 140 136.8 58.5 195.3 1.0776

Differential data*

Formation volume

Pressure, psig Gas liberated, cu ft/bbl factor Boa
2,730 0 1.3442
1,086 180.86 1.2733

511 501.0° 1.1430=

Calculated composite

Gas-oil ratio, cu ft/bbl Formation volume

Pressure, psig
Separator Total factor By
2,730 566.3 603 1.2552
1,986 397.4 434 1 1.1890
511 98.5 135.2 1.0722

= Read from eurve of Dodson.

Total Volume Factors

As mentioned previously, the total volume factor B, is the reservoir vol-
ume of lquid and gas required to yield 1 bbl of stock-tank oil. Frequently
‘the total volume factor is referred to as the reservoir volume oecupied by
one stock-tank barrel of oil and its complement of gas. The total volume
factor is a function of the fluid shrinkage and volume of gas liberated. For
this reason there are three distinet ways in which the total volume factor
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can }:->e con}puted. The three total volume factors result from the different
gas liberation processes: flash, differential, and a combination of the two
processes.

_ Flash Total Volume Factor. The total volume factor for flash liberation
1s computed from data in the fluid-analysis report. The total relative vol-
ume (pressure-volume relation) is an expression of the total volume oceu-
pied by the liquid and gas originally comprising 1 bbl of bubble-point
liquid. The volume of bubble-point oil required to yield a barrel of stock-
tank oil (flash formation volume factor) is used to convert the total relative

15 A
\ \<?r
14

Differential

1.3
8, L~ 8
/V Flash 5
p>
1.2 o
’Ec;mpufeo‘ - ”/<30
05y =
= Observed
1.4 o Pl 3
/ _ /

Relative volume of liquid phase, vol/vol

o
Q

500 1,060 1,500 2,000 2,500 3,000
Pressure, psig
aﬁag;icsi‘fgof%a;i%i fc;f measured and caleulated composite oil volume factors.
. volume to the total volume factor. The flash total volume factor is given
by the following relationships:
VeV Vip V. 1
By = VoVoy ~ Vs By = T/Tb_(SH)b (5-34)
where V': = reservoir volume occupied by gas and liquid
Vi = volume occupied by bubble-point liquid
Vrs = stock-tank volume resulting in flashing bubble-point oil
through separator to stock-tank condition
B.ss = bubble-point oil required to vield one stock-tank barrel of
oil when flashed to separator conditions, bbl
(SH); = shrinkage factor, bbl of stock-tank oil per bbl of bubble-
point oil
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Differential Total Volume Factor. The second means of computing the
total volume factor is to assume a complete differential process of liberation.
This volume factor can also be calculated from data in the fAluid-analysis
report. The differential total volume factor is expressed by the following
relation:

B
Btd = Bad + (RL)SITGGI'

= Ben| 37+ B 2 | (5-35)

where  B.; = total volume factor at pressure P
B, = differential formation volume factor at pressure P, bbl
reservoir oil per bbl of stock-tank oil
(Ez)s: = gas liberaied by differential liberation from bubble point
to pressure P per stock-tank barrel of oil, scf
B, = gas formation volume factor, reservoir cu ft/scf
5.61 = conversion factor, cu ft/bbl
B.s = bubble-point oil required to yield 1 bbl of il at stock-tank
conditions by differential process, bbl
relative oil volume, volume of oil at P per volume of oil at
bubble-point pressure
(Fz)s = gas liberated from P, to P by differential process with
respect to 1 bbl of oil at bubble-point pressure, scf

V/V,

Combination Total Volume Factor. Generally it is considered that
differential liberation occurs in the reservoir and flash liberation from the
reservoir to the surface. For the computation of a more realistic total vol-
ume factor, the two liberation processes should be combined. The combi-
nation total volume factor is dependent upon the same assumptions used
in calculating the combination fluid relationships previously discussed. The
total volume factor can be expressed as

B.n B,
Bi = Ba + (RL)H Bo::gﬁi

— By [% + (Ro)s 561 (5-36)
where B, is the reservoir liquid volume at P required to yield 1 bbl of
stock-tank oil by a flash process from P to separator and stock-tank con-
ditions and (RLr)s, By, Boss, and B, are as previously defined.

It is noted that the conversion from surface to reservoir volumes is de-
pendent upon a flash process only. But as indicated in prior discussion of
the combination analysis, the relationship between the oil and gas volume
at P and the bubble-point oil volume is essentially a differential process.

The total volume factors for the fluid analysis presented in Table 5-4
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are calculated by all three methods in Example 5-7. The results of Ex- o5 g g g 2 3 § E S G S <
- - - — —
ample 5-7 are graphically compared in F 1g. 5-16. - -7 - -
. . . . o =] H — - 1) [ — 1 o]
Example 5-7. Calculation of Flash, Differential, and Combination k] % & 3 % g 3 § = 8 g 2
Totall Formation Volume Factors for BHS—46C. Separator conditions, 5 2 = 5 5 8 & 9 & b S 3
50 psig and 74°F. (See table, page 403.) -
1 <
B, = 05130 = 1.63132 from Table 54, column 15 2
. o
-t ©w 2] =23 f=3 [+ bl I~ oo o re)
1 2 = 2 2 &8 ¥ 8 B = 2 B 3
Boar = G55 = 152671 £/ 8 8 £ & § &8 ¥ & § 3K
+ i — — — — — - — o ~H S
Vt Vb V: —
1) By =+ =4 S
( ) if Vb VR," Vb Bodb S
v B =
2) By = By — £
(2) Bu it 7~ + (Bi)s 561 =
3 =] ™ o] = o =H L~ w o) 0
vV B 2 & - s = = & = 8w
®) Bi=Bon gz + (Bods 2 5 e &3 2% 838 § % g
’ 2 o = S S & & 0 20& e - © =
S
Correcting Fluid-analysis Data to Reservoir Bubble-point Pressure
Sampling procedures sometimes are in error, so that the samples ob- o S s ¥ a4 = = 8 3 s =
tained have an erroneous bubble-point pressure. - In partially depleted = ] =2 5 |2 = =5 ° * -
fields or in fields which originally existed at the bubble-point pressure, it
is difficult to obtain a fluid sample which actually represents the original = r~ R T B S B a 305
cil in the reservoir at the time of discovery. In these eases it is necessary & = g £ § B % % § g z B
to utilize other field data to determine the actusl bubble point of the oil il
m.the reservoir and correct the bubble-point pressure of the sample to - o - 2 2 £ = 9 g =y 2 5
this value. s 8§ & £ 5 8§ g8 g 8 &g
In correlating laboratory bubble-point pressures with field data there =~ - e s 8 = e S 3 S s @
are generalities in behavior which will aid in the determination of the actual
- bubble-point pressure. If the reservoir contained an initial gas cap, it is : E882 238 8 8 = B £ & g 3
ordinarily assumed that the reservoir liquid was saturated at the original S| 8888 8 £ &8 % & § ® 28 =
gas-cap pressure. Exceptions to this rule occur when there is great strue- R -
tural relief. Often, the oil in the lower segments of these reservoirs is un-
dersaturated. = & § SE 22 § § § g § &g g
If the reservoir fluid was a single-phase system, it can be assumed that S182338 2= Z S 0% % OB =23 3
either the reservoir fluid was undersaturated or the bubble-point pressure
was the original reservoir pressure. In most fields the production data and ® cwmo®m owe oo
z . - . =
pressure behavior can be used to determine whether the fluid is under 2 C%_ °§§ §@_ E_ ;% % 13,_ Eq §_ ETTAE RBTER
saturated or not. If the producing gas-oil ratio remains stable and the g | FEFSS cTodedored el ol =
reservoir pressure declines very rapidly for small changes in cumulative

production, it would be suspected that the reservoir fluid was undersatu- 403

* Table 5-4, column 3. { Table 5-4, column 6. 1 Tahle 5-4, column 12, § Table 5-4, column 8.
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rated. If the gas-oil ratios tend to increase early in the life of the field and
the reservoir pressure does not decline at a very rapid rate, it could be con-
cluded that the original reservoir pressure was the bubble-point pressure
of the fluid. If there is no evidence fromr field data that the oil is under-
saturated, the normal procedure is to consider the original reservoir pres-
sure to_be the bubble-point pressure of the oil in the reservoir.

It was mentioned previously that the sample analysis could be corrected
to agree with field-observed data by changing the volume of gas recom-
bined with the separator liquid sample. A calculation procedure can be
used which assumes that the error in the laboratory-measured values is
due to an inaceurate solution-gas volume.

The calculating procedure assumes that the gas required to correct the
analysis can be added or subtracted according to the laboratory gas libera-
tion data. All the other fluid factors required in reservoir computations
are corrected using the above assumption.

Correction of Liberated Gas-Oil Ratio. The laboratory reports the gas
liberated with respect to a barrel of fluid at the bubble-point or stock-tank
conditions resulting from differential liberation. A set of total liberated
gas-oil ratio values is reported with respect to a stoeck-tank barrel of oil
resulting from flash liberation of a bubble-point sample through various
separator conditions.

Consider first the necessity of correcting the differential liberation data
to the field-observed bubble-point pressure. Assume that only differential
liberation of the solution gas occurs in the reservoir. Also, assume that the
reason the bubble-point pressure of the reservoir is in error is that too much
or not enough of the liberated gas was eollected in the sample. If this is
the case, then the sample data can be corrected by removing or adding the
quantity of gas required to satisfy the true bubble-point conditions. Before
the required quantity can be ealculated, it is necessary to assume that the
solution behavior exhibited by the reservoir sample will be valid for cor-
recting the liberated gas data.

The simplest way to make the desired correction is on a differential solu-
tion-gas—oil ratio curve such as Fig. 5-17. If the field-determined bubble-
point pressure is greater than the sample bubble-point pressure, the new
quantity of gas in solution is obtained by extrapolating the curve to the
field-determined bubble-point pressure. When the field-determined bubble-
point pressure is less than the sample bubble-point pressure, just stop the
solution-gas—oil ratio curve at the field-determined value.

The differential liberated gas-oil ratio is corrected by adding or subtract-
ing the difference observed between the total solution-gas—oil ratio at
the sample and the field bubble points. When the field-determined bubble
point is greater than the sample bubble point, add the observed difference
to the sample Liberated gas data. If the field bubble-point value is less than



406 PETROLEUM RESERVOIR ENGINEERING

the sa?.mple value, subtract the observed difference from the sample values,

Altering the gas liberation data when the bubble point is changed from

4,228 to 3,690 psia is illastrated in Example 5-8. Liberated gas is used in
1,200 ‘ , ; , , 1,200

o Gas in solufion for BH5-48¢
e o Gas liberated for BHS-46C /

1000 \\ / 1,000
— i

W

8OO \\ﬁ:\ / 800
& 600 >// 800
400 =7 0
= \ 40
o AN
200 — < 200

c

B

(Rl = {R)y X Bogp

o]
0 1,000 2000 3,000 4000 5,000
Pressure, psia

Fie. 5-17. Solution and liberated gas-oil ratios as determined by a differential libera-
{100 Process,

this example, as differential solution-gas—oil ratios are not available to
stock-tank conditions.

Example 5-8. Correction of Differentially Liberated Gas Data for
Change in Bubble Point (BHS-46C).

Pressure P, psia (RL)ba‘ (RL)ba bt (RL),sf (RL)J;I
4,228——sample BP —130
3.690—field BP 130 4]
3,410 188.5 58.5 62.7
3,010 264.3 134.3 143.9
2,610 331.1 201.1 215.5
2,210 393.4 263.4 282.3
1,810 452.9 322.9 346.1
1,410 508.4 3784 405.6
1,010 561.2 431.2 462.2
610 615.6 485.6 520.5
245 6717 541.7 580.6

* (Rr)se is the gas liberated per barrel of bubble-point, oil for the laboratory sample.

¥ (Br)w 1s the gas liberated from the sample bubble-point pressure to the observed
field bubble-point pressure per barrel of sample bubble-point oil.

1 (B)y is the gas liberated per barrel of field bubble-point oil. (RBr)s =
[(Br)se — (Br)ss] ¥3/Vis, where V3/Vy, is the relative oil volume of the field bubble-
point oil to the sample bubble-point oil.
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Correction of Differential Relative Oil Volume. To correet the differ-
ential relative oil volume to bubble-point conditions other than those
measured in the laboratory it is necessary to assume that the dimensionless
volume change gquantity AV used in smoothing the laboratory data will
define the new fluid system. In smoothing the differential liberation data
it was shown that

V-V

57— =log AV = log D + Clog (Py — P)  (5-26)
b

log

terms as defined previously.
The above equation will reduce to

AV =1-L = p(p, - P)°
Vs

Rewriting in terms of the relative oil volume factor, the following is ob-
tained:

Y o1~ D@, Py (5-27)
Vs

The values of C and D are determined from the smoothed sample data.
The field-determined bubble-point pressure is now used as P;. The new
value of the relative oil factor at any reservoir pressure P can be calculated
with this relationship.

The preceding equations must be used to calculate at least one relative
oil volume if the field bubble-point pressure is greater than the sample
bubble-point pressure. If the field value is less than the sample value of
the bubble-point pressure, the relative oil volumes can be ecalculated from
the existing sample data.

Equation (5-37) is required to calculate the differential oil formation
volume factor at the field-determined bubble-point pressure when that
pressure is above the bubble-point pressure reported for the laboratory
sample. The formation volume factors reported for the laboratory sample
are still valid for the reservoir fluid sample at all pressures below its re-
ported bubble point.

The differential oil formation volume factor B, for field determined
bubble-point conditions can be caleulated using corrected oil volume data
and the sample differential oil volume factor as follows:

1 Ve —VVea Vga Vga




408 PETROLEUM RESERVOIR ENGINEERING

=V, (537

where B, is the laboratory-reported differential formation volume factor
at pressure P and V/V, is the relative oil volume factor at pressure P cor-
rected for the change in bubble-point pressure.

The corrected relative oil volume can be caleulated by dividing the sam-
ple relative oil volume at each pressure by the sample relative oil volume
at the corrected bubble-point pressure. This relationship is stated ag

I V/Ve
Vb Vb/ Vb:

This relationship is valid because in 2 differential Liberation process the
gas is removed at each pressure step. Thus the liguid volumes resulting
from differential liberation actually evolve from the liquid volume existing
at each preceding pressure. This method of correcting the relative oil
volume is demonstrated in Example 59 for the bottom-hole sample in
Table 5-4.

(5-38)

Example 5-9. Adjustment of Relative Qil Volume and Differential
Formation Volume Factors for BHS-46C.

Sample | Adjusted | ‘diusted
Pressure, relative oil | relative oil dzﬂ'eren.t al
. formation
psia V(llume volume volume
VE Ve Vivs factor B.g*
4,228 1.0000
3,810 0.93301 1.0600 1.42444
3,410 0.90687 0.9720 1.38453
3,010 0.8727 0.9354 1.33236
2,610 0.8408 0.9012 1.28366
2,210 0.8106 0.8688 1.23755
1,810 0.7817 0.8378 1.19343
1,410 0.7538 0.8079 1.15083
1,010 0.7267 L 0.7789 1.10946
610 0.7004 0.7507 1.06931
245 0.6768 0.7254 1.03328

* Bog remains unchanged from the sample data.
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ViV _ V/Vb

Vs/Vie 0.93301

14 -7
Bu = 7 Bun = 37 (152671)

Y _
Ve

Correction of Flash Formation Volume Factors for Changes in Buhb_le-
point Pressure, The assumptions made in calculating the combinatfon
differential-flash system are used in calculating the new flash formation
volume factor and solution-gas—oil ratio. In the case of the combination
system it was shown that

B ofb

= = 5-33
BO Bmi Bodb ( )

Rewriting the above equation to solve for B, results in
B, V.
Bopp = B, Bow = (Bop)s V_:, (5-39)

where B, and B,; = flash and differential formation volume factors a.f, a
given reservoir pressure, usually sample bubble-point

pressure
B.as = corrected differential formation volume factor at new

bubble-point pressure -
V/ V3, = relative oil volume reported in sample for fuid at

field bubble-point pressure

The new value of gas in solution is caleulated by the same equati.ons used
in caleulating the gas in solution for the combination system. It is

R = (B, (R)u B2 (5-32)

where R, is the gas in solution from the sample analysis and (R.),. is the
standard cubic feet of gas added to or subtracted from the sample liberated
gas values to correct for the change in bubble-point pressure. The flash
formation volume factor and solution-gas—oil ratio for the fluid sample of

Table 5-4 are corrected in Example 5-10.

Example 5-10. Correction of Adjusted Sample for Surface Separator
Conditions of 50 Psig and 74°F.



410 PETROCLEUM RESERVOIR ENGINEERING
Pressure Adjusted
L (B)o(Boss)s* Bt relative oil B.t
psia volume V/V,
4,228
3,690 212.1 870.9 1.0000 1.52207
3,410 307.5 775.5 0.9720 1.47945
3,010 431.2 651.8 0.9354 1.42374
2,610 540.1 5429 0.9012 1.37169
2,210 641.8 441.2 0.8688 1.32237
1,810 738.8 34.2 0.8378 1.27519
1,410 829.4 253.6 0.8079 1.22968
1,010 915.5 167.5 0.7789 1.18554
610 1,004.2 78.8 0.7507 1.14282
245 1,005.8 —-1238 0.7254 1.10411

*Bosy = (Bosa)u{Vs/Via) = (1/0.6130)0.93301 = 1.52207
1 Ei = Ry — (BL)o(Bops)e = 1,083 — (BL)s(Bors)a
IBa = (V/Vb)Bojb = (V/Vb)152207

Correction of Total Volume Factors for Different Bubble-point Pressure.
The only total formation volume factor which requires additional corree-
tions is the flash total formation volume factor. This factor is caleulated
from the relative volume factor as reported in the fluid analysis. In order
to correet the total volume factor, it is necessary to correct the total rela-
tive volume.

The original total relative volume data were smoothed by means of the
Y function. If it is assumed that the slope and the intercept of the fitted
Y function curve are valid, the new relative total volume can be calculated
from the equation of the ¥ function.

The Y funection is defined as

_ Py —P
Y_a+bP_P(V:/Vb) —
Rewriting the above equation”for the relative total volume results in
Ve . Po—P 1 — (Py/P)
V.-l Taprwm - Lt S (5-40)

where @ and b are defined from the ¥ curve fitted to Iaboratory data, P,
is the new bubble-point pressure, and P is the reservoir pressure at which
V/Vs is desired.

The corrected flash total volume factor can now be calculated using the
definition of the flash total volume faetor,

B;{ = Vt

ﬁ Bafb
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provided both the relative total volume V:/V; and the formation volume
factor B,y refer to the new bubble-point eonditions. The above cor-
recting procedure was applied to the Suid sample in Table 5-4. The calou-
lations are presented in Examples 5-10 and 5-11.

FLUID-ANALYSIS DATA ON GAS-CONDENSATE SYSTEMS

Gas-condensate systems are analyzed by a technique different from that
discussed for a gas—crude-oil system. The methods used in analyzing such
a sample will be discussed in the succeeding section.

As was mentioned earlier, a bottom-hole sampling technique cannot be
used on a gas-condensate well because of the accumulation of liquid in the
bottom of the hole. Thus, all reservoir fluid samples used for the analysis
of gas-condensate fluids are of either the reeombination or split-stream
variety. In most cases, gas and liquid are collected from a high-pressure
separator. The same field measurements are made as previously discussed
in the collection of a recombination separator sample. The quantities col-
lected are brought to the Iaboratory and carefully analyzed and recombined
to represent the reservoir fluid. The same precautions apply for a gas-
condensate fuid that applied for a gas—crude-oil fuid with respect to re-
combination sample.

Laboratory Measurements

In the laboratory a standard analysis consists of measuring the pressure-
volume relationship, a pressure depletion history, the analysis of the well
stream effluent at various stages of the pressure depletion, a volume-pres-
sure depletion relationship, and compressibility factors for the produced
gas. There are other analyses and special caleulations which an engineer
may desire. These extra analyses must be requested in addition to the
standard fluid analysis. As these extra analyses are special, they will not
be discussed in great detail in the following text.

Relative Volume, In measuring the relative volume relationship the
same procedure is used as was used in the gas—crude-oil system. The dif-
ference in the two fluid-measuring systems is that for a gas-condensate
system, the pressure cell has a glass window covering its entire length.
This glass window permits visual observation of sample changes resulting
from changing the pressures. The relative volume relationship does not
behave as does the crude-oil-natural-gas system, A sharp change normally
does not exist in the shape of the pressure-volume curve at the dew point
as occurred at the bubble point of a gas—crude-oil system. Relative volume
data for a condensate fluid are illustrated in Table 5-6 and Fig. 5-18. It is
noted that the dew point had to be determined by visual observation and
not by the change in the slope of the relative volume curve.



Example 5-11. Adjusting Relative Total Volume to New Bubble Point
and Calculation of Adjusted Total Flash Formation Volume Factor.
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Pressure Depletion Study. Another part of a standard laboratory
analysis is a pressure depletion relationship for the fluid system. During
this study the volume produced is measured and the well stream effiuent
is sampled at various stages of depletion. These samples are used to deter-
mine the composition and compressibility of the well stream effluent. The
depletion test is performed in the completely windowed cell. When the
laboratory test is made, the cell is charged with a known volume of reser-
voir fluid. The pressure in the cell is lowered by bleeding gas from the top
of the cell, simulating a well producing only gas with the liquid remaining
in the reservoir. The volume of gas produced is measured and expressed
in standard units. At predetermined pressures, the produced well stream
is sampled so that an analysis of the producing stream can be obtained.
Also, compressibility factors are determined on these well stream samples.
From these data, volume per cent produced at any stage of pressure de-
pletion is caleulated by dividing the volume produced by the volume orig-
inally in the cell, both at standard conditions. The results of a pressure
depletion study for a gas-condensate fluid are illustrated in Tables 5-7 and
3-8 and Figs. 5-19 to 5-21.

From a study such as reported in Tables 5-7 and 5-8, it is possible to
design the proper gas facilities for the well stream effluent. It is also pos-
sible to determine the advisability and economics of a cycling project to
recover fluids that would condense during pressure depletion,
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TasrLe 5-7. DerLETION STUDY 0F CONDENSATE FLUD SAMPLES

Reservoir pressure, psig.

3,830 3,797 3,500 2,800 2,100 1,400 600

Component:
Methane 84.30 84 81 84.95 85.61 86.07 85.94 85.41
Ethane 5.95 5.95 5.97 5.97 5.95 6.08 5.99
Propane 2.55 2.55 2.60 2.57 2.55 2,57 2.68
Isobutane 0.47 0.47 0.44 0.47 0.48 0.48 0.49
n-Butane 0.75 0.75 074 ;- 0.70 0.72 0.73 0.75
Isopentane .30 0.30 0.29 0.28 0.27 0.29 0.31
n-Pentane 0.21 0.21 0.21 0.21 0.21 0.24 0.25
Hexanes 0.37 0.37 0.35 0.34 0.35 0.41 0.48
Heptanes plus 2,24 323 2.09 1.48 103 0.88 1.20

Carbon dioxide 2.36 2.36 2.36 2.37 2.37 2.38 2.44

100.00 | :00.00 | 100.00 | 100.0¢ | 100.00 ! 100.00 | 100.00
Heptanes plus,

mol wi 128 128 126 124 121 119 119
gpMM:

Propane plus 2.554 2.470 2,144 1.929 1.883 2.124

Butanes pius 1.855 1.771 1.442 1.227 1.178 1.403

Pentanes plus 1.465 1.384 1.061 0.843 0.791 1.007

TasLE 5-8. DeprLETION STUDY oF CONDENSATE FLUID SaMpLe ILLUSTRATING
Deviarion Facror aNp VoLumEe PRODUCEDS

Reservoir pressure, psig

3,797 | 3,500 | 2,800 2,160 1,460 600 0

Deviation factor 2 0.9430 1 0.9351 | 0.9245| 09210 0.9397 | 09771
Volume % produced ! 0 6.490 | 23.571 | 42.462 | 61.730 | 83.535 99.060°

Ideal expansion

Deviation factor Z 0.943 | 0.931 0.907 0.905 (.923 0.961 1.000
Volume %, produced | 0 6.602 | 23.216 ; 42.174 | 62.096 | 84.182 | 100.000

¢ Residual liquid:
Gallons at 60°F per MMsef of original fluid = 426.6
Mol wt = 159
Density at 60°F = 0.8344

Gas Compressibility. The compressibility factor for the produced gas
Is measured in the same fashion as was reported for the gas of a gas—crude-
oil system. The compressibility factors for the sample used as an illustra-
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tion are reported in Fig. 5-21 and Table 5-8. A calculated compressibility
factor where no condensation is considered is also reported in Table 5-8
for comparison. From this comparison it is noted that the compressibility
factors where no liquid condensation is considered are smaller than the
compressibility factors for the pro-
duced gas. This is as would be
expected, as the condensed liquid
occupies less space than the same
number of moles of gas would oc- \
cupy if it were under like pressure 30 \
conditions.

Use of Condensate Analysis. A
careful study of the condensate
fluid analysis that is reported in
Tables 5-6 through 5-8 enables the
engineer to evaluate better the be-
havior of a gas-condensate system.
It also enables him to gain an un- 10 s
derstanding of fluid behavior as
affected by composition and changes
in pressure and temperature. As
an example, observe the change in (o]

.. 0 1,000 2000 3000 4000 5000

well stream composition as affected Pressure, psig
by retrograde condensation. It is ' ’
noted that the fraction of the well Fic. 5-18. Pressure—volumg relationship

. for a gas-condensate fluid. (Courtesy
stream comprised of methane and of Core Laboratories, Inc.®)
ethane changes very little regard-
less of the pressure of the reservoir. It becomes quite apparent that only
minute volumes of methane and ethane are retained in the condensate in
the reservoir. The primary~component which changes with changing
pressures is the heptanes plus (Cr,). It is noted that as the pressure
continues to decline, the heptanes-plus (Cr.) fraction in the well stream
effluent goes through a minimum. If the pressure depletion study were
carried {0 an ultimate abandonment pressure of 14.7 psia, it would be
found that all the heptanes plus would not be vaporized. All the heptanes
plus do not revaporize because most of the lighter components, methane
and ethane, have been produced. Thus, insufficient quantities of volatile
constituents remain to cause the heptanes-plus fraction to revaporize.

40

Relative valume
]
O
1

APPLICATIONS OF FLUID-ANALYSIS DATA

The data reported in conventional fluid-analysis studies have many ap-
plications in reservoir engineering. Perhaps the application with whick
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most engineers are familiar is the use of fluid-analysis data in reservoir
material-balance studies. The application of these data to material-balance
studies are discussed in Chap. 8 and a companion volume. Of course, in
the case of a gas-condensate system they are also used as an aid in the de-
sign of surface separation systems as well as the evaluation of reservoir
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o3 7-Cs
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o o 400 800 1,200 1,600 2,000 2400 2,800 3200 3600 4000

Pressure, psig

Fie. 5-19. Variation in well stresm composition with pressure decline for a gas-con-
densate sample. (Courtesy of Core Laboratories, Inc.?)

performance. Evaluation of surface separator conditions, for condensate
and gas—crude-cil systems was illustrated in Chap. 4.

One other important application of fluid-analysis data is the ealeulation
of equilibrium-ratio data which can be applied at reservoir pressures and
temperatures. The data resulting from these equilibrium ratios can be
used to calculate combination volume factors and to0 make mass material-
balance studies. Equilibrium ratios can also be used to calculate the entire
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analysis of the depletion study as was reported in the standard gas-con-
densate fluid analysis. The method of making the necessary calculations
for the determination of the above-mentioned quantities was discussed in
Chap. 4.

FITTING PUBLISHED EQUILIBRIUM-RATIO DATA TO
LABORATORY FLUID-ANALYSIS DATA

There are essentially two methods for using fluid-analysis data to ealeu-

Iate or determine the appropriate equilibrium ratios for use in reservoir
calculations. One method uses the Iaboratory bubble-point or dew-point
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AN
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4] 1,000 2,000 3000 4,060 o 1,000 2,000 3,000 4000
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Fic. 5-20. Cumulative produced well
stream volume as a function of pres-
sure decline for a gas-condensate fluid.
(Courtesy of Core Laboratories, Inc®}

Fie. 5-21. Variation in compressibility
factor of well stream with pressure de-
cline for a gas-condensate fluid. (Clour-
tesy of Core Laboratories, Inc®)

analysis to select a set of published equilibrium eurves which satisfy the
dew-poin$ or bubble-point condition at reservoir temperature and pressure.
The other method calculates four equilibrium-ratio points for each com-
ponent in the reservoir fluid and then smooths in eurves to these four points
using published equilibrium-ratio data as a guide.

Consider first the case where the fluid analysis is used in selecting an
appropriate set of published equilibrium ratios. In order to select the
proper set of curves it is necessary to evaluate the flash equations discussed
in Chap. 4, using published equilibrium-ratio data at bubble-point or dew-
point conditions. The equilibrium-ratio curves which satisfy the fHash
equations at bubble- or dew-point pressure and reservoir temperature are
the ones selected. Curves similar to those shown in Figs. 4-63 through 4-81
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. 5-22. Equilibrium vaporization ratio K at 220°F : i
SFB((;JO and 10(,1000 psi. (From school taught by M. J. Rzasu at University of Tulsa,
1948.)

or Fig. 5-22 can be used as a basic group from which to select the equilib-
rium-ratio curves to be tested. ) ) )
An apparent convergence pressure must be estimated for the fluid. C'II'hlf
convergence pressure must be at least 10 per cen.t grea.ter‘ than the G‘i:;
point or bubble-point pressure reported in the fluid a.na.iysm. .The NG .
“Equilibrium Ratio Data Book’” presents a chart for estimating apparen
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convergence pressures. Crude-oil and gas-condensate fluids usually have
apparent convergence pressures in the 5,000-psia range. Select a conver-
gence pressure, and then read the equilibrium ratios corresponding to the
bubee-‘point or dew-point pressure and reservoir temperature. Using the
appropriate set of flash equations, Chap. 4, determine the equilibrium
ratio to be used for the Cr.. fraction.

It is usually necessary that an arbitrary curve be drawn to represent the
heptanes-plus fraction. The actual location of this curve will be determined
by the behaviors of the heavier eomponents in the Svstem.

Consider the case of a condensate sample whose composition is that
given in Table 5-7. When this material is tested to select proper equilib-
rium ratios, the apparent convergence pressure of 5,000 Ib per in. is chosen.
Tests were made wherein heptane plus was represented by normal nonane
and by normal decane. With data for normal nonane, the calculations
yielded results which indicated that the heptanes-plus fraction had the
characteristics of a heavier constituent. Normal decane was then tried
for the heptanes-plus fraction, and the results indicated that a lighter frac-
tion should be used. A fit was tried using an apparent CONVergence pressiire
of 6,000 psia. The results indicated that a convergence pressure of 6,000
psia was too high. The values to be used to represent the system are equi-
librium ratios for a 5,000-psia convergence pressure with the heptanesplus
fraction fitted to a curve between the curves of n-nonane and n-decane.
The value of the equilibrium ratio required for the heptanes plus to balance
the system is caleulated. Using the caleulated heptanes-plus equilibrium
ratio at the dew point or bubble point, a curve can be constructed lying
between the n-nonane and n-decane curve so as to represent the heptane-
plus fraction in the system. This type of curve fitting can be applied both
to erude-oil-gas systems and gas-condensate systems.

Example 5-12 illustrates the selection of a set of published data to de-
scribe a particular fluid which has a dew point of 3,810 psia at a tempera-
ture of 220°F.
~ The second method of determining equilibrium ratios from reservoir
fluid-analysis data is by the use of published equilibrium ratios and em-
pirical correlation charts. The method is a little more laborious but can
yield very satisfactory results.

Four equilibrium ratios are determined for each component in the fluid,
Each component has two pressure points at which the equilibrium ratios
are equal to 1. The equilibrium ratios when plotted at a constant temper-
ature apparently converge at an equilibrium ratio of 1.. The bressure at
which this convergence oceurs is dependent upon the analysis of the fluid
under consideration. As in the preceding method the apparent conver-
gence pressure must exceed the bubble-point or dew-point pressure by at
least 10 per cent. The equilibrium ratio of each component is one at the
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vapor pressure of that component, thus yielding the second set of equi-
librium-ratio points. A third equilibrium ratio, the minimum value for

each component, is determined empirieally from Figs. 5

the vapor pressure of the components and the apparent

-23 and 5-24 using

convergence pres-
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sure. The fourth equilibrium ratio is caleulated by fitting published data
to the bubble-point or dew-point fluid analysis.

Katz and Hachmuth? Roland, Smith, and Kaveler?® or some other ap-
propriate set of published data can be used for the caleulation of the equi-
librium ratio at the fluid bubble-point or dew-point pressure. The engineer
should select the published data which have a composition nearest his fluid
system. Calculate the dew-point or bubble-point pressure using the flash
equations defined in Chap. 4, the analysis of the reservoir fluid, and the
selected equilibrium ratios. No consideration need be given the value of
pressure at which the equilibrium ratios are obtained from the lterature.
Whenever the desired set of values are obtained, they are said to exist at
the bubble-point or dew-point pressure and reservoir temperature.

Equilibrium-ratio curves are drawn for each component using the four
caleulated points. Equilibrium ratios form the literature are used as an
aid in drawing smooth curves. These data are plotted and used as extra
data points and guide lines in connecting the calculated points.

The calculation procedure for determining . set of equilibrium ratios is
illustrated in Example 5-13 for the fluid sample of Table 5-1. The results
of these calculations are shown in Fig. 5-25.

Example 5-12. Selection of Published Equilibrium-ratio Data.

Reservoir temp 220°F Reservoir pressure 3,810 psia

Apparent conver- | Apparent conver-
Component Mol . Correct.ed gence, 5,000 psia | gence, 6,000 psia
wt Analysis | analysis
& Ki* /K K; z: /K
Methane 16 0.8481 0.8686 1.550 0.56038 | 1.80 0.54280
Ethane 30 0.0595 0.0609 0.840 | 0.07250; 0.81 0.07518
Propane 44 0.0255 0.0261 0.650 | 0.04015; 0.56 0.04660
Isobutane 58 0.0047 0.0048 0.535 | 0.00897 | 0.42 0.01142
n-Butane 58 0.6075 0.0077 0.430 | 0.01604 | 0.35 0.02200
‘Isopentane 72 0.0030 0.0031 0.405 | 0.00765 ) 0.21 0.01476
n-Pentane 72 0.0021 0.0022 0.355 {0.00619| 0.19 0.01157
Hexanes 86 0.0037 0.0038 0.275 | 0.01381 ] 0.125 { (.03040
Heptanes plus 128 0.0223 0.0228 0.1101 | 0.20727 | 0.0701 | 0.32571
0.0821 | 0.27804 | 0.0591 | 0.38644
Carbon dioxide 46 0.0236 0.0000
1.0000 1.0000 Z =0.932961 I = 1.080447
=z = 1003731 ¥ = 1.14117¢

*From Fig. 5-22. X, required for Cr. for apparent convergence pressure of
3,000 = 0.08603.

T Using r-nonane for heptane plus.

{ Using n-decane for heptane plus.
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Example 6-13. Determination of Correct K-value Data at Reservoir
Temperature. It has been shown that when a hydrocarbon mixture has a
large weight per cent of heptanes plus and a small weight per cent of meth-
ane (Fig. 4-4), the critieal point would be to the right of the ericondenbar
and the system would essentially be a gas—crude-oil systemn; hence, this
example system will be classified as a gas-crude-oil system. Katz and
Hachmuth?® published one of the better sets of equilibrium-ratio data for
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Fie. 5-25. Adjusted equilibrium ratios for a crude-oil sample.

this type of system. Therefore, their data will be used here except for
methane, where Brown’s! data will be used.
Step 1. Roughly sketch the 200°F equilibrium-ratio data presented by
Katz (Fig. 4-63) on a log plot of K, against reservoir pressure.
Step 2. From Katz's data, determine a set of K values which will satisfy
the bubble-point conditions that
y: = 2K, =1 L—1 V-0

Regardless of the pressure indicated by Katz's data, it will be assumed
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that these data apply at the bubble-point pressure of 2,695 psig. The cal-
culations are presented in tabular form below.

M(;le K& at Kfat K& at
Com- Mole o |200°F,| . i200°F,} _ . |200°F,| _ z,
Wt &, hydro- zK: =K; %K
ponent Pl % ol 3,000 2,000 2,450
only psia psia psia
Methane 4.45| 33.78] 33.96 | 2.10 |0.71316] 2.75 !0.933090| 2.46 |0.83542
Ethane 1.59] 6.42 6.46 | 0.95 [0.06137| 1.10 |[0.07106} 0.995 |0.06428
Propane 356 9.82 9.87 1 0.66 |0.06514] 0.64 |0.06317| 0.650 | 0.06416
Isobutane 0.63| 1.33
n-Butane 1.43 2.99 4.34 | 0.43 (0.01866| 0.38 |0.01649| 0.395 | 0.01714

Tsopentane| 0.74| 1.25

n-Pentane 1.14| 193 3.20 | 0.30 0.00960; 0.225 {0.00720( 0.246 |0.00787
Hexanes 2,121 299 3.00 | 0.22 |0.00660| 0.15 |[0.00450( 0.162 |0.00488
Heavier
(C:) 84.20| 38.97| 39.17 | 0.024 |0.00940] 0.015 | 0.00588 0.017 | 0.00666
Hydrogen
sulfide 0.14| 0.52 0.00
100.00| 100.00| 100.00 0.88393 1.10220 1.00039

Density of Cryp = 0.8859 gm/ce at 60°F
°APT gravity of C.yp = 28.1 at 60°F

Mol wt of Cop. = 263 1b/mole

Reservoir bubble-point pressure == 2,695 psig
Reservoir bubble-point temperature = 200°F

The values at 2,500 psia on Katz’s curve are sufficiently close to satisfy
present conditions and therefore will be used to represent the K values of
this sample at 2,695 psig and 200°F.

The vapor pressure of the {th constituent at 200°F is obtained from the
literature. The heptanes-plus vapor pressure must be estimated either by
selecting a fluid of comparable molecular weight or by letting nonane or
decane represent the heptanes plus.

Katz's data at 200°F has an apparent convergence pressure of 5,000 psia.
As this pressure is sufficienily greater than the observed bubble point, it
will be tried as the first apparent convergence pressure, thus yielding a
third set of equilibrium ratios. ‘

The fourth K value for each component is the minimum value of K,-_ at
200°F. These values are obtained by using Figs. 5-23 and 5-24. Determine
the ratio of the apparent convergence pressure to the vapor pressure of
each constituent, and read the pressure at which the minimum K value
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exists. With the use of the same ratio, the magnitude of the minimum K
value is obtained from Fig. 5-24.

When the four K values determined by the previously diseussed methods
for each component and the K values determined by Katz at pressures less
than 1,000 psia were used, equilibrium-ratio curves were constructed for
the fluid at reservoir temperature. The curves constructed for this fluid
are shown in Fig. 5-25.

A sample calculation for determination of minimum K value appears on
page 426,

OTHER METHODS OF DETERMINING HYDROCARBON
FLUID PROPERTIES

The calculation of reservoir volume factors by means of fluid analysis
and the assumption of modified ideal solutions was discussed in Chap. 4.
Earlier in this chapter the laboratory measurement of fluid properties was
presented. As laboratory analysis or all the information required by the
calculation method is not always available, other methods for approxi-
mating reservoir fluid properties have been developed.

Modified Ideal Solutions

In the ideal-solutions method presented in Chap. 4, the information re-
quired was the stock-tank fluid analysis, total produced gas analysis, pro-
ducing gas-oil ratio, reservoir temperature, and reservoir pressure. Modi-
fications of this method have been devised requiring less information,
These modified methods are presented in order of decreasing data require-
ments.

No Analysis of Stock-tank Liquid. If it is assumed that the stock-tank
liguid is comprised of nothing lighter than propane, then the apparent
density of the propane-plus fraction of the total produced fluid can be eal-
culated from the gas analysis, producing gas-oil ratio, and stock-tank-oil
gravity. The calculating procedure is the same as in the case of the ideal-
solution method presented in Chap. 4 except that the apparent density of
propanes plus is defined by Eq. (5-41).

3507 + (B,/380) ) yiM:
i=3

poa = {5-41

5.61 + (R,/380) E [y M/ (p2)2]
£=3

¥: = mole fraction of #th component in total produced gas
molecular weight of 4th component, lb

where

IS
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= =] :

- 2 B g I ¥:: = specific gravity of stock-tank liquid at 14.7 psia and 60°F
SE¥RIS E o : R = total produced gas-oil ratio, sef per stock-tank barrel
ceeeses ; g;- : (p)r = liquid density of ith component at 14.7 psia and 60°F,

= = i lb/cu ft
B ’;c: : pcs+ = apparent density of propanes plus at 14.7 psia and 60°F,
2888ES PR Ib/ou £t
o v—i_ CD-‘ ‘-:-. = o ) .
me ] B ?ﬁ ‘ The weight per cent of ethane in the ethane plus and weight per cent of
2 g é : methane in the system are defined by Eq. (5.42).
g TS
= 5% ; : Rp/380)y:M.
s 22 5 Wt % Cyin Gy, = ——(Fel3800uells (5-42)
.= = i
: 23 % % 350v.: + (R,/380) )y
A E 2 . : i=2
@ B = :

—e s g 2B 3 : R,/380)y:M
EEET g 55 8 Wt % Ciin Cue = B/ 3800yl s
ceeess § o% 8 350v.: + (B,/380) Yy,

] B &
=i -g g 1 s=1
. - O =] :
’ég 22 é ‘ The apparent density of the total mixture at 14.7 psia and 60°F is de-
< 2 BE g ‘ termined from Fig. 4-50. Corrections for reservoir pressure and tempera-
= i ua.? g l ture are made with the use of Figs. 4-51 and 4-53. Oil formation volume
=2 ==z 3
Sacaws | 3o g E g ; factors are caleulated by Eq. 5-44. o ‘
oo o E ; g“ E E ® 23 3 ‘ No Surface Liquid or Gas Analysis. Katz® further simplified the ideal-
«1 e . . *
T EaR H g g solution method by the use of an empirical correlation. These correlations
% 32 §E § t eliminate the necessity of knowing the gas analysis. The engineer need
& E g% 25 § ‘ know only the total gas-oil ratio, the stock-tank liquid gravity, and the
- Lo ae 3 total produced gas gravity. Using the gas gravity and stock-tank gravity,
- B o § ; § 5 = % & : the apparent gas density is determined from Fig. 5-26. Knowing t}%e ap-
SERR8°| ¥4 é £€ 8 parent gas density, the total produced gas-oil ratio, and the gas gravity, it
R ; g < % g § is possible to calculate the apparent liquid density of the produc.ed gas.
$5%:s g2 v Thus the apparent total density at surface conditions can be obtained by
@ 58 _'."3 fa 4 use of the following equations:
= E£8 g = ©
ssggsss| fi%: 21 % Lb of gas = 22y, x 28.96
SEIEIIX| 22gE =5 = : g 380 ¢ :
5 2w ey ad ad ard in‘g 25 E
E5EE =58 2 oonn = 3507+ (R,/380), X 28.96 (5-53)
fEtimasg P T .61 + (R,/380)7,(28.96/ (po)aso)
) 2Fxed = & i . R .
=2 g f o 2 ;:“’. £ i where 7, = specific gravity of gas (air = 1) _
o m Zan Bl § § k-l g éﬁ 3 ! ¥st = specific gravity of stock-tank oil at 60°F and 14.7 psia
@ oo B = " " N .
2 g R 3 EZ5 f‘:: g 2 2E g (Pa)epp = apparent liquid density of produced gas as obtained from
£2E258% ;:S;Sg.a:s«zae Fig. 5-26 o
s R Tt g 0 é“ " (pe)apr = apparent density of stock-tank oil and its dissolved gas ex-

pressed at 14.7 psia and 60°F

&
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The apparent density at surface conditions having been obtained, the pro-
ce(.iure Is the same as in the previous method, where the density at reser-
voir conditions is caleulated by the use of Figs. 4-51 and 4-53. The density
at reservoir conditions having been obtained, the formation volume factor
corresponding to this produced gas-oil ratio and the given reservoir tem-

perature and pressure can be caleulated with the following equation:

_ {350)y, + (R,,/380)7,(28.96)
B. = 5.81(p,)rer (5-44)

where (;3,,),,, is the density of the reservoir liquid in pounds per cubic foot
and B, is the formation volume factor. In all the preceding caleulations
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i}ai 51;?6 Correlation of apparent density of dissolved gas and gas gravity, (From
atz.

- it should be pointed out that the gas-oil ratio represents the total gas pro-
duced per stock-tank barrel and would be the sum of the gas from each
stage of separation. The gas gravity is the gravity of all the gas produced
and if not measured as such would have to be calculated from the gravity
of gas off each individual stage of separation. *

All the preceding means of caleulating formation volume factors are
acc_urate within approximately 3 per cent provided the producing gas-oil
ratio actually represents the total solution gas. Of course, if the wells are
producing at excess gas-oil ratios, then the volume factors as caleulated
cannot be expected to correlate with the formation volume factor resulting
frorr'1 & laboratory analysis. These caleulating and correlating procedures
are invaluable in obtaining a first estimate of formation volume factors to
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be used in making preliminary economie studies prior to the time that com-
plete fluid-analysis data are either warranted or available,

Empirical Methods

Empirical methods differ from the modified ideal-solution methods in
that they depend on curves or equations derived from correlations of Iab-
oratory analysis. The empirical methods usually depend on gas gravity,
stock-tank gravity, reservoir pressure, and temperature.

EKatz’s Curves. Katz® prepared s correlation from data on Mid-
Continent crudes for calculation of the reservoir formation volume faector.
The use of these charts requires the reservoir temperature, reservoir pres-
sure, gas in golution, and API gravity of the erude. These two curves are

I 1 i J T TT
- I I I A
3 T T
= Ty
T s
=) et
e o \C.LVF‘()'J t
"51_ OP? ;’/G"
e 10 AR avesss
o S Pt | 0.1__
g3 e
£ = =
£ a I
£5 : sxcazia
4—4_ 5
1= E ’- 1 T
58 Hobhzee 1
[ = |
& m S S TH WA
IREEEI IANERI I |
80 100 180 2040 250 300

Temperofure, °F

Fia. 5-27. Fluid-volume correction factor for temperature of residual oil. (From
Katz™®)

presented in Figs. 5-27 and 5-28. If the gas-oil ratio required in Fig. 5-28
is considered te be the producing gas-oil ratio, then these curves can be
used to get an estimate of the formation volume factor at that point. These
two curves ean be used in conjunction with a correlating curve presented
by Beal® (Fig. 5-29), in which the gas in solution is correlated with stock-
tank gravity and saturation pressure. If the gas in solution is determined
from Fig. 5-29 as a function of stock-tank gravity and reserveir pressure,
Figs. 5-27 and 5-28 can be used to calculate the formation volume factor
for the reservoir oil. These three curves will then permit the calculation
of a complete formation volume factor and solution-gas—oil ratio curves
by using various pressures and assuming the stock-tank gravity to remain
constant.

The procedure for calculating formation volume factors using Beal’s and
Katz’s empirical curves is illustrated in Example 5-14.
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Exa..mple ?-14. Calculation of Formation Volume Factor and Solution-
gas—0il Ratios by Beal and Katz Charts. '

1. Knovn_ng the API stock-tank oil gravity assume a saturation pressure
and determine the solution-gas—oil ratios from Fig. 5-29.

2. FI.'om Fig. 5-27 determine the fluid shrinkage due to the change from
reservolr temperature to 60°F. Denote this shrinkage value by the
term S i

3. F rom Fig. 5-28 determine the fluid shrinkage due to the liberation of
the solui*:lon gas as the pressure decreased from saturation pressure to at-
mospheric. Denote this shrinkage value by S,.
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‘ 4. The oil formation volume factor at the saturation pressure of Step 1
is then defined by the following equation:

B = (1 —'-JS;)(]. +Lp)

where S, and S, are expressed as fractions.

A caleulation of formation volume factor from data i
and Katz follows: compiled by Beal

R = 1,2'02 Reservoir temperature = 224°F
G.as gravity = (.8643 8, = 0.075 {from Fig. 5-27)

Qil gravity = 36.81°API B,= (14 8)(1+ 8,
Separator pressure = 0 psi
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P; R 8ot 148, B,
4,298 1,202t | 0.620 1.620 17415
3,810 1,150 0.585 1.585 1.7039
3,410 1,085 0.515 1.515 1.6286
3,010 910 0.445 1.445 1.5534
2,610 790 0.385 1.385 1.4889
2,210 670 0.325 1.325 1.4244
1,810 550 0.265 1.265 1.3599
1,410 495 0.205 1.205 1.2954
1,010 310 0.150 1.150 1.2363

610 210 0.100 1.100 1.1825

245 120 0.057 1.057 1.1363

* From Fig. 5-29.
t From Fig. 5-28.
1 Not from Fig. 5-29. Value is the initial solution ratio from field data.

Standing’s Correlation. Another empirical correlation has been pre-
sented which requires the total gas-oil ratio, the gravity of the stock-tank
oil and produced gas, and the reservoir temperature. This correlation was
presented by Standing® for California fluids. The formation volume factor
is expressed by the following equation:

B, = GOR "f;—” +1.25 (5-45)
where all the symbols are as defined previously except ¢, which is defined
as the reservoir temperature expressed in degrees Fahrenheit.

Standing further amplified the correlation to permit the calculation of
bubble-point pressures and total volume factors. It is expected that the
results obtained from these correlations would be more accurate than those

- obtained from Beal's and Katz’s data, as these charts account for the gas

gravity. These charts are presented in Figs. 5-30 and through 5-32. Figure
5-31 represenis a graphical solution of Eq. (5-45). If it is assumed that
the producing gas-cil ratio represents the solution ratio, the formation vol-
ume factor can be determined from Fig. 5-31. Working with Fig. 5-30, it
is possible to take these same parameters, gas-oil ratio, gas gravity, tank-
oil gravity, and reservoir temperature, and determine the pressure at which
a given amount of gas would be in solution. This curve essentially accom-
plishes the same results as the data presented by Beal but includes more
variables; therefore, it is felt to be more aceurate. By combining ¥igs. 5-30
and 5-31 it is possible to determine the formation volume factor and solu-
tion-gas—oil ratio pressure relationships. If various gas-oil ratios are as-
sumed and either a constant gas gravity and constant stock-tank oil gravity
or some predetermined variation with pressure, the pressure and formation
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volume factor corresponding to each value of gas-oil ratio can be deter-
mined. Thus, formation volume factors as a function of pressure and gas
in solution as a function of pressure can be approximated from these two
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curves. The total formation volume factor can be estimated from Fig. 5-32.
This volume factor represents the reservoir volume occupied by 1 bbl of
oil and its complement of liberated gas. It is actually a combination of
Figs. 5-30 and 5-31 which permits the calculations of the expansion of the ’
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. .1,
Fic. 5-30. Properties of natural hydrocarbon mixtures of gas and liquid (bubble-point pressure). (From Standing™)
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liberated gas. An example problem is not included, as the charts presented
by Standing incorporate example problems.

-
o . .. .
£l A comparison between laboratory data and empirical calculated data is
= presented in Table 5-9 and Fig. 5-33. In this particular case the fluid sam-
=1 - . - . N . .
£ ple used is tending toward a high-shrinkage erude, so that the empirical
2,
'—é‘
__"8 FPROFPERTIES OF NATURAL HYDROCARBON MIXTURES OF GAS AND LIQUID
E]
frat FORMATION VOLUME OF GAS PLUS LIOUID PHASES
8
“E’ EXAMPLE
= REQUIRED:
R :O. Formation volume of the gas plis liquid
AN R o phases of ¢ 4,500 = cu F/bb] mixture, gos
mumuzuluumu:ruuammmumk = grovity = .80, fank ol gravity = 40 API, ot
A 1 -_.% 200 °F and 000 psio.
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e iR (TR E Storting at the lef}t side of tha chart,
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& LEhy O 8Es T _ 5
= oL . . -
SC33x 8585828 e 8 correlations do not give so good agreement throughout the pressure range
b B3 & S3858 Z = . . . .
& ISR 8 S8R5 a5 as one might expect. In most cases, these empirical correlations yield values

which are comparable within 3 or 4 per cent to measured laboratory data.

Calculating Reservoir Volumes for Gas-condensate Systems

Gas-condensate systems are most frequently freated as gas systems.

434 Correlations are employed to recombine the condensed liguid resulting
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from surface separation with the separator gas. These correlation proce-
dares convert the produced gas gravity to a reservoir gas gravity. In all
the calculations which follow, it is assumed that the produced material is
a gas In the reservoir and that no liquid was produced from the reservoir.
This does not mean that there cannot be liquid existing in the reservoir,
simply that none of that liquid is produced and included in the caleulations.

Recombination with Equation of State. The first method for converting
surface volumes to reservoir volumes requires that the following data be
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. Frq. 5-33. Comparison of measured and calculated oil formation volume factors.

known: analysis of the produced gas, analysis of the condensate, the total
gas-oil ratio, and the reservoir temperature and pressure. Using these data
It is possible to caleulate the composition of the reservoir gas by the meth-
ods indicated with respect to reeombined samples in an earlier section of
this chapter. By means of the recombined composition, the ecompressi-
bility factor can be determined through the use of reduced temperatures
and pressures. When the value of the compressibility factor is known, the
actual volume in the reservoir can be caleulated by use of the equation of
state PV = ZnRT. This would give the volume in the reservoir per mole
of fluid. The molecular weight of the surface gas and liquid ean be caleu-
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Tasie 5-9. ComparisoN oF MEASURED aAND CALCULATED FORMATION VOLUME
Factors anp SovruTion-cas—O1L Rarros*

Bubble- Caleulated from data Calculated using Corrected
point corpiled by Beal and Katz | Standing’s correlations | laboratory dzta
pressure,
psi B, E, B,t B Bos§ A
4,228 1.7415 1,202 1.740 1,202 1.6892 | 1,202
3,810 1.7039 1,150 1.635 1,080 1.6003 | 1,028.5
3,410 1.6286 1,035 1.595 950 1.5287 B883.6
3,010 1.5534 910 1.520 830 1.4711 755.6
2,610 1.4889 790 1.442 700 1.4165 642.7
2,210 1.4244 870 1.366 570 1.3667 537.5
1,810 1.3599 550 1.310 450 1.3196 437.0
1,410 1.2954 425 1.242 335 1.2757 343.2
1,010 1.2363 310 1.189 225 1.2343 254.0
610 1.1825 210 1.139 127 1.1890 162.1
245 1.1363 120 1.100 41 1.1376 67.4

* Ba = 1,202, gas gravity = 0.9643, ofl gravity = 36.81°API, separator pressure =
0 psi, and reservoir temp = 224°F,

f From Fig. 5-31.

I From Fig. 5-30.

§ Boy = Boa(Boss/Boas).

TR, = 1,202 — (Re)a(B.ss/Beas).

lated from their respective analyses. The moles of fluid produced per day
can be calculated from the gas-oil ratio and daily gas production. The
Teservoir voidage per day is then given by

Reservoir voidage = (mole produced/day) (cu ft/mole reservoir gas) (5-46)

Correlation Charts and Equation of State, Another method of convert-
ing surface volumes to reservoir volumes is similar to the one previously
discussed except that correlation charts are used for obtaining the gravity
of the reservoir gas. In order to use the correlation charts presented by
Standing, it is necessary that the following data be known: the produced
gas gravity, the barrels of condensate per million cubic feet, and the con-
densate gravity. From the correlating chart shown in Fig. 5-34, it is pos-
sible to calculate the gravity of a single-phase fluid which would result
from the recombination of the surface gas and liquid. The correlating
chart refers to this single-phase fluid as the well fluid. When the well Auid
gravity is used, pseudo-critical properties and compressibility factors for
the fluid are obtained from the fluid property charts in Chap. 4. When the
compressibility factor is known, the solution is the same as in the preceding
example, where the equation of state is used to calculate the reservoir void-
age per day or per standard cubie foot produced. Example 5-15 illustrates
the caleulating procedure.
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1'5 | N O O I O I
- TasLE 5-10. YaLuEs oF CoerrFicieNT A UseEp To Carcvrate ForMmaTioN
R i T4
z;‘;ﬁ‘;ﬁa‘z},ﬁfymﬁfﬂ;&g?eﬁ '\’ﬂ_ gaofgr. VoLuME oF Gas-CONDENSATE SysTeEMs BY MEeTHOD OF SAGE aNd Oupst®
s B (B = AR,T/P)
“‘Jl 1 tA & 0
I
14 Lg:g- [1?? = ’ J%:f"_ﬁ . ]gﬁro Pressure, AQ0P
nanEXs = b -po LT gr. ;
8 B s AL peia 100°F | 130°F | 160°F | 190°F | 220°F | 250°F
= %5 T so+F 55 A
R XS ani A0 ong 600 4.58 467 475 483 489 4.92
HH A W FRRANE ]| - 800 4.46 4.57 4.67 4.76 4.83 4.87
s ez 76 1,000 4.35 4.47 4.59 469 477 4.87
Ly & s rard PR 1,250 4.21 435 4.49 462 471 477
o5 Lt 1,500 4.09 4.25 241 455 4.66 472
Ly F i 1,750 3.99 4.17 434 4.50 4.62 4.71
oo 23 2,000 3.93 411 4.29 4.46 4.59 4.69
» ¥ - 2,250 3.89 408 426 443 457 4.68
P/ . - 2,500 3.88 4.06 4.25 4.42 4.57 4.68
FPLAF A4 2,750 3.89 4.07 4.26 4.44 4.58 4.62
Pan i 3,000 3.92 4.10 4.29 4.47 461 471
1.1 A
H 1 Exzample 5-16. Calculation of Daily Reservoir Veidage.
0 20,000 20000 ' 10000 CFB Liquid gravity, 53.3°APY
0 20 40 60 80 100 Separator gas-oil ratio, 40.795 Mef/bbl
Frc. 534, Bffect of cond Bbl clmdensnte l:?er mmcf Stoek-tank gas-oil ratio, 2.780 Mef/bbl
16. X ect of condensate volume on the ratio of surface ity t 1 1
fluid gravity. (From Standing®) gas gravity 1o we SEES]Z?:;]?ZZ Sgr;:vti;olﬁégt(lm
, 1.
Sagefs and Olds’s Correlation. An empirical method for calculating g::zggg t?:si iiztérgbégosiz
reservoir volumes for gas-condensate systems was presented by Sage and Separator pas rate. 3.130 lr\)lMscf /da;
Olds,”* where the volume relations depend on the volume of condensate Sth:ck-ta. n]f as rat:?, 6213 MMsei/ dz
rather than the volume of produced gas. This relation is expressed as Condensategrate 75’ 723 b}:;l /day 7
AR,T T
B = pp (5-47) 1. Using Katz-Standing correlations
where B = formation volume factor reservoir, bbl/stock-tank bbl Av gas gravity = 3.130(0.6174) + 0.213(1.0900) _ 0.6475
A = empirical correlating constant, Table 5-10 and Fig. 5-35 3.130 + 0.213
E, = producing gas-oil ratio, sef/stock-tank bbl 1,000
T = reservoir temperature, °R Bbl cond/MMsef = Zg—g;[-g = 22,949 bbl/MMsef

P = reservoir pressure, psia
) ) . F Fig, 5-34
To apply this calculating procedure it is necessary to know the producing rom Fig. 534,

gas-oil ratio and the reservoir pressure and temperature and to have access Y= _ 1125
to the table of correlating factors. The caleulating procedure is illustrated Vs ’

in Example 5-15.
xample 5-15 . Well fluid gravity = 1.125(0.6475) = 0.7284



440 PETROLEUM RESERVOIR ENGINEERING
From Fig. 4-30,
2P, = 664
o1, = 391
2,900
= == =
P, 664 4367
_ 850 _
T, = 301 = 1.662
From Fig. 4-25,
Z = 0.847

ZRT _ 0.847(10.71)(850)
P - 2,900

= 203316 cu ft/mole
total GOR _ 43,575

Res vol/mole of composite =

Moles gas produced/bbl condensate =

380 T 380
= 114.6711 moles gas/bbl
Sp gr of liquid = 141.5 141.5 = 0.7657

°API + 1315 ~ 53.3 + 1315
From Fig. 5-34,

Mol wt of liquid = 121

Moles liquid produced _ 350 X (sp gr) _ 350(0.7657)

Bbl of condensate mol wt 121
2.2148 moles liquid/bbl

B = bbl res space
- bbl of condensate

_. (moles liquid/bbl + moles gas/bbl)(res cu ft/mole of composite)

5.61

_ 2.03316(114.6711 + 2.2148)
5.61

Daily res voidage = 76.7258 = 3250.182 bbl/day
2. Usirng Sage’s and Olds's correlation

= 4236145

_ART
B= P
From Table 5-10,
A = 4458

3 = £458(43.575)(650)

2,900 = 43.54036
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Daily res voidage = 43.54036(76.725)
= 3340.634 bbl/day
3. Using Standing’s correlation chart
From Fig. 5-32,
B =445
Daily res voidage = 44.5(76.725)
= 3414.263 bbl/day

Standing’s Correlation. A method of converting surface volumes to
reservoir volumes was presented by Standing for condensate systems.
This is the same correlation (Figs. 5-30 to 5-32) used in the estimation of
the PVT relationship for a gas—crude-oil system.

By correlating field data Standing developed correlation charts which
are dependent upon the gas-oil ratio, the gas gravity, reservoir temperature
and pressure, and stock-tank oil gravity. These curves can be used for gas-
condensate systems because at high gas-oil ratios, the tank oil gravity be-
comes insignificant. Figure 5-32 is the empirieal ehart to be used with a
condensate. This chart permits a rapid caleulation of the formation vol-
ume faector for a condensate system. The formation volume factor is ex-
pressed as barrels of reservoir fluid per barrel of stock-tank liquid. An
example caleulation using this chart for a gas—crude-oil gystem is incor-
porated with the figure. For the crude and condensates systems from which
this chart was prepared, the accuracy was approximately 3 per cent. It is
expected that the accuraey for other systems should still be within 3 to 5
per cent.

Review of Correlations. It should be pointed out that these empirical
procedures are not meant to supplant or replace Iaboratory analysis of
reservoir fluids. Empirieal relationships are presented as an aid to the
engineer so that he can estimate the physical properties of the reservoir
fluids in order to determine the best means of obtaining a reservoir sample
and whether a reservoir sample is warranted and to obtain estimates of
fluid performance prior to collecting a sample. These correlating devices
can also be used as a check against fluid analysis. If the resulis obtained
by using these empirical relations and the laboratory analysis results are
extremely far removed, then in all probability some error was made in col-
lecting the sample, and the engineer should feel justified in requesting a
new sample.

Correlations for Fluid Viscosities

Viscosity of Oils. Beal" presented empirical correlations for the deter-
mination of reserveir fluid viscosities dependent upon the stock-tank
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gravity, reservoir pressure, and temperature. The viscosity of a gas-free
crude oil is presented as a function of API gravity and temperature in
Fig. 5-35. The gas in solution, dependent on reservoir pressure and stock-
tank gravity, can be obtained from Fig. 5-29. The viscosity of the reser-
voir liquid is then read from Fig. 5-36 or 5-37, depending on whether the
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F1a. 5-35. Gas-free crude viscosity as a function or reservoir temperature and stock-
tank crude gravity. (From Beal)

oil is saturated or undersaturated. Take, for example, the case when the
crude-oil gravity is 3214°API at stock-tank conditions and reservoir tem-
perature is 175°F. Then from Fig. 5-35 it is found that the viscosity of the
gas-free crude oil ai reservoir temperature is 2.3 centipoises. From Fig.
5-36 entering with the gas in solution, 500 sef at 2,000 psia from Fig. 5-29
and reading to the gas-free erude-oil viscosity from Fig. 5-35, it is found
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that the reservoir oil viscosity is 0.8 centipoise. Figure 5-37 permits the
calculation of the oil viscosity for undersaturated crude oils.

These three curves were used to calculate the viscosity of the reservoir
fluid presented in Table 5-1. A comparison of the empirical and measured
viscosity values are shown in Fig. 5-38. It is noted that the viscosities cal-
culated by Beal’s correlation are slightly greater than the viscosities actu-
ally measured in the laboratory. Exact agreement eannot be expected, as
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Fic. 5-36. Reservoir crude-oil viscosity from gas-free crude-oil viscosity and gas in
solution. Correlation based on 351 viscosity observations from 41 crude-oil samples
representing average conditions for 29 oil fields. Average deviation, 134 per cent.
{From Beal®)

Beal’s correlations have an accuracy of approximately 80 per cent. These
correlations are useful in flow caleulations when laboratory fluid data are
not available.

It is noted in Fig. 5-35 that for a constant API gravity the viscosity of
a gas-free crude oil decreases with increasing temperature. From Fig. 5-36
it is seen that for a constant gas-free viscosity at a fixed reservoir tempera-
ture the reservoir viscosity decreases with increasing solution gas (increas-
ing pressure). In Chap. 4 it was stated that increasing the pressure on a

liquid inereases the viscosity of that liquid. The effect of gas entering solu- .



444 PETROLEUM RESERVOIR ENGINEERING
10
9
= " |Detail
73.'_ 8
£7
- — —ixfrapolated N
-
7 s
2160 g4 —
2 & // / / v / i —
= ) B
z ol L 9 A A o~ 15—
= A 0/ / / / 2
s / 2 e / / ] =t
S g0 &
s VN // % 34 5
a / 5‘// A Pressute 1housands psi
= 70 9 = I
5 50/ - L] oise] 13| Detail i
N ped == - € cenflp P
@ &0 e 45 — ,,ssur ! 1.2 5T T
= jat P Lk
§ ?/ L~ 40/ /Tub“e_pal R it - 9,/
B oo ’/. 1 de gth L Lof<t Q- —
2 35 red € " — 12 noleel 108 | A
ur? —r 209 0 -
.g {gas'sdf e g P 7 [
.—2 40 /‘(cas"”o 7‘30‘ /‘-” = 08 -1 0 //
S Lmtet — —F+—"120r 08
2 #bs8 ] ___/25 I Sy i = o] e
2 30 — e o— = = 06 /o__;
s 2 A | S 05 =]
< _____-——'/ R " { et 25
Z 20 e 15 === T4 3
E§ —1T St S i P ——
a 10 L +02
= 10 0.2
5 F ot g Ne? e
§ o lFarmpre occprate values see insert above) 0 ] |
2 0 1000 2000 3000 4,000 5000 0 1 2 3 4 5
Undersaturated pressure, psi thcial.l’segzg;ebsi

Fie. 5-37. Viscosity of erude oil above the bubble-point pressure. Average deviation,
2.7 per cent. (From Beal!®)

tion so far outweighs the effect of pressure that the viscosity of the reser-
voir fluid decreases with increasing pressure.

Viscosity of Gases. The gas viscosity can be calculated by the proce-
dures of Carr® outlined in Chap. 4. The application of the procedure to
calculation of the viscosity of the liberated gas from sample analysis BHS-
46C is presented in Example 5-16.

Example 5-16. Caleulation of Gas Viscosity (BHS-46C).
Reservoir temap = 224°F or 684°R

B = (E) 13}
M1
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(1) )] (3) €Y (5) (6) (M (9 (8) 10)
. Mol
P Gravity* wh 2TF oP.T Vi P, s/} md "
3,810 ( 0.9245 26.81 460 656 1.487 | 5808 | 23 | 0.0118] 0.0271
34101 0.9070 26.30 | 454 857 1.507 | 5190 | 21 0.0119 | 0.0250
3,010 0.9080 26.33 454 657 1.507 | 4.581 1.92 [ 0.0119 ] 0.0228
2,610 | 0.9048 26.23 453 657 1.510 | 3.973 1.75 | 0.0119 | 0.0208
2,210 | 0.8956 2597 | 451 658 1517 | 3.359 | 1.6 0.0120 | 0.0192
1,810 | 0.8972 26.02 § 451 658 1.517 | 2,751 1.4 0.0120 | 0.0168
1,410 [ 0.9064 26.29 | 454 857 1.507 § 2146 | 1.29 | 0.0119 | 0.0154
1,010 0.9333 27.07 462 656 1.481 1.540 LS | 0.0118 ) 0.0140
610 | 1.0052 20.15 433 653 1.416 | 0.934 | 1.08 | 0.0116|0.0125
2451 1.2272 35.59 | 555 638 1.232 ; 0.384 | 1.02 |0.0110]|0.0112
* From Table 54, column 10.
T From Fig. 4-30.
I From Fig. 4-45.
§ From Fig. 4-43.
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CHAPTER 6

PROPERTIES OF WATER

INTRODUCTION

The petroleum engineer is concerned with and must have a knowledge
of the physical and chemical properties of water because petroleum accu-
mulations are found ‘associated with water and rarely is petroleum produc-
tion obtained without accompanying water production. In fact, in many
cases the volume of water associated with petroleum reservoirs exceeds
that of the petroleum accumulation and the total volume of water produc-
tion far exceeds that of petroleum.

‘The petroleum engineer is directly concerned with water because of the
necessity for observing and predicting its location, direction of movement,
rate of movement, and association with other fluids both at the surface
and in the reservoir. More specifically, the petroleum-reservoir engineer is
charged with the study, evaluation, and prediction of the volume of water
in the reservoir, the rate of movement of the water through the reservoir,
the water influx into the reservoir, and the aceompanying problems which
develop in petroleum production, such as water coning. He may also use
water data as an exploratory tool to find petroleum through chemical com-
posttion and electrical resistivity correlations between fields or producing
zones within a field. Also, water data are useful in determining the en-
tranee of extraneous fluids into the reservoir and for determining the effec-
tiveness of any completion operation or water shutoff procedure. In water
flooding practices, water data are used for the reasons eited before and also
to ascertain the possibility of formation plugging due to reaction of in-
jected waters with the reservoir water and to predict fuid injectivity rates.

In order to make a complete and comprehensive petroleum-reservoir
engineering study, it is necessary to have a complete water analysis, in-
cluding both physical and chemical property data. Perhaps the most
frequently used physical properties are compressibility and viscosity.
However, it is quite often desirable, if not necessary, to include gas solu-
bility, density, volume factor, and salinity data.

A chemical property analysis should be available on the water in every
petroleum reservoir. The analysis should be of such scope and complete-
ress as to permit caleulations to prediet and solve future problems arising
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from the characteristics of the water. The analysis should show the total
solids and the parts per million of each positive and negative ion and/or
radical. From this information it will be possible to represent the analysis
graphically -and to calculate reacting values, produets, and properties of
reaction.

Whenever possible it is recommended that representative samples of
the particular reservoir water be obtained and their physical and chemical
properties determined through the services of a reputable laboratory.
Quite often this procedure is not feasible owing to timing, economics, or
other reasons. If circumstances are such, the petroleum-reservoir engineer
may then find it expedient to resort to empirical data or correlation charts.
The majority of this chapter is devoted to the consideration of solution of
water problems through use of these data and correlations. Prior to the
discussion of the use of these correlations it is appropriate to eonsider the
scope of the research on which the correlations were developed and the
limitations of their utility.

Historically much eonfusion exists in the early petroleum-reservoir en-
gineering literature regarding identification and classification of reservoir
waters. In an effort to alleviate this difficulty, the American Petroleum
Institute, in 1941, acting through its Subcommittee on Core Analysis, con-
ducted a study on reservoir waters. Questionnaires submitted to petro-
leum technologists requesting reservoir water classifications vielded some
300 different types and terminology, the majority of which have appeared
in the literature. Although there was considerable difference of opinion,
the subcommittee was suceessful in establishing widespread and common
usage of such water terms as connate, interstitial, residual, and free, to
name only a few. The discussions which follow in this chapter are applic-
able to all types and classifications of reservoir waters.

Since reservoir pressures as high as 15,000 psi and temperatures as high
as 350°F have been encountered in vastly different geological environ-
ments, reservoir waters exhibit widely varying physical and chemical
properties. As a result, salinities in the hundreds of thousands of parts
per million, gas solubilities of 50 cu ft per bbl, water-formation volume
factors exceeding 1.20 bbl per bbl, compressibilities of 4 X 105 bbl per
bbl per psi, and viscosities of less than 0.10 centipoise have been observed.
In this chapter all the gas volumes are expressed at 14.73 psia and 60°F
and the water volumes are expressed at 60°F unless designated otherwise.
Furthermore, reservoir waters are assumed to be saturated with natural
gas at the reservoir conditions unless specified otherwise.

The physical properties of water are dependent upon its chemical com-
position, temperature, and pressure. Water may be pure or may contain
dissolved, entrained, or suspended salts; inert materials; or gases.

There is much information in the technical literature on the properties
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]

where R.»p = solubility of niatural gas in pure water, cu ft/bbl
R, = solubility of natural gas in reservoir water, cu ft/bb}
¥ = salinity of water, ppm
X = salinity eorrection factor

of pure water at or near atmospheric conditions. The calculations which
the petroleum-reservoir engineer will be called upon to make will be ex-
pedited through his knowledge of these properties of pure water, since the
empirical data usually employed in the solution of problems concerning
reservoir water are referred to pure water properties.

]

There are fairly complete data in the literature showing the effect of 24
: | DT T TTTTT T 17
temperature and pressure on the properties of pure water over a tempera- \ l |
ture range from 32 to 250°F at pressures ranging from 0 to 6,000 psia. 22— N
Literature relative to the effect of composition on the properties is meager 20 \\ 5‘003
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The solubility of natural gas in pure water has been studied' and has
been shown to be dependent upon the temperature and pressure of the
water as illustrated in Fig. 6-1a. The solubility is expressed in cubic feet 4
of gas at 14.7 psia and 60°F per barrel of water at 60°F. It should be noted
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effect of pressure, temperature, and composition on the physical properties S ‘6 L,
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that at 5,000 psia and 260°F, the solubility of natural gas in pure water 2 — ]
may be greater than 20 cu ft per bbl. At even higher pressures and tem- ol ! Chy ] EEEE 5
peratures, it would be expected that higher gas solubilities would be ob- 60 100 140 180 220 260
tained, probably owing to the effect of pressure on gas solubility. ' Ternpte[rg'r)ure. °F
qg’ g 0 Correction for brine salinity
Ezample 6-1. Determination of Solubility of Natural Gas in Pure Sele e [ T T TRL T T
Water. A relatively shallow petroleum reservoir is known to have a pres- E ; =09 : 200 °F
sure of 5,000 psia and a temperature of 200°F, and the connate water pro- % 35 opl L T TS ' Y
duced from the reservoir is known to be relatively pure. Estimate the glg 0 0 20 30
probable gas solubility in the water. Total solids in brine - ppm x 103
From Fig. 6-1a read the gas solubility in pure water as 20 cu ft per bbl : . . (2}
The solubility of natural gas in reservoir water has been found to be de- F1a. 6-1. Solubility of natural gas in water. (From Dodson and Standing.})
pendent upon the pressure, temperature, and salinity of the water. Saline
reservoir water has a lower gas solubility than does pure water at the same The correction factor X is primarily dependent upon the temperature
temperature and pressure. Dodson prepared the graph shown in Fig. 6-1b ‘ of the water, and the following values have been suggested by Jones:®
for the purpose of correcting gas-solubility values of pure water obtained
from Fig. 6-1a for the effect of salinity. Using Dodson’s data, Jones® pro- : Temperature, *F Correction factor X
posed the following empirical relationship for the same purpose: 100 0.074
Xy 150 0.050
B,o = Bewp (1 ~ 16,000 (6-1) 200 0.044
4 250 0.033
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From these data it can be shown that a reservoir water with a salinity
of 50,000 ppm will contain about 75 per cent as much dissolved natural
gas at 5,000 psia and 200°F as pure water at the same conditions of tem-
perature and pressure. . i

Gas-solubility caleulations are important in estimating reservoir vol-
umes of water and are of particular signifieance in petroleum reservoirs
which have low initial solubility of gas in the oil.

Example 6-2. Determination of Solubility of Natural Gas in Reservoir
Water. If the connate water in Example 6-1 had a salinity of 50,000 ppm,
estimate the probable gas solubility in the water.

From Fig. 6-la read the gas solubility in pure water as 20 cu it per bbl.

This value ean be corrected to account for salinity using Eq. (6-1) and
the correction-factor data as follows:

Read the correction factor at 200°F as 0.044, substituting the known
values in Eq. (6-1).

XY
Bow = R“"”(I - 10,000)
_ w] _ _ _
Rew = 20 [1 - 10,000 = 20(1 — 0.220) = 20(0.780)

15.60 eu ft/bbl

Approximately the same gas solubility will be obtained by extrapolating
the data of Fig. 6-15,

Compressibility of Water
The compressibility of pure water has been shown' to be dependent upon
the pressure, temperature, and gas in solution in the water. The compres-
gibility for pure water with no gas in solution is shown in Fig. 6-2, where
compressibility i1s expressed in barrels per barrel per degree Fahrenheit.
"The compressibility of pure water at constant temperature is expressed as
follows for this particular application:

1 fAV
Cup = 3 (A_ﬁ)T (6-2)

where ¢,p, = compressibility of pure water, 1/psi
T = wvolume of pure water, bbl
AV = change in volume of pure water, bbl
AP = change in pressure, psi
It should be noted that there is a wide range of compressibilities. In-

creasing pressures have the effect of reducing the value, whereas increasing
temperatures have the effect of producing an increase. The compressibility
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of pure water at 6,000 psia and 200°F is approximately 2.9 X 10-¢ bbl per
bbl per psi. Since with increasing depth higher pressures and temperatures
are encountered, it is expected that the compressibility will increase but
the magnitude will be dependent upon the relative increases in pressure
and temperature.

401 I T T T ] ] T l T i ! i_
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Fia. 6-2. Effect of dissolved gas upon the compressibiiity of water. (From Dodson
and Standing.)
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At a given pressure and temperature, the effect of gas in solution in pure
water is to increase the compressibility over that of pure water at the same
pressure and temperature. Dodson® prepared the graphical method of cor-
rection for gas solubility shown in Fig. 6-2b. Using Dodson’s! data, Jones?
proposed the following empirical method of solution:

Gy = Cup(l + 0.0088R,.,) {6-3)
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R., = solubility of gas in reservoir water, cu ft/bbl
Cyp = compressibility of pure water, 1/psi
¢, = compressibility of reservoir water, 1/psi

The effect of gas solubility on the compressibility of water is consider-
able, as a reservoir water containing 20 cu ft of natural gas per barrel will
have a compressibility approximately 18 per eent greater than that of pure
water at the same pressure and temperature.

Since reservoir waters contain salts and the salinity affects the gas solu-
bility, it is evident that this correetion must be applied to the gas solubility
prior to its use in Eq. (6-3). The procedure for making this correction is
described under the section on Solubility of Natural Gas in Water in an
earlier part of this chapter. )

The compressibility of a reservoir water is useful in estimating reservoir
fluid volumes and in predicting the mobility of invasion of water into the

oil-producing zone.

Example 6-3. Determination of Compressibility of Pure Water. A
petroleum reservoir is known to have a reservoir pressure and T:emperature
of 4,000 psia and 140°F, respectively, and the connate water in the reser-
voir is believed to be relatively pure. HEstimate the probable compressi-

bility factor for the water.
From Fig. 6-2a read the compressibility of pure water as 2.8 X 10~* bbl

per bbl per.psi.

Example 6-4. Determination of Compressibility of Resertvoir Water.
If the connate water in Example 6-3 is known to have a salinity of 30,000

ppm, compute the compressibility factor for the water.
From Fig. 6-2a read the compressibility of pure water as 2.9 X 10—¢ bbl

per bbl per psi.
This value must be corrected for salinity. Hence, the gas solubility for
pure water is read from Fig. 6-la as 17.6. This value can be corrected to
- connate-water salinity through use of Fig. 6-15 or Eq. (6-1) and the X

factor. Using Eq. (6-1),

XY \ _ 0.055 X 30,000) a7
Bow = Roup (1 - m) =176 (1 ~ 77710,000 :

14.7 cu ft/bbl
Then using Eq. (6-3),
€w = Cup[l + 0.0088(R..)]
= 2.9 X 10~[1 + 0.0088(14.7)]
= 3.27 X 107 bbl/(bbl)(psi)
A similar answer can be obtained through use of Fig. 6-25.
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Knowing the gas solubility in the connate water R,, to be 14.7 cu ft per
bbl, use Fig. 6-2b and read a correction factor of 1.13.

To obtain the compressibility of the connate water, multiply the com-
pressibility of pure water by the correction factor. ' ‘

€ = (2.9 X 1079)(1.13) = 3.27 x 10~ bbl/(bbl}(psi)

Thermal Expansion of Water

The thermal expansion of pure water can be illustrated in a number of
different ways, but it is believed that the method shown in Figs. 6-3 and

114 I f
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Fra. 6-3. Water-formation volume factor. (From Keenan and Keyes®; and Dodson
and Standing!)

6-4, in which the volume factor is plotted versus temperature, is the most
convenient. The thermal expansion of pure water is the slope of the curve
at any given set of conditions. The thermal expansion is expressed in
barrels per barrel per degree Fahrenheit temperature. The thermal ex-
pansion of pure water at constant pressure can be expressed as follows:

2= 7(35), 5
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where g = thermal expansion coefficient of pure water, 1/°F
V' = volume of water, bbl
AV = Change in volume of water, bbl
AT = Change in temperature of water, °F

The curve in Fig. 6-3 for pure water at its vapor pressure indicates that
with an increase in temperature from 60 to 250°F an increase of approxi-
mately 6 per cent in water volume results. The other curves indicate ‘the
relative importance of pressure and gas solubility on thermal expansion.
In general, over most of the range of pressures and temperatures found in

petroleum reservoirs, the pressure and gas solubility have a negligible
effect upon the thermal expansion of

WO T T water., From practical considerations,
= = = it is obvious that the pressure would
S 10501 =  be important only in so far as it in-
4_3. - - fluences the gas solubility.
%1040 - - However, at low temperatures (32
# = 3 to 125°F), consideration must be
g 1osor 1 given to the effect of pressure and
E = -t gas solubility on thermal expansion.
S 10201 vopor . 3  Consequently, the salinity of the
g - ,p ;;;’m 2’0?0”'0 4  water must be considered, S_ix.tlce it
= OO e 3000 psia 3 has an effect on the gas solubility of
£ = 4000 psia - the water.
= 1000 C \.‘5,050 F;'f'a -

ossobe b b el o Example 6-6. Determination of

S0 100 450 200 256 300 yerpg] Expansion of Pure Water.

Tempecature, °F A relatively pure connate water is

Fic. 6-4. Formation volume facit%r of known to exist in a reservoir at 5,000

water saturated with natural gas, (From . o . ~

Dodson and Standing?) psia anfi 200°F. Estuna.te th.e thermal:

expansion coefficient for this water.

Using eurve € in Fig. 6-3 locate the point corresponding to the reservoir

conditions. Construct a line tangent to the curve at this point, and deter-
mine the slope as follows:

AB 1 /1.055 — 0.986
— v, - (192 7 VIS0 g 9
B—Bw/_\T 1.02( 300 — 100 ) 0.0046

Ezample 6-6. Determination of Thermal Expansion of Reservoir Water.
If the connate water in Example 6-5 is known to be saturated with natu.ral
gaé at the reservoir conditions, compute the probable thermal-expansion
coeflicient for the water. .

Using curve B (Fig. 6-3), locate the point corresponding to the reservoir
conditions. Construct a line tangent to the curve at this point, and note

[ —
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e v e
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that for practical purposes the slope is identical with that obtained in
Example 6-5 and hence the thermal-expansion coefficients are approxi-
mately equal.

Water-formation Volume Factor

The volurne factor for pure water is dependent upon its pressure and
temperature, and the relationship is illustrated in Fig. 6-5 and in Tables
6-1 and 6-2. Tt is obvious that in accordance with the compressibility and
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F1e. 6-5. Water-formation volume factor for pure water (dashed Iines) and pure
water saturated with natural gas (solid lines) as a function of pressure and tempera-
ture. (From Dodson and Standingl)

thermal-expansion characteristics discussed previously, an increase in pres-
sure produces a decrease in the volume factor whereas, at constant pressure,
an increase in temperature produces an increase in the volume factor. At
a pressure of 5,000 psia and 250°F the volume factor for water is 1.042
relative to a volume factor of 1.000 at 14.73 psia and 60°F. From Fig. 6-5
It is seen that a change in temperature from 100 to 250°F produces a
much greater effect on the water-formation volume factor than a pressure
change from 0 to 5,000 psia.

Pure water at elevated pressures and temperatures often contains dis-
solved gas. In Fig. 6-5 data are presented for pure water saturated with
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TABLE 6-1. WATER-FORMATION VOLUME Factor FOR PUuRE WATER SATURATED
WwITH NATURAL Gas!

Saturation Water-formation volume factor, bbl/bbl, at °¥
pressure,

psia 100 150 200 250
1,000 1.0045 1.0183 1.0361 1.0584
2,000 1.0031 1.0168 1.0345 1.0568
3,000 1.0017 1.015¢4 1.6330 1.0552
4,000 1.0003 1.0140 1.0316 1.0537
5,000 0.9989 1.0126 1.0301 1.0522

TABLE 6-2. WATER-FORMATION VOLUME ¥FacTor ror PUrE Warer'”?

Water-formation volume factor, bbl/bbl, at °F
Pressure,

psia 32 100 150 200 250 300 400

200 0.9982 1.0050 1.0207 1.0363 1.0617 1.0872

600 0.9967 1.0037 1.0183 1.0349 1.0599 1.0852 1.1592
1,000 0.9953 1.0025 1.0153 1.0335 1.0560 1.0835 1.1566
2,000 0.9920 0.9995 1.0125 1.0304 1.0523 1.0792 1.1498
3,000 0.9887 6.9966 1.0095 1.0271 1.0487 1.0749 1.1433
4,000 0.9855 0.9938 1.0067 1.0240 1.0452 1.0707 1.1371
5,000 0.9822 0.9910 1.0039 1.0210 1.0418 1.0666 1.1311
6,000 0.9791 0.9884 1.0031 1.0178 1.0402 1.0626 1.1254

natural gas. Naturally, at a given pressure and temperature, gas-saturated
pure water has a higher volume factor than pure water.

In addition to dissolved gas, most reservoir waters contain salts. As ex-
plained in an earlier part of this chapter, gas solubility in water is decreased
with increasing salinity. Hence, at a given pressure and temperature, an

increase in the salinity of water produces a decrease in the volume factor.
" The volume factor for a reservoir water ecan be computed with aid of
graphs as follows: (1) At the given pressure and temperature the volume
factors for pure water and pure water saturated with natural gas are read
from Fig. 6-5, (2) the gas solubility for pure water is read from Fig. 6-la
and corrected for salinity using Fig. 6-15 or Eq. {6-1), (3) assuming the
effect of gas solubility on the volume factor to be linear, the volume factor
at the desired pressure and temperature is computed by interpolation using
the gas solubility of gas-saturated pure water and the gas solubility of the
reservoir water as the basis for the interpolation.

In the case that the reservoir temperature does not correspond to those
for which curves have been illustrated on Fig. 6-5, it is recommended that
at the reservoir pressure, water-formation volume factors be read at the

— e ameme
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four temperatures illustrated and these values plotted versus temperature.
Interpolation of this graph will yield the desired water-formation volume
factor at the reservoir temperature.

Water-formation volume factors are used in estimating reservoir volumes
of water and find particular applicability in material-balance calculations.

Exzample 6-7. Determination of Formation Volume Factor for Pure
Water. Estimate the water-formation volume factor for a relatively pure
connate water at a reservoir pressure of 5,000 psia and a femperature
of 250°F.

From Fig. 6-5 read the formation volume factor for pure water as 1.044
bbl per bbl.

Example 6-8. Determination of Formation Volume Factor for Reser-
voir Water. KEstimate the water-formation volume factor for a connate
water, salinity 50,000 ppm, 2t a reservoir pressure of 5,000 psia and a tem-
perature of 250°F.

From Fig. 6-5 read the following: formation volume factor of pure water
saturated with natural gas = 1.054 bbl/bbl, formation volume factor of
pure water = 1.044 bbl/bbl
t From Fig. 6-1a read the gas solubility in pure water as 21 cu ft per bbl.
Correct this value for salinity using Fig. 6-16 or Eq. (6-1), factor X. In
this case, use Fig. 6-15 and extrapolate the 250°F curve to obtain a correc-
tion of 0.84. Hence, the gas solubility in 50,000 ppm connate water is es-
timated as

21 X 084 = 1764

Since the pure water saturated with 21 eu ft of natural gas per barrel of
water had a water-formation volume factor of 1.054, the formation volume
factor for the 50,000 ppm connate water having 17.64 cu ft of gas dissolved
per barrel can be estimated as follows:

1.044 -+ (1054 — 1.044) .1_%_16;1 = 1.052 bbl/bbl

Example 6-9. Determination of Formation Volume Factor for Reser-
voir Water by Various Methods. The following production data are avail-
able for a field in which the oil-producing zone is at 5,750 ft. The reservoir
pressure is 2,675 psia, and the reservoir temperature is 193°F.

Method 1. Correct the total quantity of water production to its equiv-
alent volume at reservoir conditions, assuming that the reservoir pressure
remains constant and that the water has a specific gravity of 1.10 at
60°F/60°F. Assume that the average annual surface temperature is 60°F
and the pressure 14.73 psia.

From curve A (Fig. 6-7) read & salinity of 143,000 ppm corresponding to
a specific gravity of 1.10.
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® @ 3) @
Average . ]
Year Oil—proclzition Water-oil Gas-oil ratio,
rate, bbl/day | Tatic bbl/bbl cu fi/bbl
1937 130 0.28 1,903
1938 84 0.38 2,892
1939 54 0.60 3,252
1940 43 0.66 4579
1941 36 0.81 5,962

From Fig. 6-4 (as estimated from Table 6-1) read a volume factor of
1.0365 bbl per bbl for pure water at its vapor pressure.

I R
)
65 op, 700X
6 1 .
o, 5800 &
£ 65 g8l
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‘i 9y §8°F, 0 psio._| —
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- coeF %%ﬁ/
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Salinity, ppm x 1073

Frc. 6-6. Effect of salt concentration and temperature on water density. (From
Rowe®)

From Fig. 6-1a read 14 eu ft per bbl as the solubility of natural gas in
pure water at reservoir conditions.

Using Eq. (6-1) and the correction factor compute the solubility of
natural gas in 143,000 ppm reservoir water as follows:

XY
Rnp = Rawp (1 - 10,000)

0.045 X 143,000
14 (1 = 10,000 )

4.98 cu ft/bbl
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A similar result can be obtained using Fig. 6-1b as follows. Assuming the
relationship to be Linear, the extrapolated value of the ratio would be 0.350.
This value can be obtained by reading the value of the ratio at 28,600 ppm
(143,000/5) and 193°F as 0.870, multiplying the difference between
unity (1) and this value (0.870) by 5, subtracting this result from unity,
and thereby obtaining 0.350[1 — (1 — 0.87)51. Then

14 X 0.350 = 4.90 cu ft/bbl

Although either result is sufficient for use in practice, the value obtained

I/ /

200 // /

160

o

Salinity, thousands ppm
]
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1,02 1.04 1086 1.08 110 12 114
Specific gravity

Fia. 6-7. Reservoir water salinity represented as a function of specific gravity.
{(From Jones?®)

through use of the equation is the more accurate. Hence, it will be used in
succeeding caleulations.

From Fig. 6-5 the change in volume factor at 193°F per cubic foot of gas
solubility can be estimated as follows:

10345 = 10805 _ 00040 _ 000286 bbl/ (bbD)(cu £¢)
From Fig. 6-2a read a compressibility factor of 3.10 X 10~ bbl per bbl
per psi for pure water. This value can be corrected for the effect of solu-
bility and salinity effects through use of Eq. (6-3).
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€y = €uwp(l + 0.0088R,..)

3.10 X 10-5(1 + 0.0088 X 4.98)

= 3.24 X 10~ bbl/{bbi)(psi)

A similar result can be obtained using Fig. 6-2b. At a gas-water ratio of .

4.98 cu ft per bbl read 1.04. Hence the compressibility for the reservoir
water is

3.10 X 1075(1.04) = 3.22 X 10~ bbl/ (bbl) (psi)
Here again either result can be uged in practice, but the result obtained
through use of the equation is the more accurate and will be used in sue-
ceeding caleulations.

Hence, since the formation volume factor for pure water at 193°F was
found to be 1.0365 bbl per bbl and the correction for compressibility was
3.22 X 10~¢ bbi per bbl per psi, the formation volume factor for the reser-
voir water is

B, = 1.0365 — 3.22 X 10~ X 2,675 + 0.000286 X 4.98
= 1.0365 - 0.0086 -+ 0.0014
1.0293 bbl/bbl

Method 2. From the data of Fig. 6-5 obtain the following information
at 2,675 psia and 193°F by interpolation.

Volume factor for pure water saturated with natural gas = 1.032
bbl/bbl
Volume factor for pure water = 1.098 bbl/bbl

From Method 1 the gas solubility in pure water at the reservoir condi-
tions was found to be 14 cu ft per bbl and the gas solubility for the saline
water at the reservoir conditions was found to be 4.98 eu ft per bbl.

Hence, the water-formation volume factor for the reservoir water is

B, =1.028 + ‘LT?; (1.032 — 1.028) = 1.0294 bbl/bbl

This value compares favorably with that obtained by Method 1.
Hence the produetion data can be corrected as follows:

Annual Water-oil Annual

Year oil production, ratio, water production,

bbl bbi/bbl hbl

1936 87,700 0.25 21,900
1937 45,500 0.28 13,300
1938 30,700 0.38 11,650
1939 19,750 0.80 11,850
1940 15,700 0.56 10,350
1941 13,200 0.8t 10,650
79,700
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Therefore, the equivalent reservoir volume of this quantity of water is
79,700 X 1.0204 = 82,000 bbl

Density, Specific Volume, and Specific Gravity

The density of water is expressed in mass per unit volume; the specific
volume, in volume per unit of mass and specific gravity, relates the ob-
served density to the density at some set of conditions ordinarily referred
to as base conditions. The base conditions to which all values are referred
in this chapter are 14.73 psia and 60°F.

The magnitude and units of the more common methods of expression of
these properties for pure water at 14.73 psia and 60°F are as follows:

0.999010 gm/ce
8.334 Ib/gal
62.34 1b/cu ft
350 lb/bbl (U.8.)
0.01604 cu f+/Ib
The aforementioned quantities can then be related as follows:
I _ 0.01604 i
7= 5231 " 6234, — 0016040, =~ 6-5)
where v = specific gravity
pw = density, lb/cu ft
v» = specific volume, cu ft/Ib .
The relative density and relative volume of pure water over a range of
temperature from 0 to 400°F are given in Table 6-3.

TaBLE 6-3. ReELaTive DeENsITY AND VoLUME OF Pure Warer

Temperature, °F

Property
0 100 150 200 250 300 350 400

Relative density,

gm;ral
Relative volume,
ml/gm 1.00013 | 1.00699 | 1.02014 | 1.03715 | 1.0610 | 1.0890 | 1.1243 | 1.1669

0.99987 | 0.99306 | 0.98026 | 0.96301 | 0.9426 | 0.9184 | 0.8900 | 0.8571

The petroleum-reservoir engineer often needs to determine the densitv
of reservoir water. This value can be obtained readily by observing that
the density of the reservoir water is related to the density of pure water
at base conditions in the following manner:

Lo _ Bubop, (6-6)

Vwt Pw
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where v,5 = specific volume of water at base conditions, lb/cu ft
Pus = density of water at base conditions, Ib/cu ft
B, = formation volume factor for water, reservoir volumes per unit
volume at base conditions

Therefore, if the density of water at base conditions and the volume factor
for the water are available from either direct measurement or use of em-
pirical correlations, the density of the water at reservoir conditions can be
calculated.

Quite often it is necessary for the reservoir engineer to make calculations
in which the density is required. In the absence of appropriate labora-
tory data Figs. 6-6 and 6-7 can be used to estimate the magnitude of this
property.

Example 6-10. Determination of Density of Pure Water. A connate
water is known to be relatively pure and exists in the reservoir at 5,000
psia and 200°F. If it is assumed that the water is saturated with natural
gas, what is the density of the water at reservoir conditions?

Read B, from Table 6-1 or Fig. 6-5 (1.0301 bbl/bbl).

Hence, the density is

_ pws_ 6234
Po = B, — 1.0301 — 60.51 Ib/cu ft
Example 6-11. Determination of the Salinity of Reservoir Water. A
connate water is found to have a specific gravity of 1.04 at standard con-
ditions. What is the probable salinity of the water?
Read salinity from eurve A of Fig. 6-7 (55,000 ppm).

Viscosity of Water

Few data have been published on the viseosity of either pure or reservoir
waters. The paper of Beal® in which the work of Bridgman” on pure water
and otherst was compiled is perhaps the most comprehensive. These results
are presented in Tables 6-4 and 6-5 and in Fig. 6-8.

The viscosity of pure water at its vapor pressure decreases from 1.79
centipoises at 0.0886 psia to 0.174 centipoise at 89.6 psia. The viscosity
of pure water decreases from 1.4 to 0.3 centipoise with an increase in tem-
perature from 50 to 200°F. Bridgman’s results show very little change in
viscosity of pure water over a range of 14.2 to 7,100 psia.

The other curve in Fig. 6-8 is that which was presented by Jones? for a
reservolr water containing 60,000 ppm of salt. Unpublished data indieate
that brine viscosity increases with salinity over a temperature range of 32
to 300°F at pressures not exceeding 5,000 psia.

There is a real need for information relative to the effect of salinity and
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TaBLE 6-4. ViscosiTy oF WATBER AT Varrous TEMPERATURES AND AT
Varor PrEssURE®

. Vapor pressure,
Temp, °F Viscosity, cp pias
32 1.79 (.0836
50 1.31 0.180
68 1.60 0.339
86 0.801 0.616
104 0.656 1.07
122 0.549 1.79
140 0.469 2.89
158 0.406 4.52
176 0.357 6.87
194 0.316 10.18
212 0.284 14.7
230 0.256 20.8
284 0.196 52.4
321 0.174 89.6

« Pressure is that of the saturated vapor at the indicated temperature.

$+7
TaBLE 6-5. ViscosiTy oF WaTER AT Higr Pressures AnD TEMPERATURES

Absolute viscosity, cp, at °F

Presgure,
psia 32 505 86 166.6
142 1.792 1.40 0.871 0.396
7,100 1.680 135 0.895 0.411
14,200 1.65 1.33 0.921 0.428
21,300 1.67 133 0.950 0.443
28,400 171 1.35 0.986 | 0.461

gas solubility on the viscosity of reservoir waters at elevated pressures and
temperatures.

Example 6-12. Determination of the Viscosity of Pure 1V.Va.ter. A con-
nate water is relatively pure and is found in a reservoir hav'lng & pressure
of 1,000 psia and a temperature of 150°F. KEstimate the viscosity of the

waber. i o
Read the viscosity from Fig. 6-8 (approximately 0.5 centipoise).

Example 6-13. Determination of the Viscosity of Reservoir Water.
M the connate water in Example 6-12 had a salinity of 50,000 ppm and was
found at a reservoir pressure of 7,000 psia and a temperature of 150°F,
estimate the probable viscosity of the water.
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From Fig. 6-8 it is seen that salinities up to 60,000 ppm and pressures
up to 7,000 psia have very little effect on the viscosity, Hence, the vis-
cosity would be 0.5 centipoise.

Solubility of Water in Natural Gas

The solubility of water in natural gas is an important physieal property,
since it influences the treating, processing, and transporting of natural gas.
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Frc. 6-8. Vitcosity of water at oil-field temperature and pressure; (-0—¢-) saline

water (60,000 ppm) at 14.7 psia pressure, (~—) at 14.2 psia pressure, ((J---]) at
7,100 psia pressure, (A) at vapor pressure. (From Van Wingen®)

Hence, in many operations it is necessary to exert striet control of this
property. The theoretical principles and laws upon whieh this property
are dependent are presented in Chap. 4. Among other considerations, a
detailed discussion of the factors influencing the formation of hydrates is
included.

The solubility of water in natural gas is dependent upon the pressure,
temperature, and composition of both the water and natural gas. The rela-
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tionship between the solubility of pure water in natural gas and the pres-
sure and temperature developed by Dodson! is illustrated in Fig. 6-8a. A
method for correcting the pure-water—solubility data for salinity is pre-
sented in Fig. 8-9b. Water-solubility data are limited to a maximum pres-
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Fic. 6-9. Effect of pressure and temperature upon the sclubility of water in natural
gas. (From Dodson and Standing )
sure of 5,000 psia and a temperature of 300°F, indicating the desirability
of additional data.

Example 6-14. Determination of the Solubility of Water in Natural
Gas. What is the solubility of a brine having a salinity of 20,000 ppm in
natural gas at 3,000 psia and 250°F?

From Fig. 6-9 read the solubility of pure water in natural gas at the spe-
cified conditions as 2 bbl per 1,000 Mef of gas.
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From Fig. 6-9 the correction factor for the salinity of the water is found
to be 0.95, and hence, the solubility of the 20,000 ppm brine in the natural
gas at the reservoir conditions is

2 X 0.95 = 1.90 bbl/Mef of gas {uoynjos 30 wbib /1ajom U] 190N swoubosnu) wdd ‘uolpipusauor
288 8 o o
Electrical Resistivity of Water c§>— Cz; % S §' §- § ‘% 8
S » P W P (P U OIS L =3
The electrical resistivity is an important physical property of water and — : 7
is utilized in electrical logging of wells to identify and correlate formations Ay
as well as to locate contacis between water and oil. 7, £
The resistivity (specific resistance) of water is a measure of its electro- 77 /7/
lytic conduction and is directly proportional to its cross-sectional area and T 42
inversely proportional to its length. Hence, o )i /; // / .
's -
E=-4 ©-7) = 58 2
e s — h‘g L 7 [s]
where R = resistivity, ohm-meters — £3 & P
r = resistance, ohms | 3% o s /,f; (
A4 = eross-sectional area of the conductor, meters squared gg AA N7 / o
L = length of the conductor, meters N 55 V52 4% 7 555\
The resistivity of water is dependent primarily upon the temperature S A o 4 4 | -
and chemical composition of the water in the manner llustrated in Fig. = 7 o r\\“\ !'1
6-10. Pure water has a relatively infinite resistivity as compared with a 2 i TR T 9
water having a very low salinity. It is seen from the figure that for a water ' o §hans z7aa Y tH
. i, s ’ SldV i d il 7/ AEINTITII I
of a given salinity, the resistivity decreases as the temperature increases. z e‘ow Vs //,% NANERRNRR N
Since reservoir temperatures in excess of 350°F and reservoir water sa- 2 ‘a«ﬁ 5 4 9% o
linjties in the hundreds of thousands of parts per million have been en- £ L] P 00-/ %/ 724
countered, it is evident that the range of resistivities of waters found in = ] & ) 3
petroleum reservoirs is even greater than that indieated in Fig, 6-10. 4 < X -
Recent investigations have indicated that not only the quantity of salt 8 4% ﬁ’ff \ S
present in the water but its chemical composition has a marked effect upon o[]S ,@;% (S88
_ the resistivity. Furthermore, pressure has an effect upon resistivity, since NI /g;g/ o
it influences gas solubility, which in turn is dependent upon the salinity of 3ll5 1 e
the water. The effect of gas solubility on water resistivity at elevated pres- _ N 5
sures and temperatures has not been defined. 88823238288 2 538 2883388 § 88 szxsmgmR = 2 ~ O
In view of these uncertainties it is recommended that at high pressures, ' g dwT AaS F F
temperatures, and salinities the correlation of Fig. 6-10 be used only if { 5%,111=%H uoob s3d 129N supag

laboratory data for the particular reservoir water sample are unavailable.

Example 6-15. Determination of the Resistivity of Reservoir Water.
A connate water, salinity of 50,000 ppm, is found in a reservoir having a
pressure of 5,000 psia and a temperature 100°F. Determine the resistivity
of this water at reservoir conditions, }
The resistivity, estimated from Fig. 6-9, is 0.1 ohm-meter. 469

trations at constant tem~

Resistivity, ohm-meters

Fra. 8-10, Resistivity of aqueous solutions of sodium chloride in terms of concen

peratures. (From Schlumberger®)
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CHEMICAL PROPERTIES OF WATER

The early analyses®®® of oil-field waters reported only specific gravity
and total solids concentrations. However, such analyses were known to
have limited value and application, and soon chemical water analyses were
employed. Since 1920, major petroleum companies have accumulated such
data, and through the efforts of the U.S. Bureau of Mines, ATME, API, and
AAPG, much of these data have been assembled and efforts made to
correlate and interpret the data on geographical, regional, and ares] bases.
However, great difficulty has been experienced in this effort, since it is
desired to represent a great deal of data concerning a water sample in a
simple manner. The most recent effort! has been directed to the use of
graphic methods for presenting the analytical data. It is believed that the
method proposed by Stiff"! is the simplest, has maximum utility, and,
hence, is the most popular.

In this graphical method, illustrated in Fig. 6-11, horizontal lines ex-
tending right and left from a centrally located vertical line form the graph.

No - ; R ,CL

100 y 100
Ca R . \ \ HCO,
19 UM I i
M —t )
brd : : — £ s 304
Fe NP E TS UV 4—pimg— CO3
o o

Scale: meq/liter

Fic. 6-11. Essential feature of the water pattern apalysis system. (From Stiff. )

The positive fons are plotted to the left of the vertical line, while the nega-
tive ions and/or radicals are plotted to the right. Characteristic positions
are designated for sodium, calcium, magnesium, iron, chloride, bicarbonate,
sulfate, and carbonate ions and/or radicals. In case there is a difference
between the positive and negative ions, the difference is represented as
sodium. Although various scales can be employed, most reservoir waters

" may be plotted with sodium and chloride on a scale of 100 milliequivalents
and a scale of 10 milliequivalents for the others. The chemical unit of mil-
liequivalents per liter is employed in the graphs presented here, but these
units can be converted to parts per million by multiplying by the equiva-
lent weight in milligrams. If other units are desired, appropriate conver-
sion factors can be found in a standard chemiea] handbook.*

When the water-analysis data are plotted on the graph and the adjacent
points are connected by straight lines, a closed “pattern’ is formed as illus-
trated in Fig. 6-12. The resulting “patterns’” have many different sizes and
shapes but, to the experienced eye of the specialist in this field, characterize
the water. Characteristic shapes are observed for fresh water, sea water,
oil-field brines, etc. Stiff observed that one of the distinctive features of
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the method is that the pattern maintains its characteristic shape upon di-
lution of the sample, thereby permitting a qualitative determination of the
total salt concentration. Another advantage of this method is that the
choice of scale can be made {0 exaggerate or minimize a particular chemical
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Ca 'HOCD
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F16. 6-12. Method of constructing water analysis paitern. (From Stiff ™)

characteristic of the water, thereby facilitating identification of such a

characteristic in future samples. . o
This method has been employed in many practical applications for cor-
relating producing formations as illustrated in Fig. 6-13. The characteristic

Sipttenberg field

Stafford

Bipomer fietd
Na Gl
100 100

G HLO:
0 — i3
Mg S0,
10g 104
Fe .1, , COy

St. John field Drach field el ©
meq/ liter

Fra. 6-13. Course of Arbuckle formation through Kansss shown by water patterns.
(From Stf*™)

pattern of the Arbuckle is evident. The method has also been used. in
tracer studies in water flooding and in conjunction with drill-stem testing
to identify the source of water. In Fig. 6-14 an application for detecting
foreign water encroachment and loeating its source is illustrated. T.‘h?ough
this study the water leak was eliminated expeditiously and at 2 minimum

of expense.
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SIS

Normal pattern Changed pattern Normal pattern
well #1 well #4 well #2
formation A showing entrance formation B

of fareign woter

SN

25% A 75% B 50% A 50% B 5% A 25% 8

Patterns produced by various mixtures of waters from formations A and B,
It con be seen that the abnormal pattern in weli #1 results from @ mix-
ture of approximately 25% A ond 75% B,

Na cl

Pattern of well #1{

after workover Scale: Meq,/liter

F1s. 6-14. Detection of foreign water and determination of its source. {From Stiff )
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CHAPTER 7

DATA EVALUATION
FOR RESERVOIR CALCULATIONS

INTRODUCTION

The fundamental concepts of reservoir rock and fluid properties were
presented in the preceding chapters. The reservoir engineer utilizes these
concepts, together with field and laboratory data, to describe petroleum
reservoirs and reservoir processes. It is the purpose of this chapter to re
view methods of formation and data evaluation to provide the engineer
with the average parameters describing the physical characteristics of res
ervoirs which enable him to make volumetric estimates of the quantity of
hydrocarbon originally in place.

Guthrie! presented an outline of a data-processing procedure for petro-
leum-engineering data. This outline (Fig. 7-1) summarizes the sources of
data and the general evaluation process required to reduce the data to
descriptive parameters to be used in reservoir caleulations. Basic data
are obtained from both the laboratory and field and can be grouped in two
broad categories: (1} reservoir-fluid and production data and (2) forma-
tion evaluation data.

In the top row of Fig. 7-1 are listed the primary types of data which
normally are obtained from a hydroearbon reservoir. The remaining block
titles represent common means of consolidating, reducing, and presenting
the data from the various sources.

Sources and taking of datsa are discussed in this chapter only to the ex-
tent necessary to identify the characteristics of the data. Emphasis is
placed on the reduction and preparation of the data for engineering cal-
culations,

Hydroearbon reservoirs are tapped by wells, and the wells are basically
the source of all information concerning the reservoir, Formation evalua-
tion data are obfained during the drilling and completion of the well.
Data of this type must be obtained during particular phases of the drilling
and completion operation. If not obtained at the appropriate time, certain
types of data (i.e., core samples) may be lost to the records.

Reservoir-fluid and production data are obtained largely after the wells
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are completed, and consequently the operator of the wells has greater lati-
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a lease automatic custody transfer unit. In either case, the liquid volume
is measured at the pressure and temperature of the vessel according o g
calibrated volume scale for the vessel. Positive displacement meters meas-
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TYPES OF DATA

> volumetric vessels, positive displacement meters must be calibrated against
some standard.

Usually oil production from the wells on a lease is collected and meas-
ured at one or more central locations at which lease storage tanks are
erected. A group of tanks is referred to as a “tank battery.” Several wells

DATA REDUCTION
PROCESSES
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Example 7-1. Individual Well Record.
Company Amcot Yease State Well No. 3
. Completion data
Elev. 468ft K.B._ 496ft D.F.__ 486ft  Gr. Total depth __5.415 ft
Comm, 2-26-54 Comp. 3-14-54 Reworked
Prod. from zone Perfs. 5391-5396 & 5398-5404 Subses, ~4803-4898 &
— 49004906
1P. 106 BOPD CK 1§ in. GOR 885:1 Grav. 42.6 TP 890 Ib
Prod. from zone Perfs. Subsea
LP. CK GOR Grav. [}
Logs run
Casing record Mechanical equipment in well
163 ft of 9% in. setat ft with 82 83
5415ft of 5k in. set at f§  with B3X. Bonner Packer (N. 1) at 5,375 ft
ft of in.  setat £t with SX.
ft_ of in. setat ft with 8X.
ft_of in. sei at it with SX.
5368 ft of tubing run with pkr. at 5,369 (2in.)

Casing perforation record

Perforations

Actual depth

Subses depth

Shots Preduction
° tests and

aqueeze data

Zone
name

From

To

From

To Number

Kind

3-14-54 5,291

5,396

—4,893

—4.898

4G Plr at 5,375 ft.
Leak developed.

5,398

5,404

—4,800

— 4,906

48 Set Pkr No. 2

at 5,365 it.
Swbd well.
Prod. 30.8 bbl

in 24 br. 80 Ib
e

sur preas. 34 in.
ck. (1.28 bbi/ho)

3-16-54

Flowed into
tank maling 35

BFD 75 Ib pres-
sure.

3-23-54

Gelfraced

tion at 2.500 1b.

Well brought

back in Pot.

108 BOP 3 in.
¢k 1,075 lb pres

sure.
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Well history

Remarks

Date
2-26-54
2-27-54

Moved on location. Rigging up

Ran 163.26 ft of 9% in. cag, emtd w/82 sx. (3 jts., 36 Ib on bottom w/Baker guide shoe,
3 jts. 32.30 1b H~40 or top)

Drilled to 1,055 ft

Cored 1,055 ft to 1,004 ft. Drld 1,094 to 1,410 ft. Cored 1,410 to 14803 ft
{See Core Record)

Drld 1,460% to 1,818 {t to 1,864 it 30 in. DST 1,859%—1,864 {% (See Core Record)

Cored 1,864 to 1,802 f$ 30 in. DST 1,882-1,892 ft {See Core Record)

Drig abead at 3,717 ft

Drld to 5,354 ft

Cored 5,354 to 5,415 ft 30 in. DST 3,390-5,415 ft (See Core Recrad)

Ran Halliburton Log to TD 5,415 ft. Took 14 side-wall eores. (Bee Core Record)

Ran 8,415 ft of 534-ft easing. 2 cernent joba—from 5,415 fi up 150 sx. From DV Teol 2440

2-28-5¢
3-1-54

3-2-5¢
3-3-54

3-8-54
3-9-5¢
3-10-54
3-12-5¢

up 313 sx common emt w,/78 sx stratacrete
Ran tbg. Hit bottom plug at 5,381 ft. Drld. emé to 5,415 ft. Continued mud measured

3-13-54

out of bole. Ran gamma-ray neutron

Perf: 5391-06 & 5398~5404. Set Bonner Pkr. at 5,375 ft. Ran 5,360 £ 2 in. thg

Swhd. well until it made pipeline oil. Tubing or Pkr developed leak. Casing showed
vacuum. Msade mud & died. Prep. to reset pks

Set Bonner Packer No. 2 2t 5,365 §t. Swabbing well at 5,000 ft 1009 oil. Released rig.
Well flowing into tank at 10 PM making 35 bbl/day. 75 1b pressure

Gelfraced w/1,000 gal. (1 ib sand per gal.) Broke formation at 2,500 |lb. Welil brought
back into potentisling 108 BOPD % Ib ck. 1,075 Ib pressure

3-14-54
3-15-54

3-16-54

3-23-54

normally produce into a single tank battery, and frequently the oil is com-
mingled before measurement. This is particularly true if oil production is
gauged volumetrically. Even when positive displacement meters are used,
the oil is frequently collected in central storage and a volumetric gauge

taken. The records from the displacement meters are used to allocate the

volumetrically gauged production to the wells. Thus, the basic oil-produc-
tion measurement is for the group of wells connected to the tank battery.
If positive displacement meters are not used, individual well oil production
is allocated from battery records based on periodic well tests.

Regardless of how the oil volume is measured, there are essentially
three production vahies reported. The first value reported is the volume
actually produced, not corrected for temperature and B.S. and W. {non-
salable eontent). The second set of production records are those which
give the actual volume of salable oil produced at the standard temperature
of 60°F. The third set of records indicates the amount of oil sold. The



478 PETROLEUM RESERVOIR ENGINEERING

corrected amount of vil produced minus the amount in storage should equal
the amount sold.

The question arises as to which of these three sets of records to use in
making an engineering study of a reservoir. The one most frequently used
is the actual salable oil production corrected to 60°F. Although this oil
volume does not account for all the hydrocarbon liquids and solids removed
from the reservoir, it is perhaps the most aceurate value available. Some
of the nonsalable produets {B.S. and W.) actually were produeed from the
reservoir. These unsalable produects are primarily water, dirt, and solidi-
fied hydroearbons {paraffin). It is impossible using standard field proce-
dures to determine the exact volume of dirt and paraffin comprising the
BS. and W, fraction. Therefore, it is not possible to evaluate the hydro-
carbon volume produeed in the solid state. In most cases, the solids volume
is so small as to be negligible in any engineering ealculation.

Gas Production. In the process of stabilizing a reservoir fluid into
storageable or salable quantities, it is necessary to remove the more volatile
constituents. These volatile constituents combine to form the gas produe-
tion. In order to maximize the volume of stable liquid, the gas can be re-
moved in several stages at different pressures and temperatures. The num-
ber of stages in the separation and the pressure and temperature of these
stages have a great effect on the economics of producing an oil reservoir
and on engineering calculdtions pertaining to the reservoir.

The amount of gas obtained during the process of separation is usually
expressed at standard conditions with respect to the volume of oil produced.
The actual volume of gas produced can be determined from two sets of
records. If gas is being sold to a gasoline plant or gas-transmission line,
records will be available on the gas sales volume. The engineer must de-
termine in each field how much of the produced gas is represented by plant
records. Seldom is the gas sold that is liberated from the liquid in the
stock tank. In some eases, the gas from the low-pressure separators is not
sold. If plant records are used to determine the gas production, then the
reservoir-fluid properties (see Chap. 5) should be corrected to the prevail-
ing conditions.

As in the case of oil production, the gas is frequently collected and
measured at a tank battery after the production of several wells has been
commingled. If individual well-production records are required, the gas
production must be allocated to the wells on the basis of well tests.

The second method of obtaining gas-production records is through peri-
odie well-production tests. These tests should be conducted under normal
operating conditions, measuring the gas production from all separators
but not the stock tank. The oil volume produced during the period should
be corrected for tank temperature and B.8. and W. The total gas produced
is divided by the corrected total stock-tank oil production to give the pro-
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ducing gas-oil ratio for this particular well. It is usually assumed that this
gas-oil ratio applies to half of the time period between the last production
test and the present test and to half of the period between the present test
and the next production test.

The total gas production is calculated using the gas-oil ratio for a pre-
seribed time period and the oil volume produced during that period.

Water Production. The water produced from oil reservoirs is usually
unpalatable and unsuitable for irrigation and hence has no economic value.
For this reason records of water production are usually not sufficient for
most engineering purposes.

Water-production data can usually be compiled from monthly well-
protfluction tests required by most companies and some state regulatory
bodies. The accuracy of the water production reported on these tests de-
pe.nds on the individual performing the test. The water production ob-
ta.n_led on the monthiy well-production test is reported as either a water-oil
ratio or a “water cut.” The water-oil ratio is the barrels of water produced
per corrected barrel of stock-tank oil. The water cut is the fraction or
percentage of water in the total lquid production.

The cumulative water production is calculated in the same manner as
was the cumulative gas production from gas-oil ratio test data. The cu-
mulative water production must be caleulated for each well, using the oil-
production records of the well.

In some fields, excellent water-production records are available. The
produced water is measured, using positive displacement meters, weirs, or
some other metering device. These data are usually found on fields under
pressure maintenance or secondary recovery operations or with severe
Wa.ffer-disposa.l problems. In this case, the water-production records are
mal.ntained in the same fashion as the oil-production records. It is to the
engineer’s advantage to have these complete records available.

An example ealculation of individual well-produetion records based on
production test data and tank-battery production records is presented in
the section on well tests.

Well Tests

) There are many types of well tests. Some are performed before the well
1s completed or even before a formation is known to be productive; others
are performed during the life of a producing well. From these well tests
many important pieces of information are gathered. Some of the most
11.nporta.nt information is whether the formation is or is not productive of
ol or gas, the capacity or capability of the well to produce, the perme-
ability of the rock adjacent to the hole, and the average permeability of
that part of the formation which constitutes the drainage area. The ap-
proximate drainage characteristics of the formation and an estimate of
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the rate of decline of the individual well are obtained from periodic tests.
Some of these tests aid in the determination of the gas-oil and oil-water
contacts.

Drill-stem Tests. In drilling and completing wells with rotary tools,
the mud-laden fiuid normally exerts a hydrostatic pressure in excess of the
formation pressure. The formation fluids are thus sealed off from the well
bore. To determine the producible fluid content of the formations and
estimate the productivity of the formation, it is necessary to relieve the
formation of the hydrostatic pressure of the mud column. This can be
done by completing the well and displacing the mud fluid. Completing
the well is expensive. Therefore, it is desirable to determine the producible
fluid content by some other means. The drill-stem test provides such a
means of evaluation, as it is in essence a temporary completion.

A packer and valve assembly are lowered on the drill pipe to a position
opposite the formation to be tested. The valve assembly is so constructed
as to prevent fluid entry into the drill pipe during placement. The packer
is set above the formation to be tested and expanded to seat against the
wall of the well bore, thus excluding the mud fluid in the annular space
from the test interval. The valve assembly is then opened so that the for-
mation is subjected to the reduced pressure existing in the drill pipe. The
formation fluids, if mobile, can then flow into the drill pipe and subse-
quently be recovered by closing the valve assembly and withdrawing the
drill pipe.

Drill-stem tests can be run in either open (uncased) hole or cased hole
and are normally referred to as open-hole and perforation tests, respec-
tively. There are two general open-hole testing programs or methods in
field use:

1. Test possible productive zones as the zones are penetrated by the
drill. This type of program is usually conducted in conjunction with mud
logging and/or coring programs. The hydrocarbon shows are determined
from examination of the mud, cuttings, and the cores.

2. Test possible productive zones after drilling through to greater depths
or to total depth. In this method, side-wall cores, mud logs, and other well
logs aid in selecting test intervals. To test in this fashion, it is necessary to
use straddle packers or to set successive cement plugs to isolate the in-
tervals.

Perforation tests are conducted in cased holes on intervals defined by
perforations in the easing. Casing must be set and cemented prior to test-
ing by this method. While the perforation test yields valuable information
with respect to positive evidence of oil or gas, production of salt water or
no production must be viewed in general as nondefinitive. The possibilities
of leaks behind the pipe, nonpenetration of bullets, and other similar prob-
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lems must be carefully evaluated in interpreting the data. The mechanical
procedure of drill-stem testing is more satisfactory in cased than in open
hole.

A schematic drawing of conventional drili-stem test tools is presented
in Fig. 7-2.

The results of a drill-stem test are interpreted from pressure data ob-
served at the surface chokes during the test, the recovery obtained on
withdrawing the drill pipe or circulating out the entrapped fluid, and the
pressure data recorded by a recording pressure gauge located in the tool.
The pressure may be recorded either at the surface or on a chart within
the instrument in the tool.

The detailed interpretation of a drill-stem test is rather involved. How-
ever, the following general rules apply:

1. Formation productive of gas if high surface pressures are observed
and little or no liquid is recovered in drill pipe

2. Formation productive of oil if moderate surface pressures are ob-
served and liquid recovery is oil free of water

3. Formation productive of water if low surface pressures are observed
and water is recovered in drill pipe

Many tests cannot be interpreted by these elementary rules. The more
advanced techniques of interpretation are beyond the scope of this chapter.

Drill-stem tests yield valuable information on gas-oil and oil-water con-
tacts ag well as on the potential productivity of the formation. In many
instances a contact will oceur within a test interval. A gas-oil contact is
evidenced by a high surface pressure and a small to moderate recovery of
oil. A water-oil contact is evidenced in beds having permeabilities in excess
of about 100 millidarcys by recovery of both oil and water. In beds of
lower permeability, eapillary phenomena create transition zones of appre-
ciable extent from which both water and oil may be produced, thus ob-
seuring the location of the contact by a drill-stem test. Further discussion
of the use of drill-stem tests for determining fluid contacts for a field is
presented in a later section of this chapter. ‘

A subsurface pressure record and other pertinent data on a drill-stem
test are presented in Fig. 7-3. The pressure record reflects the operation
of the tool. '

In some test tools, an initial “shut-in” or “closed-in” fermation pressure
Is obtained prior to allowing the formation to produce into the drill pipe.
This initial closed-in pressure is valuable in interpreting test data and is
an aid in estimating original formation fluid pressures.

Production Tests. Routine production tests are made periodically on
oil wells. The tests may be of a few hours’ or several days’ duration, de-
pending on the well characteristics and the desired results. Most frequently
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F16. 7-2. Conventional drill-stem test tools. (From Black?)
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the well is tested for 24 hr or less and the data corrected to a 24-hr hasis,
The tests are conducted by means of a portable test separator or » test
separator and test tank provided at the tank battery. Oil, water, and gas
production are gauged over the test period. The gas and water production
are used to calculate gas-oil ratios and water-oil ratio or cuts.

Production tests are required by state regulatory bodies as well as for
operational purposes. In Table 7-1 is presented a modified GO-2 form as
required by the Texas Railroad Commission’s Oil and Gas Division. The
last three columns are added to provide for recording additional pertinent
data.

50(()} A?\ !‘,r'f\“" \
1000 Kl‘ f \ £

1500 J‘;{l \
, / \‘ ™ i

b
2,500 \\ z =
3,000
3,500 Bi’l, 4
¢ o '\
thr 1hr Thr thr

Time —m

~c—Prassure
)
8
ls)

4006

F16. 7-3. Descriptive data of time tool open, where located, recovery, and pressure.
4, test started; B, reached packer seat; C, packer seated; D, test opered; F, fowing
pressure; F, test closed; (3, build-up pressure; H, packer unseated; J, started out of
hole; J, reached surface. Interval tested: 6356 to 6,380 ft. Time open: 1 hr 20 min,
Time shut: 30 min. Recovery: 62 joints oil, 2 joints oil-cut mud, no water. {(Halli-
burton Oil Well Cementing Company.)

The allowable is the permissible rate of produection per producing day.
The allowable is assigned to a particular well and must be produced from
that well unless transfer to another well or wells is permitted by state rules.
A total monthly allowable for a field or well is set by state regulatory
bodies after hearing nominations of purchases of crude oil by major oil
buyers. Allowables are based on a number of factors including the depth
of the well, the ability of the well to produce, gas-oil ratio of the well, and
fleld conditions. Most states have tables for determining the allowable
for producing wells. Table 7-2 presents the dissovery allowable and 1947
amended schedule for producing wells in the state of Texas. Wells produc-
ing at gas-oil ratios in excess of 2,000 sef per bbl are normally penalized.
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TazLE 7-2
Discovery allowable schedule Amended 1947 yardstick
(effective Mar. 20, 1950) (effective Apr. 1, 1950)
Interval of Daily welt 10 20 40
depth allowable, bbl Depth acres acres acres
0~ 1,000 20 0- 1,060 18 28
1,000~ 2,000 40 1,000- 1,500 27 37 57
2,000~ 3,000 60 1,500~ 2,000 36 46 66
3,000- 4,000 20 2,000- 3,000 45 55 75
4,000- 5,000 100 3,000- 4,000 54 64 84
5,000- 6,000 120 4,000~ 5,000 63 73 93
6,000~ 7,000 140 5,000 6,000 72 82 102
7,000— 8,000 160 6,000~ 7,000 81 91 111
8,000~ 9,000 180 7,000~ 8,000 91 101 121
9,060-10,000 200 8,000- 8,500 103 113 133
10,000-10,500 210 8,500 9,000 112 122 142
10,500-11,000 225 9,000— 9,500 127 137 157
11,000-11,500 225 9,500-10,000 152 162 182
11,500-12,000 290 10,600-10,500 190 210 230
12,000-12,500 330 10,500-11,000 225 245
12,500-13,000 375 11,000-11,500 255 275
13,000-13,500 425 11,500-12,000 290 310
13,500-14,000 480 12,000-12,500 330 350
14,000-14,500 540 12,500-13,000 375 395
13,000-13,500 425 445
13,500-14,000 480 500
14,000-14,500 540 560

50uRcE: Railroad Commission of Texas.

(The allowable is reduced in proportion to gas production in excess of 2,000
cu ft per bbl.)

In Table 7-3 are presented production data for a lease having two tank
batteries. The entries enclosed on the tabulation are from gauged volumes
at the battery corrected for temperature. The remaining quantities are
calculated from well test data and the battery production dats as shown in
Example 7-2.

The utilization of test data in eomputing gas production and the alloca-
tion of observed battery oil and water production data to individual wells
are illustrated in Example 7-2.

Individual well oil production was allocated in the example both on the
basis of test rates of production and on the basis of allowable. Water and
gas productions were computed from average water-oil and gas-oil ratio
data from well tests. The computed water production was used to allocate
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488 PETROLEUM RESERVOIR ENGINEERING

the gauged water production to the wells. The computed gas production
was summed to yield the battery gas production.

The computed water production differed from the gauged production
by about 7 per cent. The computed gas production based on an oil alloca-
tion from allowsables differed by about 1.5 per cent from that bazsed on an
oil allocation from test rates. Frequently greater discrepancies in computed
gas production may occur. Gas production metered at the battery has
been observed to differ from that computed from production test gas-0il
ratios by as much as 15 per cent. Well test and production records must
be carefully taken and recorded to provide data of sufficient aceuracy for
engineering purposes. .

Pressure Tests. Pressures are measured in wells for three primary
purposes. The average reservoir pressure is ealculated using bottom-hole
shut-in pressures. Well performance is determined by measuring flowing
and shut-in bottom-hole pressures as funetions of time. The position of
the fiuid level in a well, needed for equipment design, is determined from
well pressure surveys.

The pressures are measured by inserting a pressure element and record-
ing mechanism in the well. As the pressure bomb descends, the pressure
inside the bomb increases beeause of the fluid head. The bomb is stopped
at predetermined depths for a short period of time. The pressure bomb is
removed after reaching final depth, and the recording of the extensions of
the pressure element is converted to units of pressure. The results of such
a well survey, flowing and statie, are shown in Fig. 7-4.

It is not pessible for the operator to determine a water level in the well
from measurements made at the surface, whereas with some instruments
he can determine the approximate oil level in the well. Actually, it is not
necessary for the operator to locate the oil and water levels mechanically,
as they can be caleculated from the data obtained while lowering the pres-
sure bomb in the hole. As gas usually has a gradient of 0.1 psi per ft or
less, oil has a gradient ranging between 0.38 and 0.28 psi per ft, and water
has a gradient ranging between 0.465 and 0.43 psi per ft; it is possible to
select the intervals in which the fluid column changes from gas to oil or oil
to water. Once the interval is selected, the location of the interface can be
ealeulated by Eq. (7-1). '

_ (Ps — Py) — G AH
H.=H,+ rE— (7-1)

where H. = depth to interface, ft
H, = depth to top of interval in which interface oceurs, ft
P, = pressure at top of interval, psi
Py = pressure at bottom of interval, psi
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Ga = gradient of heavier fluid, determined from next lower inter-
val, psi/ft

Ga; = gradient of lighter fluid determined from upper interval,
psi/ft

AH = distance between points of measurement of P, and P, ft

Because of restrictions in the tubing such as crossover valves and chokes,
it may be impossible to measure the pressure opposite the well perforations.

0 y
1,000 \
- Static
Flowing—1 Gos
2,000
L N N [£8631
+ 3,000
i. \
53 oif
= 4,000

5,000 ——T N _'__\_ 25077 |

6,000 N

N
Water

000
w00 O 500 1,000 1,500 2000 2,500

Pressure, psio

Fic. 7-4. Static and Aowing tubing pressure survey.

When the pressure cannot be measured at the perforations, it is necessary
to caleulate the pressure from the other measurements. In this caleulation
it is assumed that the fluid existing at the last pressure point in the tubing
exists between that point and the perforations. This assumption can easily
be in error in the cases where the last pressure point must be located high
in the tubing string because of obstructions. The pressure at the perfora-.
tion is caleulated by Eq. (7-2) (see Example 7-3).
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o Pa=Pea
P, = Pb + T, = .. (H, — Hy) (7-2)

where P, = pressure opposite top of perforations, psi
Py = pressure at lowest depth of survey, psi
Py = pressure at next to lowest depth of survey, psi
Hy = depth of lowest measured pressure P, ft
Hy ; = depth of P;_;, ft
H, = depth of perforations, f

If a fluid interface exists between the next to last and the last pressure
point as indicated by the gradient in that interval, the gradient of the
denser fluid is assumed from experience with other wells in the area. This
assumed gradient G4 is then used in Eq. (7-2) as follows:

Py, =Py -+ GulH, — Hy) (7-2a)

In analyzing reservoir performance, it is often necessary to determine
some average pressure for the oil zone, the gas cap, and the water zone.
As the majority of the pressure measurements are made in oil wells, it is
necessary to adjust these measurements to values which would exist at the
pressure datum in the oil zone, at the gas-oil contact, and at the water-oil
contact. In caleulating pressures at these three points it is assumed that
the fluid in the reservoir is in a state of static equilibrium. It isalso assumed
that a continuous oil column exists from the well perforations to all three
points. The equations for ealculating the pressure at the oil datum, usually
the volumetric mid-point of the reservoir, is

Piy= P, + G o(Hs — Hp) {7-3)

where P; = pressure at datum, psi
P, = pressure at perforations, psi
G, = oil gradient, psi/ft
H; = depth to datum, ft
H, = depth to perforations, ft

The pressure at the gas-oil contact can be caleulated by Eq. (7-3) by
replacing the depth of the datum by the depth of the gas-oil contact. The
same substitution is made to calculate the pressure at the water-oil eon-
tact.

Once production begins, & reservoir is never in static equilibrium. For
this reason only the wells which penetrate the gas cap or water zone or are
in close proximity thereto should be used to ealeulate the pressure at the
gas-0il and water-oil contacts. If wells far removed from the gas cap are
used for caleulating the pressure at the gas cap, transient pressure varia-
tions will be introduced which will cause the average gas-cap value to be
in error.
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No correction procedure has been described for adjustment of pressure
measurements made in gas wells. The same procedure and equations apply
to gas wells as o oil wells.

Example 7-3. Pressure Adjustments Made from a Well Pressure Survey.

Measured data Calculated data
Pressure Pressure
Depth Pressure difference gradient
0 800
1,000 900 100 0.1
2,000 1,000 100¢ 0.1
3,000 1,140 140 0.14
4,000 1,470 330 0.33
5,000 1,800 330 0.33
6,000 2,220 420 0.42
6,200 2,310 450 0.45

Top of perforations at 6,300 ft

Surface elevation, 200 ft

Gas-oil contaet at 6,050 ft subsea or 6,250 ft from surface
Water-oil contact at 6,150 ft subsea or 6,350 ft from surface
Oil-zone datum at 6,125 ft subsea or 6,325 ft from surface

1. Depth of gas-oil interface:
From Eq. (7-1)

(Py — P.) — Gu AH

Hc = Ht + Gdl . Gdh
~ (1,140 — 1,000) — 0.33(1,000)
= 2,000 + 01— 033
140 — 330
= 2,000 + =533
— 22636 ft

2. Depth of oil-water interface:
(2,220 — 1,800) — 0.450(1,000)
033 — 0.45

420 — 450
= 5,000 + ~ o1z

H. = 5,000 +

= 5,230.7 ft
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3. Calculation of pressure at perforation:
From Eq. (7-2)

ol

—_ Pb

P,,—P;,—i—Hb__Hb_l(H,,—Hb) .
_ 2,310 — 2,220
= 2,310 + 6,200 — 6.000 {6,300 — 6,200)
- 20
= 2,310 4 500 (100)
= 2,355 psi

4. Caleulation of pressure at gas-oil contact:
From Eq. (7-3)
Pooe = Py + Gro (Hooe — Hp) = 2355 + 0.33 (6,250 — 6,300)
= 2,338.5 psi

5. Caleulation of pressure at oil datum:
Substituting in Eq. (7-3)

Py = 2,355 1 0.33 (6,325 — 6,300) = 2,355 + 0.33(25)
= 2,363.2 psi

6. Caleulation of pressure at water-oil contact:
Substituting in Eq. (7-3)

FProc = 2,355 + 0.33 (6,350 — 6,300) = 2,355 -+ 0.33(50)
= 23715 psi

Productivity Tests on Qil Wells. The productivity of an oil well is de-
termined by a series of flow and pressure tests. The static or shut-in
bottom-hole pressure is measured, and the flowing bottom-hole pressure is
measured for various rates of oil production. The pressure difference is
plotted as a function of the flow rate in stock-tank barrels per day. The
slope of the resulting curve is the productivity index with units of barrels
per day per pound per square inch.

In theory this quantity can also be equated to the permeability and
thickness of the producing formation. To eliminate as many of the vari-
ables as possible it is suggested that the equation be evaluated in the limit
as AP and Q both approach zero, so that the slope of the curve as it ap-
proaches the ordinate would be used for the evaluation of the permeability
and thickness of the formation. From Eq. (2-34):

0, = T082KA(P. — P)
°" Bou.Inr/r,

(7-4)
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where €. = rate of production, stock-tank bbl/day
k, = effective permeability to ¢il, dareys
k = sand thickness, ft
P.and P, = pressures at effective radius of drainage r. and the
well radius r,,, respectively, psi

o = oil viscosity, centipoises
B, = oil formation volume factor at P,
From the definition of produectivity index (PI)
PI - Qo QO 7-082150’1 (7-5)

Ps{—Pf=Pe_Pw=Boﬂ-aln (re/Tw)

where shut-in pressure P,; is assumed to be equal to P, and the well pres-
sure flowing P, and P,, are equal by definition.

IfIn (r./r.) is assumed to be equal to 7.082, for an r,, of 4 in. . is 386 ft
and for an r, of 6.in. r. is 540 ft. For 20-acre well spacing r. is frequently
taken as about 417 ft (half the distance between wells), and for 40-acre
well spacing r, is about 660 f§. Thus for wells of hetween 20~ and 40-acre

spacing, evaluated as AP and @ approach zero:

koh
PI = Bon, (7-6)

where B, and p, are defined at P..

The bottom-hole pressure after the well has been shut in for some ex-
tended period of time, 24 to 72 hr, is usually the first value determined in
performing a productivity test on an oil well. The actual time of shut in
will be dependent upon the characteristics of the wells. The well is then
opened to some small choke size and permitted to flow with the rate of
production being recorded as a function of time. When the rate is stabi-
lized, then the bottom-hole pressure at that time is recorded. In order to
obtain these bottom-hole pressures, & pressure bomb is usually run into the
hole and left there during all the production tests. Once the stabilized rate
has been obtained and the time recorded, so that a correlation ean be made
with the bottom-hole pressure recorded by the bomb, the choke is opened
to increase the flow rate. When the flow rate onee again has become stabi-
lized, the pressure and time are again noted.

This procedure is followed for three or four different produetion rates.
The materizls are then reduced to a graphical form similar to that shown
in Fig. 7-5. Here it is noted that the bottom-hole pressure continues to
deecline until it approximately stabilizes for some given rate, and then when
the production rate is changed, it rapidly declines again and begins to sta-
bilize at the new rate. The values read are at the same time. Actually
many values can be caleulated from these decline curves where both the
rate and pressure are recorded as functions of time.
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The productivity test data are correlated and the selected rates and their
corresponding AP’s are plotted as shown in Fig. 7-5. This curve is extra-
polated to the zero ordinate, where the slope of the curve is the reciproeal
of the productivity index. This is the value used to calculate the per-
meability and net thickness of the formation. It must be pointed out here
that the caleulated permeabilities apply to the immediate volume around
the well bore. The ealculated values are sensitive to well completion and
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Fie. 7-5. Productivity measurement of an oil well. (After Evinger and Muskat?)

damage or improvement brought about at the well bore during drilling
and completion operations. If the formation is plugged, then low v alues
of permeability will be indicated. If the formation has been fractured or
acidized, then high values of permeability will be caleulated.

Productivity tests can be run at various states of depletion of the reser-
voir, and the productivity at some given shut-in bottom-hole pressure will
be obtained. If these productivities are plotted as a function of shut-in res-
ervoir pressure, the decline in productive capacity will be noted (Fig. 7-6).
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This decline, unless remedial operations have affected the immediate vi-
cinity of the well bore, indicates the declining production capabilities of
the individual well. The decline is caused by several factors, one of which
is the increased viscosity of the oil with decreased reservoir pressure. An-
other factor causing a decline is the decreased oil saturation in the vicinity
of the well bore which in turn decreases the oil productivity of the forma-
tion. A PI decline curve can be extrapolated to indicate the productive
life of a well and the reservoir pressure at which it will no longer be eco-
nomical to operate (Fig. 7-6).

These curves can also be used in conjunction with other data to indicate
the probable reservoir pressure at which this well will no Ionger be capable
of flowing its prorated allowable; hence, at this time artificial lifting equip-
ment will have to be installed.
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Fig. 7-6. PI decline of oil weill under Fig. 7-7. Theoretical pressure draw-
various drive mechanisms. down and build-up performance.

Build-up and Draw-down Tests on QOil Wells. In the field of reservoir
engineering certain equations have been adapted from electrical and heat
Hiow dealing with unsteady-state flow systems. Through the years various
authors have adapted these equations {o special applications in reservoir
engineering, One of these applications is in the evaluation of the drainage
volume of a well by what is normally referred to as a build-up or draw-
down test. A build-up curve is nothing more than shutting a well in and
measuring the bottom-hole pressure as a function of time (Fig. 7-7).

Through the use of transient pressure equations, the build-up data, and
the performance history of the well, it is possible to calculate the perme-
ability of the formation and obtain some idea as to the formation damage
by completion practices. Such analyses are beyond the scope of this chap-
ter.
A build-up test can be run prior to a productivity test simply by running
the bomb in the well before it is shut in to allow for the 24- to 72-hr pres-
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sure build-up required for establishing the shut-in pressure for the produe-
tivity test. From these data, the shui-in pressure can be calculated as if
the well were left shut in for infinite time, and under certain conditions the
drainage area of a formation can.also be determined.

The procedure for running a build-up fest is relatively simple. F irst,
the production of a well prior to starting the test must be determined.
Second, it is best to flow the well at some given rate for a period of 5 to
10 days prior to shutting in so as to establish a fairly stable pressure dis-
tribution within the drainage area of the well. The well is shut in, and the
bottom-hole pressure recorded as a function of time. Knowing the past
production, the elapsed time, the average flow rate during the time prior
to shut-in, the time of shut-in, and the pressure history during the shut-in
period, it is possible to calculate the permeability of the formation, the
damage or improvement around the well bore denoted as “skin effect,”
and the actual shut-in bottom-hole pressure. Similar quantities can be
caleulated by starting from shut-in conditions and measuring the pressure
decline with production.

There are certain limitations to this procedure which must be under-
stood before its application and interpretation. The calculating procedure
assumes that only one fluid is flowing and that for all practical purposes,
only one fluid occupies the pore space in the reservoir. Hence, if excessive
volumes of free gas are involved, errors will be obtained in the results. If
both water and oil are flowing, then different results will be obtained.

In gas wells, the spread of measured pressures is limited, so that gas can
essentially be treated as a slightly compressible fluid. If large pressure
drops occur, the method cannot be applied. Primarily, its greatest value
is in the initial testing of wells and their classification. This type of data
can be collected on a drill-stem test and interpreted to give the relative
magnitudes of formation permesability and possibly the drainage area of
the well.

Back-pressure Tests on Gas Wells. A back-pressure test on a gas well
measures the bottom-hole pressures of the well at shut-in conditions and
for three different stabilized flow rates. The recommended procedure is to
use four flow rates, but a minimum of three is required.

Figure 7-8 illustrates the results of plotting the difference in the squares
of the pressures against the measured flow rates. Normally this set of data
should form a straight line when plotted on logarithmie paper. The inter-
cept of this straight line is a measure of the productivity or producing
capacity of the formation. The equation which defines this line is given
as Eq. (7-7) where

Q= CP*— P (7-7)
the quantity P, refers to the bottom-hole pressure corresponding to flow
rate ¢, P, refers to the shut-in bottom-hole pressure, the quantity » is the
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reciprocal of the slope of the curve as plotted in Fig. 7-8, and C is the inter-
cept of that curve when the difference in the squares of the pressures is
equai i5 ¥. The quantity C' can be related to the permeability and net
thickness of the productive section. These tests are used to classify gas
wells. They can be extrapolated and used to estimate the ability of the
well to produce against any given surface pressure. They can also be used
to estimate the rate of decline of the well with declining reservoir pressure.
A value determined from these curves known as the absolute open fow
(the flow capacity when atmospheric pressure is imposed at the face of the
formation) is used in allocating allowables among wells within a field by
most state regulatory bodies. As an example in a particular field, the rules
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Fa. 7-8. Characterization of gas well’s productivity by means of a back-pressure test.

may specify that no well can produce at a rate greater than one-fourth of
1ts absolute open flow. Thus a limiting rate is applied to all wells within a
field. If its prorated share of the production of the field exceeds its ability
to produce, then it is limited to the minimum quantity.

AVERAGE FLUID PROPERTIES

In Chaps. 4 and 5 of this volume properties of hydrocarbon fluids were
discussed. Fluid samples and analyses are relatively expensive; therefore,
the data are taken sparingly as compared with other tests such as produe-
tion and pressure tests. However, multiple fluid samples and analyses are
desirable if only to confirm the accuracy of sampling and analysis, The
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problem then arises as to how to utilize the additional data obtained by
multiple sampling and analysis. It is the purpose of this section to present
methods of developing average properties for use in calculations.

Reservoir Flulds Existing in the Gaseous State

Gas reservoirs and the gas ecaps of associated oil and gas reservoirs con-
tain mixtures of hydrocarbons which exist in the gaseous state at reservoir
conditions. The most common test performed on such reservoir fluids is a
fractional analysis of a recombined sample. The analysis is usually re-
ported in mole per cent or mole fraction by components through hexanes
or heptanes plus and including impurities such as carbon dioxide, hydro-
gen sulfide, and nitrogen. The hydroearbon components heavier than eth-
ane are considered to be condensable; therefore, the liquid content of the
gas is calculated in terms of gallons of condensable Liquid per thousand
standard cubic feet of the gas (see Example 7-4). Physical properties of
the reservoir fluids are usually calculated from the fractional analyses.

Example 74, Calculation of Liquid Content of a Natural Gas.
Component Mole [ Equivalent liquid? ci‘;%z:i
%* volume, gal/Mef gal/Mef
Methane 94.35
Ethane 3.80
Propane 0.29 27.38 0.0794
-Butane 0.26 32.57 0.0847
n-Butane 0.34 3141 0.1068
i-Pentane 0.23 36.41 00837
n-Pentane 0.09 36.07 0.0325
Hexane 0.18 40.94 0.0737
Heptanes plus 0.46 47.60% 0.2190
* Analysis of sand 2, Table 7-4.
T ¥rom Table 4-4.
M 0.3155(120)
3155 — = —————— = 47.
103155 R 0.7954 60

where M = molecular weight = 120
8 = specific gravity = 0.7954

In Table 7-4 are reported gas analyses obtained from a field containing
a number of separate gas sands, Eleven sands are identified in numerical
order of increasing depth. Single gas samples were obtained from eight of
the sands. Multiple samples were obtained from three of the sands. For
each sand having more than one analysis an arithmetic average analysis
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Field A
Band sequence i 2z 3 4 5 5 3 5
Component, mole %+ '
Methane 93.57 94.35 9143 92,38 91.66 90.86 00.96 91,00
Etbane 336 380 4.38 3.29 3.3 4,48 4.53 4.35
Propane 1.08 0.29 1.66 1.69 171 1.74 174 178
i-Butane 0.38 0.26 0.50 0.50 0.54 0.46 0.34 0.43
{l-PBeut&x:!e 0.32 g% g.g‘é 0.44 0.40 0.53 0.58 0,54
i-Pentspe .. 0.29 0.30 031
n-Pentane fos 0.08 0.16 0.50 0.45 020 021 0.21
exanes 0.47 0.18 0.33 0.50 0.6¢ 1.44 0.40 0.35
Heptanes plus 0.44 0.46 0.80 0.70 0.580 ~ 0,94 1.05
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Gpm:
Propane 0296 0.080 0.455¢ 0.464 .469 0.4774 4477 0.4829
t-Butane 0.124 0.085 0.1631 0.163 0.176 0.1498 0.110 0.1401
f_t-Butane 0.101 0.107 0.1699 0.138 0.126 9.1667 0,132 0.1688
i-Pentane 0.128 0.084 0.0730 0.181 0.163 0.1058 0.109 0.1131
n-Pentane - 0.032 0.0578 - - 0.0722 0.076 0.0758
Hexanes 0.193 0.074 0.1354 0205 0.246 08764 0.1563 0.1434
Heptanes phes 0200 0.219 0.3906 0.330 0377 - 0.505 0.5119
Total:
FPropane plus 1.052 0.681 1.4452 1.481 1.557 1.6483 1.622 1.8370
#Butane plus 0.756 0.601 0.9898 1.0E7 1.088 1.1700 1.145 1.1541
i-Pentane plus 0.531 0.409 {.6568 0.716 0.7%6 0.8544 0.853 0.8442
Well zumber 5 2 2 4 1 7 6
Perforations 4,535~ 4,758~ 4,824~ 5,050~ 5,236— 5,382— 5,382- 5,343~
4,545 4,764 4,842 5088 5,246 5,305 5,395 5,355
Date sampled 8-15-40 8-2-45 4-9—43 8-7-40 7-27-40 | T-3048 | 73048 10248
Sand sequence 5 & [ ] ] ] 7 8
Component, mole %:
Methane 9112 91.06 90.87 90.60 80.78 90.33 90.53 90.97
Ethane 4.30 3.94 4.50 4.37 4.35 429 4.58 4.15
:_Pmpane L74 1.72 1,82 2.01 1.80 1.84 1.94 1.72
i~Butane 0.44 042 0.40 .52 047 045 0.43 0.34
?-P?ut’sane .51 0.58 ggg g; 4 854 0.63 0.60 0.57
i~Pentane A 3 .28 0.28
a-Peniane foao gf 017 024 035 048 0.23 {g-:z
exanes 72 .3 0.26 X
Heptanes plus { 140 1.04 1.37 1.04 118 sy 115 1.20
Total 100.60 100.00 100.00 100.00 160.00 100.00 100.00 100.00
Gpm:
?ropane 0.4766 0.472 0.499 0551 0.4938 0.5040 0.532 0.472
i-Butane 0.1440 0137 0.130 0.169 0.1531 0.1473 0.140 0.111
@—%But;ne 0.1611 0.182 8,(2;04 0.233 0.1698 0.1972 g.}gg 0.180
i-Pentane 084 0.084 0.1022 3
- Pentare {0787 g;gg 0osi | 0087 | 00850 0.1723 o084 g‘;ﬁ
X20ES 9 9,102 .. . »
Heptanes plus fosssz | 03 | osss | 0402 | OBME | omes | Q0T | 0248
Total:
:_Propane plus 1.8161 1.765 1.834 1,736 1.7491 1,7211 744 1.738
:_-Butane plus 1.1395 1.253 1.135 1.185 1.2553 1.2171 1.212 1,266
{-Pentane plus 0.8344 0.974 0.801 0.783 0.9324 0.8726 0.883 0.976
Well aumber 11 13 4 18 23 19 3 3
Perforations 3,550~ 5,626— 5,760- 5554 3,890- 5,690- 5,780- §,980—
5,56 5,632 5772 5,861 5,700 5,700 5,790 5,985
Date zampled T-15-40 5-18-45 | 7-19-45 | 10-1348 -85 12-248 7-2-40 6-20-40
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TaBLE 7-4. HIGE-PRESSURE GAS SAMPLE ANALYSES®
Field A (Continued)

Band sequence ] 10 1 11 un 11 1 11
Component._ mole %
Carbon dioxide 0.49 0.10
Methane 92.92 92.35 91.71 9069 §0.58 5027 80.61 90.77
Ethane 2.73 3.03 329 4.35 4.40 4.44 3.85 4.07
Propane 1.44 1.58 160 174 174 1.87 1.72 173
i-Butane 0.38 0.39 0.48 0.41 0.40 0.36 038 041
n—I?utane 0.46 0.50 0.44 g.gg g .gf 85345 0.52 051
{-Pentane .. . 022
#-Pentane {oss 0.4 e.47 0.23 018 0.30 0.18 0.46
Hexanes 037 031 0.45 0.42 0324 0.46 0.15 034
Heptanes plus 132 1.44 1.56 1.38 LN 151 1.88 161
Total 100.00 100.00 100.09 100.00 100.00 100.00 100.00 106000
Gpm:
Propane 0305 0.433 0.439 0.4774 0477 05130 0.472 0.4757
i-Butane 0.117 0.127 0.157 01336 0.130 0.1173 0.124 0.1324
ga?utaue 0.145 0.157 0.139 g_:{gdﬁ gé;g 8.1693 0.163 0.1604
i-Pentane 1058 y 11277 0.080
#-Pentane {oms | ouss | oro | 0a058 | 0O | BRT | 000 | g
Hexanes 0.152 0127 0.185 0.1721 0.093 1885 0.061 0.140%
Heptanes plus 0.608 0. 0.780 0.7624 0.945 {.8375 1.022 0.86894
Total:
FPropane plos 1.555 1.833 1.870 1.8884 1.961 20260 1.987 1.9465
i-Butabe plus 1.160 1220 1.431 1.4110 1.484 1.5130 1.515 1.4708
i-Pentane plua 0.898 0.936 1,135 1.1233 1.178 1.2259 1.228 11780
Well number 8 -] 21 28 32 35
Perforations 6,110~ 6,270~ 6,500— 6,593~ 6.860- 6,918-
6,120 6,275 6.524 6,508 5,870 6,923
Date sampled 6-15-40 | 52940 | 3-25-49 6-7-45 | 10-20-48 | 7-1645

« Where required, data in computation were taken from Natural Gasoline Association of America, Standsrd Table o
Phyzical Constants for the Parafin Hydrocarbons, NGAA Standard 2145, adopted 1942, revised 1045,

by components was calculated. The average analyses were used to develop
the physical properties, such as volume factors, for the reservoir fluids in
these reservoirs.

P From inspection of Table 74 it may be noted that the percentage of
heavier components increase in the deeper sands. This is most evident in
the gpM data, where the propanes-plus content increases from 1.052 in
sand 1 to 1.9465 in sand 11. This is a common phenomenon in multisand

fields where the sands are of the same geologic age. The variation is usually

of sufficient uniformity that plots of composition as a function of depth can
be used to verify the accuracy of single samples from a sand. Also, the
composition of gas in a sand from which a sample is not available can be
estimated from correlations of composition with depth.

More elaborate laboratory tests of gas-phase reservoir fluids can be par-
tially verified by comparing the composition of the fluid tested with other
samples on which only fractional analyses were obtained. Depletion and
pressure-volume tests are frequently performed on condensate gases. As
these tests are usually performed on recombined samples, the compositions
can be closely controlled to reflect the average values obtained from other
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samples. Seldom is it necessary to average the results from such tests, as
more than one such analysis on a fluid is rare. Arithmetic averages of
corresponding results are usually satisfactory if multiple tests are available.

Reservoir Fluids Existing in the Liquid State

Physical properties of hydroearbon mixtures which exist in the liquid
state at initial reservoir conditions are determined from PV T tests of sam-
ples of the reservoir fluids. As discussed in Chap. 5 these PV T tests con-
sist of a group of tests including pressure-volume relations at reservoir
temperature, a differential liberation test at reservoir temperature, sepa-
rator fests from the bubble-point conditions to various surface separator
conditions, oil-viscosity measurements at reservoir temperature, and other
related measurements. Although fractional analysis of the bubble-point
fluid is frequently reported in connection with such tests, the analysis is
seldom used to compute physical property data. Confirmation of sampling
and analysis requires consideration of the various physical property meas-
urements from two or more samples. In many instances the samples will
differ substantially in bubble-point pressure and in composition, but the
physical properties may check when compared on a proper basis.

Data from a PVT analysis of BHS-46C were discussed in Chap. 5. In
Tables 7-56 and 7-6 are prescoted data from PVT tests of BHS47 and
BHT 1-155a, respectively. The three tests were conducted on samples
taken from the same oil reservoir at different times during the early pro-
dueing life of the reservoir. BHS-46C and BHS-47 were recombined sam-
ples, while BHT 1-155¢ was a bottom-hole sample. The bubble-point pres-
sures of the samples ranged from 3,599 to 4,451 psia. The reservoir-fluid
compositions were reported on BHS-46C and BHS-47. The concentration
of methane for BHS-47 was 52.5 mole 9, while that for BHS-46C was
49,65, BHS-47 also had the higher bubble-point pressure, 4,451 psia, com-
pared with 4,228 psia for BHS46C. 1t is evident that further comparisons
must be made to define the physical properties.

Volume measurements in PV T tests are commonly reported as relative
volume referred to either the volume at the bubble point or the volume at
some specified residual condition. The residual condition can be chosen
from differential liberation or separator tests. In the samples of Tables 54,
7-5, and 7-6, the relative total volume, relative oil volume, and the gas
liberated are referred to a barrel of saturated oil at the sample bubble
point. The data are presented graphically in Figs. 7-9 and 7-10. The
curves do not coincide but do exhibit parallel trends, indieating that the
data may become coincident on adjustment of the reference volume.

The relative total volume can be expressed in terms of the Y funection,
a dimensionless compressibility function. The data from the three samples
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are plotted in Fig. 7-11. The data once again are essentially parallel but
not coincident. The data of BHS-46C and BHS-47 are considered to be
sufficiently in agreement that the data can be averaged.

As the Y function is essentially linear with pressure, the data can be
fitted by a straight line. The points indicated as omitted were in the prox-
imity of the sample bubble points—a region in which the data are fre-
quently unreliable. Two procedures can be used to determine the average
line passing through the data points of both BHS-46C and BHS-47. The
first procedure consists of fitting straight lines to each set of data and then
averaging the coeflicients. The second procedure is to fit a straight line to
the data points of the samples considered together.

40
BHS~46C ¥ =16703 + 000042
30 24
g Average curve for o | g%
T BHS—36C and BHS-47 o | o
e N ¥ = 16453 + 00004197 o O gaFT
o2 of 7P
o o ; y2F Enclosed poinfs omitied
- °5>,:E:°’ in calculating straight-
o 2PN ling equations
o BE] !
20 o T —T8HS-47 ¥ 161955 + 00004187
o |

1.0
0 400 800 1,200 1,600 200C 2,400 2,800 3,200 3600 4000 4400 4800
Pressure, psic

Fie. 7-11. Correlation of ¥ funetion for three reservoir-fluid analyses, field B.

The method of averages is used in Example 7-5 to fit lines {0 both the
individual sample data and the combined data. The method of averages
consists of determining the average coordinates of two groups of the data
and using these average coordinates to determine the slope and the inter-
cept of the line. The groups should be essentially of equal size.

In general terms to fit an equation of the form

Y = o + bP
k k
2 Y; Z P;
let Y. = Flk P = ”’}c (7-8)
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n [

RS 2, P
P i=k+l _ imkt1 7-8
Y n—=k P, n—k (7-8)

where Y, and P, are the average coordinates of group I, which contains k
pairs of data points ¥; and P;, and ¥, and P, are the average coordinates
of group II, which contains n — & pairs of data points ¥; and P;. Then

b= ?1 — ?2
P, -7,
and a=Y, — b (7-9)

The conventions on signs are properly considered if group I is assigned to
the data having the higher values of the abscissa.

Example 7-6. Determining Equation of Average ¥ Function.
1. Fitting equations to individual sample data:

BHS-46C BHS-47
Pressure P, Pressure P,
Group paia Y psia ¥
I 4,120 3.4043 4,148 3.3053
4,060 3.3373 4,075 3.4182
3,998 3.3446 3,963 3.2577
3,885 3.2043 3,863 3.1974
3,780 3.2649 3,768 3.1572
3,590 3.2021 3,673 3.1474
3,215 3.0355 3,293 3.0133
2,930 2.8068 3,008 2.8847
2,415 2.6869 2,773 2.7963
2,423 2.6437
31,993 28.4767 34,987 30.8213
Po=3555 | Y1=31641 ! P, =3499 | ¥, =3.0821
I 1,938 2.4839 2,163 2.5367
1,578 2.3259 1,399 2.4086
1,380 2.2444 1,674 2.3221
1,200 2.1635 1,414 22210
975 2.0709 1,204 2.1231
825 2.0062 1,030 2.0448
715 1.9644 870 1.9787
630 1.9383 755 1.9304
570 1.8921 670 1.8862
600 1.8616
9,811 19.08%6 12,279 21.3131

Po=1,000 | ¥.=21210 | P, =1,298 | ¥, = 2.1313
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Y=a+bP
where b= Pz—: : ;: and ¢=7Y,— b0
For BHS-46C For BHS-47
Blope b = 331,2_;;_-—?’(1)-% Slope b = W

= 0.00042 = 0.000418

a = 3.1641 a = 3.0821

- 0.00042 (3,555) — 0.000418 (3,499)

= 1.6710 = 1.6196

Y = 1.6710 4 0.00042P Y = 1.6196 4+ 0.000418P

2. Average coefficients from coefficients of equations for the individual
samples:

b= 0.00042 —;0.000418 — 0.000419
o= 1.6710 + 1.6196 — 1.6453

2
Therefore the equation for average properties is
Y = 1.6453 + 0.000419P

3. Average coeflicients from combined data:
Group I (combined)

T, = 31,993 + 34,987 66,980

§+10 - 19 3925
v _ 28.4767 4 30.8213 _ 59.2980
Yi= 94+ 10 =T~ 31209
Group II (combined)
_ 9811 +12279 22090
P= "0 =19 - L163
v _ 190896 4 21.3131  40.4027 _
T =g = 21264
Thus _ _
po 1= Vo 31200 — 21264 _ 9,945 _ 0.000431

TP, - P, 38525-—1,163 2362
a =Y, — bP; = 3.1209 — 0.000421(3,525) = 1.6369
therefore
Y = 1.6369 + 0.000421P

e ———————



510 PETROLEUM RESERVOIR ENGINEERING

The equations developed by either procedure used in Example 7-5 are
satisfactory representations of the data. The choice of procedure depends
on whether it is desired to place equal weight on each data point or on each
sample. The procedure of averaging coefficients places equal weight on
the sample.

The method of least squares or a simple balaneing of points visually in
drawing an average line on the graph paper can also be used in fitting aver-
age lines to an array of data.

The relative oil-volume difference, or AV function, ecan be used to aver-

1.0
)
e
.o
call
( o
Y
S A0
1 =
- od W
= P
<l A-/
kP
'ﬂ
s log AV=-3.6061+(0.8651} logif—Fr)
Ve
’/
Vi
0.0
100 1,000 . 10,000
AR psi

Fia. 7-12. Relative oil-volume difference by differential vaporization, field B.

age relative oil-volume data. This function was also discussed in Chap. 5.
In Fig. 7-12 are presented the data for the three samples BHS-46C, BHS-
47, and BHT 1-155a. The data for BHS46C and BHS-47 once again co-
incide satisfactorily. The fitting of an average line to the data is presented
in Example 7-6.

As pointed out earlier in this section, the bubble-point pressures from
the three samples differ substantially. The correlations of the ¥ and AV
functions were made without adjusting the bubble-point pressure. The
equations of the average data can be adjusted to any selected bubble point
by the methods presented in Chap. 5.
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Example 7-6. Determining Equation of Average AV Funection.

BHS-46C BHS-47
Group
Pressure Pressure
log AP, psia log &V log AP, psia log &V

I 2.6128 8.7210-10 2.6656 8.2089-10
2.9128 8.9777-10 2.9605 9.0355-10
3.0858 9.1109-10 3.1345 9.1756-10
3.2089 9.2079-10 3.2584 9.2679-10
3.3049 9.2808-19 3.3532 9.3357-10
15.1252 45.2983-50 15.3722 45.0236-50

Group I (combined):
15.1252 + 15.3722

log AP, = 10 = 3.0447
log AV, = (45.2983 — 50) £|(—) (45.0236 — 50) _ 0.9678
I 3.3834 9.3401-10 3.4404 9.3969-10
3.4499 9.3888-10 3.5072 9.4434-10
3.5076 9.4303-10 3.5606 9.4809-10
3.5585 9.4714-10 3.6070 9.5188-10
3.6002 9.5139-10 3.6269 9.5421-10
17.4996 47 .0445-50 17.7421 47.3821-50
Group II (combined):
log AP; = 17.4996 l—l(-) 17.7421 — 3.5249
log AV; = (47.0445 — 50) ;i(—) (47.3821 — 50) _ —0.5573
Therefore the coefficients for the combined data are
_ —0.9678 — (—0.5573)  —0.4105 _
b= 30407~ 35242~ "oa7as _ 05681
a = log AV — b log AP, = —0.9678 — 0.8651(3.0497)

a = —3.6061
and the equation is
log AV = —3.6061 4 0.08651 log AP
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The correlation of the gas liberated from several samples requires the
adjustment of the data to the basis of common bubble-point pressure or
to the basis of residual oil. To adjust the gas liberated to a new bubble-
point pressure requires the correction of the data for the excess gas liber-
ated between the sample bubble point P;. and the field bubble point Psy,
and for the shrinkage due to the evolution of the excess gas. The equations
for this adjustment are as follows:

(Ro)s = [(Be)s — (Re)es] % (7-10)

where (RL), is the standard cubic feet of gas liberated per barrel of satu-
rated oil at the field bubble point, (Rr)s is the standard cubic feet of gas
liberated per barrel of saturated oil at the sample bubble point, (Br).s is
the excess gas liberated between the sample bubble point and the field
bubble point in standard cubic feet per barrel of saturated oil at the sample
bubble point, and Vz,/ Vs is the volume of sample bubble-pomt oil per vol-
ume of field bubble-point oil.

If the field bubble point is greater than the sample bubble point, the
curves of gas liberated (Fig. 7-10) must be extrapolated to the field bubble-
point pressure. (Eir)e is then negative, so that the excess gas is, in effect,
added. The quantity Vs/Vs is the relative oil volume calculated using the
field bubble-point pressure as P, in the AV equation. If the field bubble-
point pressure is less than the sample bubble-point pressure, the quantity
(R1).s is positive and the excess gas is subtracted. The quantity Vs./Vsis
the reciprocal of the relative oil volume caleulated using the same bubble-
point pressure as Pj in the AV egquation.

The correction of the gas liberated from a higher sample bubble-point
pressure to a lower field bubble-point pressure is shown in Example 5-8.

With the data converted to the same bubble-point eonditions, an aver-
age curve can be fitted to the resulting data.

Rather than correlating the liberated gas data from several samples, the
most expedient approach is to correlate the gas in solution based on residual
oil. Many laboratories report gas in solution and gas liberated data based
on residual oil obtained from the differential liberation. If the data are ex-
pressed on the basis of residual oil, the data from the several samples can
be plotted on the same graph and an average curve fitted to-the data.

If the data are reported as in Tables 5-4, 7-5, and 7-6, the data can be
converted to gas in solution based on a selected separator pressure. An
example of this correction iz shown in Example 5-5. The data of the three
samples were converted to gas in solution based on a 30-psi separator pres-
sure. The converted data are presented in Fig. 7-13. The data for BHS-47
and BHT 1-155¢ check very closely, while the data of BHS-46C are ap-
proximately 50 cu ft per bbl low. The shaded points are particularly sig-
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nificant, as they represent the gas in solution from the 30-psi separator
tests on each sample. The dashed line drawn through those points and
visually balanced between the trend of data points is an aceeptable average
curve.

The oil formation volume factor based on a selected separator condition
can be calculated for each sample as in Example 5-6. A plot of data caleu-
lated for BHS-46C, BHS-47, and BHT 1-155a is presented in Fig. 7-14.
The data are based on a 30-psi separator. Values for BAS-46C and BHS-47
check very closely, and a curve fitted visually to these data is s satisfactory
average curve. The data from BHT 1-155a do not check with sufficient
accuracy to be included in the average.
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& BHS-47 2
800 O BHS-46C v
% T
T 800 L
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400 Zet
o
200 Lz
2Za
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0 1000 2,000 3,000 4,000

Pressure, psia

Fire. 7-13. Separator gas in solution based on 30-psi separator, field B.

Separator test data can be correlated with separator pressure, bubble-
point pressure, and other parameters. In Fig. 7-15 are presented correla-
tions of separator data with separator pressure. The values of separator
gas-oil ratio and shrinkage factor differ because of the different bubble-
point pressures of the samples. The data for BHS-46C and BHS-47 show
paralle]l trends. The sample having the higher bubble point has the higher
gas-oil ratio and lower shrinkage factor as would be expected.

Correlations of gas gravity, compressibility factor, and gas-expansion
factor 1/B, are shown in Fig. 7-16. The data correspond closely and ean
be fitted by balancing a curve through the data points.

In the foregoing discussions, the reservoir fluid was assumed to have a
bubble-point or saturation pressure which was invariant with position in
the reservoir. The variation in bubble-point pressure among the samples
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BHS46C, BHS-47, and BHT 1-155¢ was assumed to be a result of sampling
rather than a variation of fluid properties in the reservoir. In fact, the
samples BHS-46C and BHS-47 were obtained from the same well having
the same completion interval at the time of sampling.

Variations in fluid properties with depth usually oceur in fields having
separate accumulations in several different formations. The variations are
similar to those discussed with respect to the gas sands of Table 74. The
bubble-point pressure and solution-gas—oil ratio normally increase with
depth in formations of similar geologic age on the same structure.
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Fie. 7-14. Oil formation volume factor based on 30-psi separator, field B.

In reservoirs having low relief within the oil column, the oil usually ex-
hibits a uniform bubble-point pressure. However, in reservoirs of high
relief, variations in fluid properties may occur within the oil ecolumn of
single reservoir.

An example of such varfations in bubble-point pressure is shown in Fig.
7-17. The data are from the Weber sandstone reservoir of the Rangely oil
field of Colorado.® The reservoir contained an original gas cap with a gas-
oil contact at 320 ft below sea level. The original water-oil contact was
found at 1,160 ft below sea level. The oil column was continuous over an
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interval of 840 ft. Careful sampling and analysis provided the data pre-
sented in Fig. 7-17. It can be noted that the original reservoir pressure
is normal; it increases with depth as a result of increasing fluid head.
The bubble-point pressure and oil formation volume factor decrease with
depth, while the oil viscosity increases with depth. This variation indi-
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Fie. 7-17. Chan_'acteristics of Weber oil at original reservoir conditions correlated
with the elevation of the top of Weber sandstone, Rangely Field, Colo. (From
Cupps et al®)

cates an increasing proportion of heavy components with depth. The data
suggest gravitational segregation of components within the oil columu.
Bage and Lacey® investigated such phenomena in the laboratory and sug-
gested a procedure for calculating the segregation of components. Cupps
et al.’ applied the procedure of Sage and Lacey to the Weber data and found
that the observed segregation was much greater than that ealculated.
Espach and Fry” presented similar data on the Tensleep sandstone res-

e vamme d
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ervoir of the Elk Basin oil field. Their hypothesis for the variation in
physical properties was that an oil and gas accumulation existed in the
region prior to the final deformation of the rock beds in the area. The
deformation caused increased hydrostatic pressures in the trap. thus com-
pressing the gas cap and confining the oil in a smaller area with a greater
thickness of oil column. The compressed gas tended to diffuse into the oil
column, thus increasing the bubble-point pressure of the oil. It was pre-
sumed that the reservoir was discovered before equilibrium could be ob-
tained; thus the lower portions of the reservoir contained oil which was
little affected by the diffusion of gas downward from the gas cap. The
variation in bubble-point pressure with depth can be attributed to the
extent to which the oil achieved equilibrium. The oil nearest the top of
the structure would be in equilibrium or nearly so, while that lower in the
column would be the furthest removed from equilibrium.

In some fields of great areal extent, variations in physical properties may
be found in oil columns of moderate relief. The Scurry County area of
West Texas exhibits variations of bubble-point pressure with depth. Cook
et al.® investigated the variations and proposed a procedure for evaluating
such variations with a limited number of PV T tests.

The Scurry County Canyon Reef reservoir contained oil which was
initially undersaturated throughout the reservoir. Thus, producing gas-
oil ratios, accurately determined, reflect the gas in solution in the oil at
the depth at which the well was completed. A number of wells were tested
under carefully controlled separator conditions, and the resulting gas-oil
ratios plotted as a function of the depth of the mid-point of the completion
interval. The gas-oil ratio data and completion intervals are shown in
Fig. 7-18.

Bottom-hole samples were obtained from a limited number of the wells
tested. The bubble-point pressure and separator gas-oil ratios of the sam-
ples were determined in the laboratory. The correlation of bubble-point
pressure and gas-oil ratio from the laboratory data is presented in Fig. 7-19.
The data of Figs. 7-18 and 7-19 were combined to yield a correlation of
bubble point pressure with depth, which is presented in Fig. 7-20.

EVALUATION OF ROCK VOLUME

Once the drill has found an oil-productive formation, the accumulation
must be evaluated as to areal extent and hydrocarbon content. The evalua-
tion of any hydrocarbon storage represents the accumulation and analysis
of data gathered during the drilling of the wells. It will be assumed here
that the reader is familiar with the data gathered during the drilling of
oil wells, so that only illustrative examples need be presented.
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Arezl Extent

The projected surface area of a hydrocarbon deposit can be completely
defined only by the drill. Correlation of the information on the producing
formation from all wells, producing and nonproducing, must be used. From
drillers logs, mud logs, electric and radioactive logs, such as Figs. 7-21 and
7-22, the lithologic top and bottom of the formation can be determined
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F16. 7-18. Variation in solution-gas content of reef reservoir oil with depth (showing
thickness of exposed zone), Scurry County, Texas. (0} data from Kelly-Snyder
area; vertical lines show reef rock exposed in well bore. (From Cook et al®)

for each well. The values obtained from the logs are converted to subsea
measurements and plotted on an areal map. Lines representing points of
equal depth are drawn (Fig. 7-23) to represent contour maps of the top
and bottom of the formation. These maps alone do not define the areal
extent of the reservoir. They define only the structure of the formation.
Other information must be considered to determine the limits of the hy-
drecarbon portion of the reservoir.
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In Chap. 1, several types of reservoir traps were discussed. It was stated
that hydrocarbon reservoirs are essentially bounded in four ways: (1) by
“pinchout’” or disappearance of the formation, (2) by facies change or loss
of permeability, (3) by faulting, and (4) by water. The limits can be de-
fined by any one or a combination of all these four factors.

Areal limits defined by a disappearance of the formation would become
apparent during the construction of the structural contour map. The
cause for disappearance of the formation is determined by a detailed study
of the formations above and below. Such detailed studies usually indieate
unconformities or lenticular formations.

Limits resulting from faecies change or loss of permeability are deter-
mined from a study of well logs, core analysis, and drill-stem tests. Usually
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Frc. 7-19. Relationship of saturation

pressure of reef reservoir oil with pro=- . . . .
duction (solution) gas-oil ratios as de- F1c. 7-20. Relationship of saturation

termined from fluid sample analyses, pressure of reef reservoir ol with
Kelly-Snvder area, Scurry County, depth, Kelly-Snyder area, Scurry
Texas. (From Cook et al®) County, Texas. {From Cook et al?)

these changes are also noted during the construction of the structural map.

A fault boundary is often hard to define. To define the boundary re-
quires a detailed study of the formations above and below. If the dis-
placement of the fault is small, it is difficult at times to determine if the
fault plane is a closed boundary without the aid of pressure surveys and
production history. Once the fault has been located, its position is indi-
eated on the structural map of the top and base of the formation.

The final means by which the hydrocarbon-bearing portion can be limited
is by the absence of hydrocarbons. Because of the conditions under which
most formations were deposited, if they do not contain a hydrocarbon,
they contain water. Hence, the limiting boundary is the point at which
water completely fills the pore space in the formation.

The depth at which any given well ceases to produce oil and produces
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only water can be determined from drill-stern tests or core analysis (Fig.
7-24). The depth at which the formation becomes saturated with water
can be determined from the resistivity eurve of the electric log. As was
mentioned in Chap, 3, there are two water-oil contacts, both of interest to
the engineer.

Seif-potential Resistivity ’ Gamme Neutron gamme

T [ T T
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{7} (6}
Fia. 7-22. (a) Electric log; (b) radioactive log.

The oil-water contact is selected on the core log as the point at which
the oil saturations of the samples decrease and the water saturations in-
crease. This is the water-oil contact defined as the level below which the
Jourd production is 100 per cent water.

Unfortunately not all wells drilled penetrate the watber-bearing portion
of the formation. It thus becomes necessary to determine the limits of the
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water-oil contact from a meager set of data. The normal procedure is to
assume the water-oil contact to be a horizontal plane. Thus, if the subsea
level of the contact can be determined in several wells, it is possible to
establish the contact for the reser.
voir.,

There are cases when the water-
oil contact in a reservoir cannot be
assumed to be a horizontal piane.
The water table may be tilted if the
water zone is in a dynamic state, if
the formation is highly variable in
permeability, or it may be two hori-
Fic, 7-25. Idealized model of tilted con-  Zontal planes if an impermeable bar-
tact. (From Yuster™) rier exists in the oil zone.

A water table is changed from its
static horizontal state by flow of the water. The change in the height of
the water-oil contact from its static level A. is illustrated in Fig. 7-25.
The tilt of the contact is related to the pressure drop in the water by
Darcy’s law where

- k(e — po\dh
bo = 0.00624#( = ) & (7-11)
dk _ 14dw,u _
or dz = 6.00624% = P°)
where z = distance along horizontal axis, ft

p» = density of water, lb/cu %

po = density of oil, Ib/eu ft

v, = velocity of water, ft/day
dh/dz = slope of contact

From an analysis of the above equation, it may be noted that the greater
the velocity of the water, the greater the slope of the water-oil contact.
The effect of increased velocity is illustrated in Fig. 7-26, where the velocity
increases from a to ¢. If the water velocity is great enough, the oil zone
can be shifted from the top of the structure to the fank.

Another cause of a water table not being a continuous horizontal plane
is the presence of an impermeable barrier in the oil zone. For a barrier
in the oil zone to be effective, there must be a gas cap and water zone
which are continuous around the barrier. An idealized structural map
(Fig. 7-27) with superimposed gas-oil and water-oil contacts illustrates
the effect which a large impermeable barrier may have.

Mention was made in Chap. 3 of a horizontal permeability variation
which could cause a tilted water table. The tilt in the level of the zone of

¥
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complete water saturation is caused by differences in capillary-pressure
behavior of the rock for the variation in permeability.

At least three possible reasons for a water table not being horizontal
have been presented in previous discussions. The engineer must analyze

F1e. 7-26. Types of hydrocarbon oil and gas accumulations in gently folded thick
sand. (g} Gas entirely underlain by oil; (b) gas partly underlain by oil; {¢) gas and
oil traps separated. (From Hubbert®)

all available data to determine the nature of the water table in any given
teservoir. To aid in determining the position of the water-oil contact
it is suggested that all open-hole drill-stem tests, production and comple-
tion tests, core analysis, and log data be plotted on the structural map of
the top of the formation. A portion of the required data is plotted on Fig.
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7-28 illustrating the placement of the contour line representing the inter-
cept of the gas-oil and water-oil contacts with the top of the formation.
From a study of the data presented in Fig. 7-28, it is seen that the water-
oil contact is defined by only two wells, one a drill-stem test and one a

CORES
g GAS SAND
I DIL SaND
| SALT WATER SAND

OPEN HOLE DRILL-STEM TESTS 25 o
GAS /‘5’/’:—\

o e
SALT WATER

PRODUCTION TESTS AND GOMPLETIONS
65 2

Qo Zodis
SALT WATER

(%) WELL COMPLETED IN $,000-F00T
SAND

F16. 7-28. Graphical representation of water-oil contact data on a structure map-
Imaginary field. Structure contours on top of “5,000-ft” sand. Contour interval, 20
ft. (From Alexander™)
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production test. The drill-stem test indieates the contact to be between
5,069 and 5,073 ft subsea while the production test indieates it to be be-
tween 5,067 and 5,075 ft subsea. A horizontal contact was assumed to
exist at 5,070 ft subsea, and its intercept with the top of the sand drawn as
the 5,070-ft subsea contour. Figure 7-28 does not have the log data plotted
which could also be used as an aid in selecting the water-oil contact,
especially in those wells which penetrated but did not test the sand.

Isopachk Maps

To evaluate the amount of hydrosarbon volumetrically in an under-
ground reservoir, it is usually necessary to construct an isopach map. Any
isopach map indicates the rock volume between limiting boundaries. There
are four basic isopach maps which can be constructed: (1) gross isopach
map, (2) total net thickness map, (3) net oil isopach map, and (4) net gas
isopach map.

Gross Isopach Maps. Gross isopach maps are constructed using the
top of the formation, the bottom of the formation, the water-oil contact,
and any pinchout, fault, or facies change as the limiting boundaries. In a
case involving only the top and bottom of the formation and the water-oil
contact, it 1s possible to construct the isopach from the two structural maps.
The water—oil-contact intercept should be plotted on both of the strue-
tural maps.

The effect of gas-oil and water-oil contacts on the location of the isopach
lines for two different types of structures is shown in Figs. 7-29 and 7-30.
Figure 7-29 shows the placement of isopach contour lines for a domal-type
trap. The maximum areal extent (zero isopach line) of the accumulation
is defined by the contact of the water table with the top of the formation.
This figure demonstrates the existence of the oil-water wedge in the forma-
tion caused by the horizental attitude of the water-oil contaet and the dip
of the bed. Itisnoted that the isopach lines are equal to the total thickness
of the formation when the hydrocarbon-bearing portion is not underlain
by water. Figure 7-30 shows the location of the isopach lines in a forma-
tion which is limited by a pinchout updip and water underneath. In this
case the areal extent is limited on one side by the pinchout and on the other
side by the intercept of the water table with the top of the sand. Wedging
of the hydrocarbon zone is caused by both the pinchout and the water
table and formation dip.

Net Isopach. The gross section must be corrected for two factors in
order to obtain the net thickness values to use in the construction of a net
isopach map. The first correction is to deduct from the gross thickness
that part which is of a lithology not normally considered hydrocarbon-
bearing. In sands this may be shale lenses which must be deducted. In
limestones there may be chert or calcite lenses which would not contain
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hydrocarbons. The presence and thickness of these zones of different lith-
ology can be determined from logs or core analysis. Figure 7-31 illustrates
the correction of gross sand thickness for the existence of a shale stringer,
The thickness value obtained after correcting for shale lenses, ete., is some-
times referred to as net sand thickness.

The second correction made on the gross section to determine the net

Gross gas sand, isopochous mop
i I 1 [ |
. 0 10 20 10 0
Gross gas sand, isopachous map
1 [ 1

o] 4 4 0
) Gross oif sand, iscpachous map
. . 1 11 |
Gross oil sand, isopachous map 0 13 45 0
|| ] [
T T | 5 T T T

Gross hydrocarbon sand, isopackaus map
1

Gross hydrocaorbon sand, isopachous map | 1 | [
P F 0 1 =20 20 10 0

1] [

ety =
= =

Cross section

Cross section

Fermation or
permegbility
“piachout*

Fic. 7-29. Sketch showing relationship
between the subsurface cross section and
isopach lines in the vieinity of the eross
section for a reservoir containing oil and
free gas. Extent of the reservoir limited
by the oil-water contaet and the bottom
of the sand. (From Vance)

F1e. 7-30. Sketch showing relationship
between the subsurface cross section and
isopach lines in the vicinity of the cross
section for a reservoir comtaining oil and
free gas. Exient of the reservoir limited
in one direction by the oil-water contact
and in the other direction by a forma-

tion or permeability “pinchout.” (From
Vance™)

thickness values depends on the productivity of the formation. Dense sec-
tions of essentially zero permeability would not be considered as “pay,”
since any hydrocarbons which they may contain cannot be produced at
economic rates. In limestones, zones of extremely low porosity can be con-
sidered as not connected and hence be treated as “nonpay.” The existence
of dense stringers can be determined from a study of logs and core analysis.
The core-analysis log in Fig. 7-32 has a 3-ft section of sand at the top of the
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formation which would not be considered net pay because of its low per-
meability. This core log also indicates the presence of shale stringers the
thicknesses of which are deducted from the gross section. A detailed analy-
sis of the core log of Fig. 7-32 is presented in Example 7-7. A more de-
tailed illustration of the selection
of productive pay is included in
the diseussion of averaging permea-
bility and porosity.

A procedure for constructing a 5 L]
net isopach map is first to construct !
a total net thickness map which in- T
cludes the water-saturated zone z
(Fig. 7-33a).

The projections of the intercepts
of the water table with the top and
bottom of the formation are super- ] o
imposed on this map. The total Fig. 7-31. Total thickness as indicated

eiq s . on an elecirical log for a sandsione con-
net values within the line defined taining a shale break. (From Vance}
by the intercept of the water table
and the bottom of the sand represent the net values for the hydrocarbon
isopach. The net hydrocarbon thickness lines between the two water-oil
gontact contours are then constructed. Therefore the contours from the
total net thickness map can be fraced in this region. The final two steps
of this procedure are ilustrated in Fig. 7-33b and ¢. A complete net
hydrocarbon isopach map for the Jones Sand, Shuler Field, Arkansas, is
shown in Fig. 7-34. This reservoir has a water-oil contact only at the
extreme limits. The location of the zero-thickness eontour had to be
estimated from extensions of the top of formation map, as no wells were
available on the edges for complete definition.

Self -potential Resistivity

Sond thickness= 7 + 7>

Exzample 7-7. Typical Core Analysis of the Dakota J Sand from Core
Log Shown in Fig. 7-32, Specimen Core Analysis* (Smith No. 1 Well File
TAP-1).

This core analysis hag been selected to demonstrate a number of interesting and
important points. It represents the J Sand of the Dakota series in the northeastern
portion of the Denver-Julesburg Basin.

Coring was commenced in the shale section overlying the J Sand, the coring
point probably having been picked from stratigraphic markers present in other
wells in the general area. The actual top of the J Sand is at 4,805.0 ft, but from
that depth to 4,808.5 ft, the formation is shaly and tight as shown by the perme-
ability values measured.

Development of permeability at 4,808.5 ft indicates the top of the pay section.

* Courtesy of Core Laboratories, Ine.
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The porosity is typical of J Sand, ranging from 15 to 20 per cent. Fluid saturations
mdicate the zone from 4,808.5 o 4,829.0 ft o be dry-gas productive. The absence
of any measurable residual oil saturation combined with low total water saturations
offers conclusive evidence that the zone is dry-gas productive. The permeability
and productive capacity (average permeability X thickness) of the 20.5-ft section
would assure high-volume gas production if a completion were made in this zone,

At 4,829.0 to 4,830.0 ft, the first residual oil saturation is observed, marking the
point a$ which the productive characteristics of the J Sand are beginning to change.
The residual oil saturation of 6.2 per cent pore space would indicate a transitional
interval over which liquid hydrocarbon seturation is developing, and flow of both
a free-gas and liquid phase would be expected from. this foot. The gas-oil contact
is shown by the core analysis to be at 4.829.0 to 4,830.0 ft.

From 4,830.0 to 4,846.0 ft, the residual oil and total water saturations are indi-
cative of an oil-productive zone. High permeability and excellent porosity show
the interval to have a large potential and to contain substantial volumes of re-
coverable oil in place. Both this il zone and the gas zone above showed vertieal
fractures in addition to the high permeability of the rock itself. These factors
present completion problems discussed later. ‘

From 4,846.0 to 4,847.0 ft, a shale barrier is present, followed by 1 it of isolated
oil sand, which in turn is underlain by 1 ft of sandy shale at 4,848.0 to 4,849.0 ft.
The presence of the shale streaks will be helpiul in completing the well as a water-
free producer.

Two feet of permeable water sand are present from 4,840.0 to 4,851.0 ft. The
lack of residual oil saturation combined with high water saturation is conclusive
evidence that this 2-ft interval is wet.

Completion should be made near the base of the section, say from 4,840.0 to
4,843.0 ft, in order to diminish the possibility of gas coning from above. The shale
streaks underlying the sand should, if laterally continuous, prevent water coning,
and eompletion a few feet above these streaks would be suggested. Here the inter-

INTERPRETATION AND AVERAGE PROPERTIES*

Top of net effective sand, ft 4,807

Base of net effective sand, it 4,851

Gasoil contact, f& 4,829
Water-oil eontact, ft Between 4,848 and 4,849
Gross sand thickness, ft 44

Total net effective sand thickness, {& 41

Net effective gas sand thickness, ft 21.5

Net effective oil sand thickness, ft 18
Permeability capacity kA 13,362 md. ft.
Weighted average permeability, millidareys 326

Porosity capacity ¢h, £t 72499,
Weighted average porosity, % 17.7

* Additional interpretation by authors.

vals 4,805 to 4,307, 4,808 to 4,808.5, 4,846 to 4,847, 4,848 to 4,849, 4,850.5 to 4,85?
are considered to be of such physical character as to be nonproductive even i

DATA EVALUATION FOR RESERVOIR CALCULATIONS 533

containing hydrocarbons. The interval 4,850 to 4,851 is considered to consist of
on&h?,lf permeable effective sand and one-half noneffective sand based on the con-
trast in the permeability and porosity value.

Gross Rock Volume. The rock volume econtaining hydroearbons can
be determined for gross or net sections. The rock volume of the gross sec-
tion can be determined by planimetering the contour maps or the isopach
maps. The net rock volume is determined by planimetering the net isopach
map.

The areas enclosed by contours of the structiure maps based on the top
and bottom of the formation are determined by planimetering. These
areas (Fig. 7-35) are plotied as a function of depth. The area enclosed by

4,950
o Planimefer consfant:
Gas-off tact Pl :
5,000 | CosTen cantae #unit = 250,000 ocre-ft
As
5,050 Ay < From sand-fop map
-— \ =
bl
= ™ A \\
:-:. 5r100 \\ .
[=1
\ 4 \\
5,150 <~ ]
From sand-base map \ Ay \
5200 | A - .
Qil-water canfad/\ ~
0 1,000 2,000 3,000 4000 5000

Area enciosed by confour, ocres

Fic. 7-35. Idealized volume graph for computing gross rock volume.

the two resulting curves represents the gross acre-feet of hydrocarbon-
containing roeck. The gross rock volume is determined by a graphical in-
tegration of the area between the two curves or by planimetering.

In some instances it is desirable to know the rock volume distribution
as a function of depth. This can be calculated by dividing the area be-
tween the two curves into small segments and ealculating the area of each
little segment (Ao, A;, As, ete., of Fig. 7-35). The cumulative volume dis-
tribution with depth can then be expressed in terms of rock volume above
some given depth or rock volume below a given depth. The system chosen
depends on whether a gas cap or water drive is to be the predominant
source of energy. The gross volume distribution for the data of Fig. 7-35
is shown in Fig. 7-36, cumulating the volumes from the bottom.
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.E‘I?d 7-36. Reservoir rock-volume distribution with height above the water leve]
eld 4,

Gross or Net Rock Volume from Isopach Maps. Three methods can
be used to calculate the rock volume from planimeter data of an isopach
map. The volume can be calculated by the trapezoidal rule which is stated
in Eq. (7-12).

h
Volume = 5 (Ao +24, 424, 4--- L 24, .+ A,) + kA, (7-12)

where h = isopach contour interval
Ay = area enclosed by the zero thickness contour
Ay = areas enclosed by each successive contour
A, = area enclosed by the contour line representing the greatest
thickness
h. = average thickness above the top contour

The gross volume of the isopach map can be caleulated from successive
calculations of the volume between each contour, as of a frustum of a cone,
by use of the pyramidal rule. The volume between any two contour lines
is given by Eq. (7-13).

Vou=2 (4o + 40 + VALY (7-13)

where V,_, = volume hetween 0 and » contours

h = difference in thickness between two contours
A, = area enclosed by n contour
Aqs = area enclosed by 0 contour
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The gross rock volume can also be obtained by plotting a graph of ares
enclosed by each contour as a function of the thickness represented by
that contour (Fig. 7-87). The plotted points are connected by a smooth
curve. The rock volume is represented by the area under the curve. This
area can be determined by graphical or numerical integration or planime-
tering. This is probably the most desirable method, as it does not asswume
any fixed relationship between each contour as is done in the trapezoidal
or pyramidal relations.

The rock volume depends on the determination of the thickness of the
formation and the areal extent of the reservoir, so that uncertainties in
sand thickness are reflected direetly in the magnitude of rock volume. An
uncertainty of 10 per cent in estimating net effective sand thickness from
logs results in an uncertainty of 10 per cent in rock volume. Uncertainties

50
40
~
5 \\
& 30 ~
520 NS
o
Volume, 993 acre ¥ \
™,
10
G
0 10 20 30 40

Arec enclosed, acres

Fig. 7-37. Typical volume graph for determining reservoir bulk volume from isopach
maps.

in determining the productive area from interpretation of contact data
enter in a more complex fashion and may eontribute substantial uncertain-
ties, particularly if the entire oil productive area is underlain by water.

To illustrate further the effect of uncertainties involved in obtaining
volumes from an isopach map (considering the map to represent the rock
volume accurately), the data from which Fig. 7-37 was prepared can he
analyzed with respect to the ealculating procedure used:

Contour, Area enclosed,
1t acres
0 39.83
10 36.21
20 27.09
30 12.80
40 2,75

49 (maximum thickness)
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From the volume graph of Fig. 7-37 a rock volume of 993 acre-ft is ob-
tained. By application of the trapezoidal rule a volume of 972.5 acre-ft is
obtained, and by application of the pyramidal rule a volume of 1,000 acre-ft
is obtained. Using the volume graph as a base, the volume from the trape-
zoidal rule is 2 per cent lower while that from the pyramidal rule is 0.7
per cent high.

Agreement between the trapezoidal rule and the pyramidal rule depends
on the ratio of the area of a contour to the next higher contour, for example:

Ratio of volumes

pyranvidal
AafAe trapezotdal
0.8 1.002
0.6 1.011
0.4 1.033
0.2 1.093
0.1 1.169

where A, is the lower contour and A, is the next higher. Differences as
high as 5 to 15 per cent exist when the thickness is converging rapidly

HYDROCARBON VOLUME

The calculation of the volume of rock containing hydroearbons is in it-
self insufficient. The actual volume and type of hydrocarbons saturating
the rock must be determined. The volume of space occupied by hydro-
carbons is defined by Eq. (7-14) or (7-15).

Ve = Vep(l ~ S.) (7-14)

where Vg = reservoir hydrocarbon volume
¥z = bulk rock volume containing hydroearbons
¢ = mean porosity of hydrocarbon-bearing rock
S, = mean water saturation of hydrocarbon-bearing rock

n
Vi = ) Viti(l — 8. (7-15)
i=1
where V; is the rock volume of porosity ¢; and water saturation Su;
and » is the number of segments of different porosity and water saturation
required to define the hydrocarbon volume.

Equation (7-15) can be expressed in terms of gross rock volume or net
rock volume. The manner of expressing the volume depends on the data
used in caleulating the porosity and water-saturation vatues. Fo solve
either of the volumetric equations it is necessary to determine the values
of porosity and water saturation corresponding to some fixed volume of
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rock. The determination of these values requires a stafistical treatment
of core-analysis data.

Evaluation of Porosity and Permeability

In evaluation of the permeability and porosity of individual wells, the
weighted average permeability and porosity values are computed. That
is, each value of porosity or permeability is assumed to represent the in-
terval from which the sample was taken. If all the intervals sampled from
a well are of uniform thickness, the weighted average and the arithmetic
average are identical. If the intervals differ in both thickness and value
of the variable, then the two averages differ. An example calculation of the
weighted average porosity and permeability is presented -in Example 7-8.

Example 7-8. Calculation of Arithmetic and Weighted Average Poros-
ity and Permeability.

Porosity ¢, Permeability,

Depth, ft k o, $h millidareys kh
3,600-3,691 1 20 20 10 10
3,601-3,693 2 23 46 100 200
3,693-3,694 1 21 21 50 50
3,694-3,607 3 26 78 200 600
3,697-3,698 1 18 18 70 70
3,608-3,700 2 22 44 120 240

=130 =227 550 21,170

Arithmetic average ¢ = %0- = 21.7 per cent

Arithmetic average k = 5—65—0 = 91.7 millidareys

Weighted average ¢ = % = 22.7 per cent

1,170

o - 117 millidareys

Weighted average k =

The weighted average porosity is 4 per cent higher than the arithmetie
average, and the weighted average permeability is 22 per cent higher
than the arithmetic average. It will be noted that the weighted average
permeability is equivalent to considering the intervals to be an array of
beds in parallel. The summation of kh is referred to as the permeability
capacity, and the summation of ¢h is the porosity or volume eapacity of
the section,

The weighting of porosity and permeability as described above is satis-
factory if the samples are representative of the intervals from which they
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are obtained. However, in deseribing the average properties of a reservoir
from & large number of samples, statistical methods reduce the work in-
volved and provide additional information with which to describe the
physical properties of the system under consideration. Jan Law™ and
A. C. Bulnes” have contributed greatly to the application of statistical
methods to evaluation of core analysis.

Statistical data are ordinarily classified into classes or ranges of the
variable under consideration and the number of occurrences of the variable
in each range tabulated. A sample classification of porosity data is shown
in Table 7-7. The number of cccurrences in a particular range is referred

TaBLE 7-7. CLraSsIFicaTION OF Porosity Darta mnro RaNGEs oF
2 Per Cmxt Porosiry FOR ALL SAMPLES

Porosity range, No. of Frequency F, Cumulative

% samples V) frequency F.
Less than 10 161 3.78 3.78
10-12 257 6.04 9.82
12-14 308 9.35 19.17
14-16 493 11.58 30.75
16-18 608 1428 45.03
18-20 636 1494 59.97
2022 623 14.63 74.60
22-24 447 10.50 85.10
24-26 340 7.99 93.09
26-28 176 413 97.23
284 117 2.75 100.00

Totals 4,256 99.92

t0 as the frequency. The sum of the frequencies over the number of ranges
representing the data is equal to the total number of data points. F‘re—
quency, in many applications, is more conveniently expressed as a frac.tmn
of the total number of samples permiiting comparison of distributions
containing different numbers of data points.

Figure 7-38 is a porosity histogram and distribution (cumulative frz?-
quency) eurve for the data presented in Table 7-7. The histogrfm} 18
relatively symmetrical as are most porosity distributions. Two sta.tlstl'cal
measures of central tendency (average values) are shown: (1) the mfadlan
at a porosity of 17.8 per cent and (2) the arithmetic mean at a porosity of
18.6 per cent. The median is by definition the value of the variable corre-
sponding to the 50 per cent point on the cumulative frequency curve. T}}e
median divides the histogram into equal areas. The value of the arithmsetlc
mean depends on the treatment of the data. For unclassified data the arith-
metic mean is the sum of the individual values of the variable divided by
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she total number of such values. For classified data it is convenient to
express the arithmetic mean as a summation, Bq. (7-16).

B = ) $iF ’ (7418)
i=1

where ¢, = arithmetic mean porosity
¢: = elass mark (value of porosity at mid-point) of ¢th-class interval
or range

n = number of class intervals
F; = frequency for ith-class interval, fraction
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¥16. 7-38. Porosity histogram and distribution for all samples from field 4.

This definition is equivalent to the usual statistical definition. For the
data presented in Fig. 7-38, the arithmetic mean computed from the classi-
fied data using Eq. (7-16) 1s.18.62 per vent, while that eomputed from the
unclassified data is 18.65 per cent.

Other Statistical Measures. In addition to the measures of central
tendeney discussed above, three additional measures are encountered at
times. These are (1} the mode, (2) the harmonic mean, and (3) the geo-
metrie mean. Of these the geometric mean is of greatest importance with
respect to statistical evaluation of reservoir rock properties.

The mode is difficult to describe mathematically but can be roughly de-
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fined as the value of the variable which occurs most frequently. Therefore,
the mode would fall in the class interval having the greatest frequency
and is approximated by the class mark of the interval. .The mode is of
little quantitative significance in evaluation of engineering pa.rallneterS,

The harmonic mean of an array of numbers is defined as the reeiprocal
of the arithmetic mean of the reciprocals of the numbers, or

f=—1

=~ (7-17)
Y F/X)
i=1

where X, is the harmoniec mean, and X; is the class mark (value of the

variable at the mid-point) of the 7th-class interval or range, and the other

terms are as previously defined. The harmonic mean is analogous to the
mean permeability defined for beds in series.
The geometrie mean of an array of L numbers is defined as the Lth root

of their product, or 7

z /L
X, = (XX Xp)VL = [[[ X,-] (7-18)
i=1

Taking logarithms of both sides,
log X, = }j(log Xi+log Xe+ -+ + log X1)

s

log X; (7-19)
1

log X, = ’T

or for classified data can be approximated by

Therefore

log X, = z F:logX; - (7-20
i=1
where the class interval or range is defined on a 1oga,rit.‘hmi¢:’, scale. The
geometric mean is required to represent exponential distributions. Its ap-
plication is illustrated in the evaluation of permeability. o
Standard Deviation and Frequency Function. Th.e .sta.ndard deviation
is another important concept in statistics. In effect, it is a measure of th_e
dispersion of the data about the arithmetic mean and for classified data is
defined by Eq. (7-21).

n 38
8= [z (X: — )‘(,,)21?.] (7-21)

i=1
where s is the standard deviation and X, is the a.rithmet_ic mean. Note
that the standard deviation is in the same units as the variable.
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For purposes of mathematical analysis it is convenient to replace the
histogram by a continuous curve which ean be more readily manipulated.
The resulting continuous curve is called the normal curve. The normal
curve is a symmetrical bell-shaped curve which is completely defined by
the arithmetic mean and the standard deviation. The frequency function
for a normal distribution is given by

_ 1

where S = standard deviation
e = base of natural logarithm, 2.71828
X = value of the variable

X, = arithmetic mean

e—HIUX—-X.)/81 (7-22)

A normal curve can be fitted to data conveniently by plotting the vari-
able against the cumulative frequency on arithmetic probability paper.
If the data approximate a straight line, then a normal curve is a reasonable
fit of the data. The distribution data of Fig. 7-38 plotted on arithmetic
probability paper are shown in Fig. 7-39. The dashed line is a smoothed
curve through the points. It will be noted that the porosity distribution
of field 4 closely approaches a normal distribution. The equation of the
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Fic. 7-39. Field A perosity distribution on probability paper.
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normal curve has been shown to be defined completely by the arithmetic
mean and the standard deviation of the distribution. The standard devi-
ation and mean of a distribution can be estimated from a plot on proba-
bility paper in the following manner: The mean is the intercept of the line
drawn between the 15.9 and 84.1 per cent values of the curve and the 50
per cent cumulative frequency line. On Fig. 7-39 this value is shown to be
17.8 per cent, which corresponds closely to the median value noted in Fig,
7-38. At the 84.1 per cent cumulative frequency in Fig. 7-39, the porosity
¢ is 23 per cent. The standard deviation is the difference between the
porosity at the 84.1 per cent point and the porosity at the 50 per cent point
of the cumulative frequency curve. This relation arises from the property
of a normal curve that 68.2 per cent of the observations are within one
standard deviation of the mean. The standard deviation for this distri-
bution is 5.2 per cent.

In some reservoirs the net productive sand can be determined by a
porosity distribution. A ‘“‘cutoff” value of porosity is selected, so that
only samples with porosities greater than the cutoff value are considered
“net pay.” The cumulative volume capacity for the classified data of
field A is calculated in Example 7-9 and plotted in Fig. 7-40. For field A,
08.171 per cent of the storage capacity is represented by samples having
porosities of 10 per cent or greater. Thus a cutoff value of 10 per cent
porosity could be used to determine net pay and still include at least 98
per cent of the producible hydrocarbons.

Example 7-9. Calculation of Porosity Distribution from Classified
Data for Determination of Net Pay Sand.

Cumulative

. Mid-value | Frequency &iFs capactty

Porosity | s range, % fraction oF; e 2 &F:

range & CF e T
i1 ¥
Less than 10 9 0.0378 (.34020 0.01827 0.99998
10-12 11 0.0604 0.66440 0.03568 0.98171
12-14 13 0.0935 1.21550 0.08527 0.94603
14-16 15 0.1158 1.73700 0.09328 0.88076
16-18 17 0.1428 2.42760 0.13037 0.78743
18-20 19 0.1404 2.83860 0.15244 0.65711
20-22 21 0.1463 3.07230 0.16500 0.50467
22-24 23 0.1050 2.41500 0.12969 0.33967
24-26 25 0.0799 1.99750 0.10727 0.20998
26-28 27 0.0413 1.11510 0.05988 0.10271
284 29 0.0275 0.79750 0.04283 0.04283

Average porosity ¢: = Z¢:F; = 18.62 per cent.
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Water Saturation

In Chap. 3 the methods for determining the initial water saturation of
a small volume of rock were discussed. It was stated that one of the better
methods available to the engineer was the use of capillary-pressure data.
As capillary-pressure data are meas-
ured on extremely small samples, it 1.0 —
is possible to have a large number of /
capillary-pressure curves for the
same reservoir. It was suggested in
Chap. 3 that the water saturation
at several values of capillary pres-
sure be correlated with the permea-

08 A

L1/
/

Porosity copocity, % total

bility of the sampies on which the - 5 o2 4

capillary-pressure curves were meas- //

ured. A straight line for each value Q2 4 20 16 12 8
of capillary pressure is generally Porosity, %

obtained as was shown in Fig. 3-27.  pg 740, Field 4 distribution of poros-
Once this family of curves has been ity capacity.

constructed, the engineer need only

calculate the value of permeability and capillary pressure in order to
determine the corresponding water saturation.

Classification of Permeability Data. The permeability data obtained
from core analysis must be studied and classified before application of sta-
tistical methods for its reduction to an average value. In the discussion
of porosity it was shown that the samples resulted in a normal-type distri-
bution, so that all the samples could be treated together. The engineer
must also analyze the permeability data in the same manner.

The first step in analyzing the porosity data was determining whether
or not the samples fitted a normal distribution. This same procedure is
followed with the permeability data except in the selection of the perme-
ability ranges. The permeability ranges are selected on equal intervals of
the logarithm of permeability in accordance with the recommendation of
Law.® A histogram of all permeability samples for field A is shown in Fig,
7-41, where the range limits are

L:

j = logz Fj
or ki = 27k, .
where 7=1,234,...
k; = range limits

k; = initial permeability
and the initial value of k was selected to be 1.2.
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From a study of the permeability histogram and the eumulative fre-
quency curve for field A it is seen that the sample data do not have a nor-
mal distribution, as the histogram is unsymmetrical. Statistically the type
of data for field A is said to have a skewed distribution. This skewed dis-
tribution indicates either that insufficient samples have been taken or that
more than one normal distribution exists. .

To investigate the data further, it is suggested that the pel:meablht.y data
be plotted on probability paper. Unlike porosity, the logarithm of perme-
ability must be plotted as a function of cumulative percentage_ sa.n_raples.
The data for field A4 are presented in Fig. 7-42. The curved line is the

100 ] | l = T 25
, ~ Aff samples
For ail samples: median=130md ’/
mean=283md / -==Sgmples above
80— 5 12 md —]20
N For somples above 1.2 mds ,_'_.
= median=145md 4
= meon=321 md A
(2] h '/ — \e
3 60 £ 15 3%
g & ey
g 17 £
=
: - (4 0 £
= ¥ g
E a0 -
g 17
e = N e g
20 ==
o I”
! z”
o L”' S | 0
[=] < [=]
¥ T " 2922538 88
-~ :\f w

Permeaobility ronge, millidorcys

T'rc. 7-41. Permeability histogram and distribution for samples from field A.

conventional plotting procedure, whereas the two straigl%t 1ine.s result from
plotting the logarithm of permeability. These two straight-line segments
indicate that two distribution systems are being treated as ope. Hence,
the permeability data should be further classified. ) o

Two possible permeability variations of interest to the engineer ex1§t.
(1) the effect of vertical variations or zoning of different types of ma.ten_al
and (2) the effect of areal variations. A closer study of the core, elfect?nc,
and radioactive logs should indicate if there are two or more dlstr_nct
permeability systems in the vertical plane of the reservoir. If no vertlcai
variations are indicated, then the core data should be analyzed on an area.
basis. In the case of field A it was found that there were two normal peli-
meability systems. The permeability variation was areal and not vertical.
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Thus the average permeability of each region must be determined and
weighted in accordance with its respective sand volume to determine the
field average permeability.

If the classification suggested by Law, logs (k;/k:s) = 7,7 = 1, 2, 3, etc.,
yields a normal distribution, then the frequency function [Eq. (7-22)] can
be used to express the variation of permeability with frequency or number
of samples. Muskat'® has reported that permeability distributions may not
fit a true normal distribution but may be exponential. He suggested that
the permeability of each sample or sample range be plotted on semilog
paper as a function of the cumulative number of samples having a lesser
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4010
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3,500 3 5120 w
Vi - &
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=<4 W e 7 =]
3 3000 -4 —o f 1,280 =2
p i P i 640 E
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E 2500 T 7 20 g
= 17 160 3
£ 2,000 et g0 _
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2 = 7 a =
- / @ a
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1,000 = :, e 5 &
* L 25
500 ~ /y 12
Fd ,c’
)
5 8338~ » 2 T RYEIRLE 88 %38 =2 2
Q (=] oo 8

Cumulative %
F16.7-42. Field A permeasbility distribution on probability paper.

permeability. The same plot would result if the permeability were plotted
as a funetion of the curoulative frequency. This plot should yield a straight
line of the type

IOgm E=mN + b

where & = permeability
N = number of samples having a lesser permeability
m = slope of curve
b = intercept value of log k& when N is zero

N could be replaced by the cumulative frequency F, and the only change
would be in the magnitude of the slope of the curve.
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The curnulative number of samples is plotted against the logyw & for the
respective samples of field A in Fig. 7-43. Note that the data ean be fitted
by three straight-line segments. The dashed curve represents the besy

single straight line that-can bhe

drawn through the data.

The exponential-type variation
for a field can, for evaluation
purposes, be broken into several
straight-line segments such as the
1,000 . three segments shown. in .Fig..7-43.
l ,,g The exponential distribution is de-
A fined by the stratification ratio r,
which is defined as the ratio of the

7 maximum permeability to the mini-
/? ‘ mum permeability of a straight-line
segment. Normal and exponential
2 : expressions fitted to permeability

10,000

PN

N
™k

‘"‘W-—u:h?____“

Permeability, md
5!

{ ,"' classifying the data but also in de-
! seribing permeability stratification
* i in gas cycling and water flooding.
Calculating Mean Permeability.
F . To obtain a statistical average per-
b meability which will describe the
! over-all performance of a reservorr,
o 1006 zpoo 3000 4poe  spoc it is necessary to determine W'hlch
Cumulative samples statistical averaging procef:lure is to
Fic. 7-43. Field A permeability distri-  be used. ) !:n the cla,s*imfica.u?n f)f the
bution on semilog paper. permeability data, it was indicated
that the permeability should be
classified on a logarithmie scale. Since the water saturat.ion correlates
with the logarithm of permeability, the geometric mean is the average
to use with such correlations. )
The geometrie mean permeability is defined in Eq. (7-19) or (7-20).

L

Z log k" (7_19)
log E, = %—.
or log &, = 2 F; log (B); (7-20)
i=t

f / distributions are useful not only in -
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where [k, = geometric mean permeability
k; = permeability of sample ¢
(k.); = arithmetic average permeability of logarithmie class inter-
val j
L = total number of samples .
F; = cumulative frequency of 7 interval, fraction
7 = total number of classified intervals

For comparison, average permeabilities are calculated for field A by
both the geometric and arithmetic mean procedures. These caleulations are
presented in Examples 7-10 and 7-11. The arithmetic mean procedure is
applied to all the samples and to those samples having a permeability
greater than 1.2 millidarcys. The geometric procedure is applied only to
those samples having a permeability greater than 1.2 millidareys.

Permeability, like porosity, can be and is used to determine the net sand
to be used in volumetric caleulations. A cutoff value of permeghility
can be selected from a permeability capacity curve, so that net sand will
be selected on the basis of the samples which have a permeability equal to
or greater than the cutoff value. The cumulative permeability eapacity
for all samples in field A is shown in Fig, 7-44. Eighty per cent of the pro-
ducing capacity of field A is represented by samples having a permeability
greater than 450 millidarcys. Ninety-five per cent of the capacity is rep-
resented by samples having permeabilities greater than 100 millidareys.
Thus it would appear that a permeability cutoff value of 1.2 millidareys
would include essentially 2ll the productive sand.

Using a permeability cutoff value of 1.2 millidarcys for field A, the geo-
metric mean permeability caleulated in Example 7-11 is 101.29 miliidarcys.

100

80 ' ’

1/

. pd

20 ,/

/

Permeability capacity, % totai

——--'-'--‘-

o]
3500 3000 2500 2,000 1,500 1000 500 Q
Permeability, md

Fi6. 744. Field 4 distribution of permeability capacity.



Example 7-10. Calculation of Arithmetic Average Permeability and Permeability Capacity Distribution of All

Samples in Field A.
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Example 7-11. Geometric Mean Permeability for All S8amples of Field
A with a Permeability Greater Than 1.2 Millidareys.

Cumulative '
. AVE“’%‘? frequency
Perme_al?lhty range, | permesbility togu (.); fraction F; logw (B)s
millidarcys of range £
&) of range
i F;
1.3-2.5 1.9 0.27875 0.0392 0.010927
2.6-5.0 3.7 0.56820 0.0585 0.033239
5.1-10.0 7.5 0.87506 0.6650 0.056878
10.1-20.0 14.2 1.15229 0.0533 0.061417
20.1-40.0 30.2 1.48996 0.0600 0.089397
40.1-80.0 58.8 1.76938 0.1070 0.18932
80.1-160.0 119.¢ 2.07555 0.1330 0.27604
160.1-320.0 234.0 2.36922 0.1470 0.34827
320.1-640.0 462.0 2.66464 0.1360 0.49562
640.1-1,280.0 878.0 2.94349 0.1005 0.29582
1,280.1-2,560.0 1,663.0 3.22089 0.0380 0.12239
2,560.1-5,120.0 3,120.0 3.4945 0.0075 0.026206
101.29

The arithmetic mean permeability for samples with a permeability greater
than 1.2 is 320.63 millidarcys.

Calculation of Average Water Saturation. In Chap. 3 the water
saturation was shown to be a function of capillary pressure. It was also
suggested that capillary pressure could be correlated with permeability
and water saturation. The capillary-pressure data reported for a reservoir
are obtained on small core samples, each with its own value of porosity
and permeability. A series of capillary-pressure curves ean be drawn from
these data. To reduce the data to one average curve, it was suggested in
Chap. 3 that the capillary-pressure data be plotted against water satu-
ration and the logarithm of permeability. A plot of this nature (Fig. 3-27)
should yield straight lines for each value of capillary pressure. This series
of lines should converge at high permeabilities and low water saturations
and diverge at low permeabilities and high water saturations.

There are essentially four approaches to the determination of the water
content in a reservoir. In brief the four methods are:

1. Consider the geometric mean permeability to exist throughout the
reservoir, and evaluate the water saturation as a function of height above
the free water table.

2. Consider the geometric mean permeability to exist throughout, and
evaluate the water saturation at a height above the free water table corre-
sponding to the volumetric center of the reservoir,
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3. Evaluate the water saturation of each pe.rmeability range at t:he

height above the free water table of the volumetric center and weight with
i i h range.

respect to the frequency associated with eac ) _

4p Divide the reservoir into segmental volumes, evaluating the geor{xetnc
mean permeability of each segment, and determine the water sat}lratmn of
that segment at a height above the free water table corresponding to the
volumetrie center of the segment. ) )

The water saturation as a funection of height above the free water tab}e is
read from the reduced capillary-pressure data of the field or can be obtame.d
from a correlation of oil-base core data. With the use of the geometric
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Fic. 7-45. Comparison of caleulated water distribution from the geometric
arithmetic mean.
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mean permeability, the corresponding values of capillary pressure and
water saturation are read from a plot similar to Fig. 3-27. The capillary
pressure is converted to height by use of the capillary-pressure equation
and the fluid densities. The resulting water-saturation distribution curves
for the data of field A are shown in Fig. 7-45. Water-distribution curves
are shown for the arithmetic and geometric mean permeabilities of field 4.
The geometric mean permeability yields water-saturation values approxi-
mately 10 per cent greater than the arithmetic mean permeability. The
water-distribution curve is used to assign water-saturation values S.: to
segmental volumes as a funetion of the height of these volumes above the
free water table.

The second method of calculating the mean water saturation is to cal-
culate the capillary pressure at the volumetric mid-point of the hydro-
carbon reservoir. Using this capillary pressure and the geometric mean
permeability, the water saturation is read directly from the reduced capil-
lary-pressure data. For field A the mid-point capillary pressure is 25 psia,
the geometric mean permeability is 101.29 millidarcys, and the water satu-
ration from Fig. 3-27 is 42.3 per cent.

The third procedure is mathematically identical to the second method
provided that the plot of the logarithm of permeability versus water satu-
ration yields a straight line. If this is not the case, the third methed should
be employed in the solution. The water saturation for the mid-point capil-
lary pressure at the class permeability of each logarithmic range is then
read from the field-reduced capillary-pressure data. A water saturation of
42.2 per eent is obtained for field 4 in Example 7-12 by application of this
method.

The fourth procedure is much more detailed. The incremental volumes
selected can be as small as desired. The sample data from each incremental
volume are analyzed, and an average permeability and mid-point height
determined. A corresponding water saturation is then read from the re-

duced eapillary-pressure data. The average water saturation is defined by
Eq. (7-23).

Bus = 50— (7-23)

An even further refinement of this procedure is to treat each core sample
as being representative of some finite reservoir volume. The volume rep-
resented by the samples can be weighted according to the frequency of
sampling in a particular area. A water-saturation value is determined for
each sample according to its height above the oil-water contact and its
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permeability. The average water saturation is calculated in Eq. (7-24).
L
B.: = Z W iSu;s (7-24)

i=1

where L = total number of samples . _
W; = weighting factor of jth sample and is defined as ratio of rock

volume represented by sample to total rock volume of hydro-

carbon reservoir
S.; = water saturation of jth sample

Example 7-12. Weighted Average Water Saturation Based on Average
Permeability of Each Logarithmic Range, Field A.

A Frequency Average
ili verage range water )
Peme'atfﬂlty o permeability ?rf'actiogn sajuration FiSui
millidareys E;, millidareys j2 Sur*
0.0392 0.865 0.03391
3?31?23 57 0.0585 0.775 0.04534
5.1-10.0 7.5 0.0650 Q.712 0.04628
10.1-20.0 142 0.0533 0.641 0.03416
20.140.0 30.2 0.0600 0.560 0.0§3gg
40.1-80.0 58.8 0.1070 0.485 0.0 ;73
20.1-160.0 118.0 0.1330 0.419 .05 I
160.1-320.0 2340 0.1470 0.342 0.02243
320.1-640.0 4620 0.1860 0.255 0.0 g
640.1-1,280.0 8780 0.1006 0.182 333437
1,280.1-2,560.0 1,663.0 0.0380 0.115 0.00075
2,560.1-5,120.0 3,120.0 0.0075 0.100 .
0.422

* From Fig. 3-27, 25-psi curve.

Calculation of Hydrocarbon Volume o

Several methods have been discussed by which the water saturatl?nt Iin
a hydrocarbon reservoir eould be determined. The rock volumfli ; reni
reservoir, both gross and net, can also be caleulated by several diffe e
procedures, It is desirable to calculate thctle élydr})(:ac;'bon volume on

15 upon which the rock volume is determined. ]

saréetgii(s)cllipvolmne is on a net sand (not net pro.ductive sand) basis, ti;esn
the porosity and permeability values used must include all sand sa.:ldp ee;
The water saturation can be determined by any of the four procedur
previously deseribed. The hydrocarbon volume is defined by
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Surface volume = (FVF)VR$(1 — S

or .= (BVE) ) Vil — S.0); (7-25)
. J=1
where FVF = formation volume factor (By, B., ete.) depending on
the hydrocarbon present at the initial pressure
V& = net hydrocarbon sand volume
¢ = statistical average porosity of the hydrocarbon sand
_ volume
Swi = average water saturation determined from geometric
mean permeability of all samples
_V&; = net hydrocarbon sand volume of some segment j
(I — 8..}; = fraction of the bore space not occupied by water in
the volume segment j, where S, is determined from
height distribution curve constructed using geometric
mean permeability of all samples

When the net productive sand volume is used to calculate the hydro-
carbon volume, it is hecessary to reevaluate either the mean perme-
ability or mean porosity. I, as in the example of field 4, a permeability
“cut point” is used to determine the net productive sand, then the porosity
data for all samples with a permeability greater than the cutoff perme-
ability must be statistically averaged for determination of the hydrocarbon
voluine.

Two procedures for determining average porosity values are available
to the engineer. He can obtain the arithmetic average porosity of all sam-
ples with a permeability greater than the cutoff permeability. The same
statistical procedure is used as in the caleulation of the porosity for all
samples. The second approach is to determine the porosity corresponding
to each of the logarithmic permeability ranges. This procedure entails
more work, as the sample data have to be sorted according to permeability
and then the arithmetic average porosity calculated. An example of some
of the results of such 2 procedure is shown in Figs. 7-46 and 747. Some
of the porosity distribution curves within the permeability ranges are shown
in Fig. 7-46. The arithmetiec mean porosity of each range is plotted as a
function of the mean permesbility of the range in Fig. 7-47. The data
presented in Fig. 7-47 were prepared from data subdivided into smaller
permeability ranges than the permeability ranges shown in Fig. 7-46.
Therefore, there are minor discrepancies in average values shown between
the two figures. It is interesting to note that the straight-line segments
intersect at a permeability of approximately 60 millidarcys. For values
of permeability below 60 millidarcys, the change in porosity is small. For
permeabilities above 60 millidarcys, porosity increases with increasing per-
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100 meability at a much faster rate. The change in slope at 60 millidareys may
100 j T - A be indicative of the difference between data obtained from two different
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would give erroneously high values of porosity for the low-permeability
Fic. 7-46. Field 4 porosity distribution by permeability range. materials. On the other hand, if the lower permeability resulted simply
from decreased grain size, the small variations in porosity could be attrib-
uted to a more uniform grain size in the low-permeability materials.

Once suitable porosity values have been determined, it is only necessary
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to combine the porosity, water-saturation, and rock-volume terms together
to obtain the volume of hydroearbon in the reservoir. The manner in which
the values are combined depends on how each of the values were caleulated.
All methods of caleulating the reservoir hydrocarbon volume can be ex-
pressed as

L3
Reservoir hydrocarbon volume = K E Veid{l — Sui);  (7-26)

i=1
where K = unit conversion factor dependent upon units of Vr; and

volume units desired
V&; = net productive sand volume
&; = average porosity of sand volume Vg;
(S.:); = average water saturation of sand volume Vz;

350
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Frc. 7-48. Hydrocarbon space distribution for arithmetic and geometric mean perme*
abilities of field 4.
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The manner in which Va; is defined determines in part the values of
porosity and water saturation to be used. A value Vz; can be assigned to
every core sample. Some height above the water table ean also be assigned
to every core sample, in which case each core sample would represent a
term in the summation of Eq. (7-26).

Ezample 7-13. Calculation of Hydrocarbon Volume for Field A by
Classification of Porosity and Water Saturation by Permeability Ranges.

. Average | Average | Average
Permeability No. of | Frequency|permeability| porosity | water _ —
miﬁa_.nge, samples | fraction | of range, | of range |saturation Fioi(Ll —Su);
idarcys millidarcys | fraction |of range*

1.3-25 145 0.0392 1.9 0.158 0.865 0.00084
2.6-5.0 216 0.0585 3.7 0.162 0.775 0.00214
5.1-10.0 240 0.0650 75 0.165 0.712 0.00308
10.1-20.0 197 0.0533 14.2 0.161 0.641 0.00308
20.1-40.0 222 0.0600 30.2 0.166 0.560 0.60435
40.1-80.0 396 0.1070 58.8 0.171 0.485 0.00942
80.1-160.0 493 0.1330 119.0 0.186 (0.419 001435
160.1-320.0 544 0.1470 2340 0.203 0.342 0.01961
320.1-640.0 692 0.1860 462.0 0.218 0.255 0.03017
640.1-1,280.0 386 0.1005 878.0 0.234 0.182 0.01922
1,280.1-2,560.0 142 0.0330 1,663.0 0.243 0.115 0.00814
2,560.1-5,120.0 28 0.0075 3,120.0 0.253 0.100 0.00171
0.11611

* From Fig. 3-27 for the 25-psi capillary-pressure curve.
12
Reservoir hydrocarbon volume = rock volumet 2 F:3:01 — 8.0
i=1
= 7,758(350,000)(0.11611)
315,273,483.00 bhl

Mean porosity ¢ of net produetive sand = 0.1862
10 )
Reservoir hydrocarbon volume = 7,758 Z Veil — Sedid
i=1

7,758(32,432.28)
= 251,609,628.24

i Using the cumulative volume data of Fig. 7-36 as net productive sand volume.
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NrTETIIZLR Vrj can be defined by the permeability ranges and their respective fre-
SEofgnggEag quencies. A calculation for this definition of Vz; is shown in Example 7-13.
CEIEEERBEES

......... o The water saturation was determined for each permeability range by the

o &8 = of ud e oF N e A N

EREZNEEERE average permeability of the range and the height of the volumetrie mid-
MU e O S . .

TEE® SEESER point of the reservoir above the water table.

The incremental volume Vz; can be determined as a function of height.

Vai(l ~8ui)id

A single value of porosity is generally used to apply to all ineremental vol-
umes. The use of a constant porosity permits its removal from within the

TISR+ERES | & . ]

i B ok e g B =% | g summation of Eq. {7V-26). The reservoir volume of hydrocarbons for field 4

2xn8538~883 |3 is calculated by this procedure in Example 7-14. The reservoir hydrocarbon
G oo = <N M o) o g

volume distribution can be calculated as a function of depth by this pro-

cedure. The volume distribution for field 4 is shown in Fig, 7-48.

Vertical Rock Volume Distribution.,

Example 7-14. Calculation of Hydroearbon Volume for Field A4 by Geometric Mean Permeability and

2 The reservoir hydrocarbon volume, caleculated by any method, can be
E =g Y o
28 E v SR L BER converted to surface units by means of suitable fluid-volume conversion
&= ~§l¢° REEZIZIZIZ factors such as By, B,, or B,. It should be stressed that the values obtained
g éj for hydrocarbon volume can be no more accurate than the core-analysis,
= & capillary-pressure, and rock-volume data. If any of these factors is in
o2 - - -
& ‘: E4 _g error by 10 per cent, the hydrocarbon volume will be in error by approxi-
é%%a §§§§§§§§§§ g mately 10 per cent.
A m A TR TR TR e s T Tm s e m 'U
25s" SEEEEEEEESS g
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CHAPTER 8

THE MATERIAL BALANCE

INTRODUCTION

As has been mentioned previously in this book, the petroleum engineer
must be able to make dependable estimates of the initial hydrocarbons in
place in a reservoir and predict the future reservoir performance and the
ultimate bydrocarbon recovery from the reservoir. This chapter is con-
cerned with the estimation of the initial hydrocarbons in place in the
reservoir. :

Numerous procedures have been proposed and employed for estimating
hydrocarbons in place by volumetric methods (Chap. 7). However, it has
become both practical and popular to confirm such estimates by material-
balance caleulations. The type of material balance used in such estimates
is similar to that used in many other fields of engineering for quantity and
quality estimate and control. However, custom has established that the
material balance be written on a volumetric basis, although this is nov
necessary. In the simplest form the material-balance equation ean be
written as ¢nefial volume = volume remaining + volume removed.

Since oil, gas, and water are present in petroleum reservoirs, it is seen
that the material balance can be written for the total fluids or for any one
of the fluids present. Furthermore, there are numerous ways of expressing
the physical properties of the fluids present and the relationship among
these properties. The petroleum lterature contains numerous material
balances which, to the neophyte engineer, may appear to be different but
upon critical examination will be found to be identical.

A concept of material balance for the estimation of hydrocarbons in
anderground reservoirs was presented by Schilthuis.® This work was fol-
fowed closely by that of Katz? and later by Miles.* Although much progress
has been made in petroleum technology during the past quarter of a cen-
wury, the material-balance equation of Schilthuis has continued to serve
the purpose for which it was intended. The principal improvements in
application of the equation to practice have been made possible through
refinements in measurements and the continuing efforts of reservoir engi-
neers to expand the equation to encompass the reservoir rock and its

contents.
561
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DERIVATION OF MATERIAL-BALANCE EQUATION

The material balance will be developed in this section to illustrate the
various relationships existing among variables and the various forms which
the balance may take. The derivation presented is based on the total pore
volume and its content.

Before deriving the material balance, it has been found expeditious and
convenient to denote certain terms by symbols for brevity. The symbols
used conform where posgible to the standard nomenclature adopted by the
Society of Petroleum Engineers in 1956.

B, = 0il formation volume factor = volume at reservoir conditions
per volume at stock-tank conditions
B, = gas formation volume factor = volume at reservoir conditions
per volume at standard conditions (used to denote solution-
gas volume when more than one type of gas is present)
B, = water formation volume factor = volume at reservoir condi-
tions per volume at standard conditions _
B,. = gas-cap gas formation volume factor = volume at reservoir
conditions per volume at standard conditions
injected gas formation volume factor = volume at reservoir
conditions per volume at standard conditions
B, = B, - (B.. — R.)(B,/5.61} = composite oil or total oil forma-
tion volume faetor = volume at reservoir conditions per
volume at standard conditions
B = By 4 (Bews — Rew)(B,/5.61) = composite water or total water
formation volume factor = volume at reserveir conditions per
volume at standard conditions
¢; = formation (rock) compressibility = pore volume per pore
volume per psi

&
I

G = initial gas-cap gas volume, scf
G: = cumulative gas injected, scf
G, = G, + G, = cumulative gas produced, scf

@, = cumulative solution gas produced, sef
G, = cumulative gas-cap gas produced, sef
m = GB,;/5.61NB,; = ratio of initial gas-cap-gas-reservoir volume
to initial reservoir oil volume
N = initial oil in place, stock-tank bbl
N, = cumulative oil produced, stock-tank bbl
P = reservoir pressure, psia
P, = initial reservoir pressure, psia
R. = solution-gas—oil ratio, sef/stock-tank bbl
R.: = initial solution-gas—oil ratio, sef/stock-tank bbl
R,. = solution-gas—water ratio, scf/bbl at standard conditions
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B = initial solution-gas—water ratio, sef/bbl at standard conditions
R, = producing gas-oil ratio, sef/stock-tank bbl
R. = G,/N,, scf /stock-tank bbi
R, = G,/ N,, scf/stock-tank bbl:
8. = oil saturation, fraction of pore space
8, = gas saturation, fraction of pore space
8. = water saturation, fraction of pore space
S.: = initial water saturation, fraction of pore space
Suie = initial water saturation in oil zone, fraction of pore space
Suig = initial water saturation in gas cap, fraction of pore space
W = initial water in place, reservoir bbl
W. = cumulative water influx, bbl at standard eonditions
W, = cumulative water praduced, bbl at standard conditions
W; = cumulative water injected, bbl at standard conditions

Using the reservoir-engineering terms defined previously and establish-
ing a reservoir volumetric system such as that illustrated in Fig. 8-1,

Gas Gas
Gas zone Gas zone
Conngte witer B Connate water 3
1
1 .
oil i oit
I Gas
—_— .
1Gos 0Oil zone
1
Oil zone |
! Connate water
: Encroached water
Conngte water Rock expansion/.”
(e} ¥-2]

Fig. 8-1. 1dealized zonal saturation and fluid-distribution changes caused by produe-
tion from a hydrocatbon reservoir. (a) Initial conditions; (b) conditions after pro-
ducing N, bbl of oil, Gp. and Gye cu fi of gas, and W, bbl of water.

volumetric balance expressions can be derived to account for all volu-
metric changes which oceur during the natural produective life of the res-
ervoir.

When a reservoir is discovered, it may contain water, gas, and oil,
intermingled or segregated into zones. A general material balance should
be capable of handling any type of fluid distribution. Therefore, the
material or volume balance presented herein will be derived with gas
and water in a gas zone; free gas, oil, and water in an oil zone; and a water
zone contiguous to the oil zone. The initial reservoir pressure is denoted
by P;, and the total pore space in which hydrocarbons are located is de-
noted by V,¢. The volumes of the various other fluids and their location
are given below;
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Gas-zone pore volume (bbl) = free gas volume (bbl) + water volume

(bbl)
GBW' i _ GBgi + GBui Swig
561 1 — Spsy 56l T 561 1 — Susy

= oil volume (bbl) + free gas volume (bbl} +

(8-

Oil-zone pore volume (bbl)
water volume (bbl)

NB.
1-— Sgi - Swia

NBS#S‘un’o
1= Sﬂ'i - Swia

NB:iSy:
1-— Sgi - Sw:’a

= NBi; + + (8-2)

Therefore,
Initial pore volume in which hydrocarbons are contained = gas-zone

pore volume + oil-zone pore volume

_GBu_ 1 NBy _ {GB,; GB,Suis )
Vio = 561 T= 8o T 1= Sy = Sum (5.61 56101 — 8op)

NB“S‘”: NBn'Swe‘o
+ (NBn T8, — 8 TT55, = s;,,i,) &3)

At some time ¢ after discovery, the reservoir pressure will decline to a
pressure P as the result of the fluid productions, injections, and encroach-
ments. It will be assumed that at this time, N, volumes of oil, ¢, volumes
of gas, and W, volumnes of water have been produced. The produced gas
will be distributed as G volumes of gas-cap gas and @, volumes of solu-
tion gas. Furthermore, it will be assumed that G; volumes of gas and W,
volumes of water have been injected to retard the pressure decline and
that W, volumes of water have encroached into the oil zone.

The pore space available for the fluids remaining is (V.¢)’, and the vol-
umes occupied by the fluids when allocated to zones are as follows:

-

Pore volume occupted by fluids in initial gas zone

remaining initial volume of
free gas volume 4 injected gas
GiE;
an Mg
@ -G 551 5 66 T sel
+ volume change of connate water

+ GBy Swiy  Buo | GByi _ Swis Rewi — Rm) By
561 1 =~ 8SuigBuw 5611 — Sy B 5.61

84

Pore space occupled by fluids in initial oil zone

remaining ..
ol volume volume of remaining free

_ S.NBs 561 R _
= [V = N)Bo] + | g S VR — N = N)R. — G

gas and gas evolved frum solution
SwicNBi
w:oN £ (Rsm -

_ SwicNBi Bg
F 1= 8w — S5 R‘“)] 56l
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water from
volume of contiguous injected
4+ initial water -+ water zone —+ water

SuwiaNBe

T 8 = 82 B,

The expression for the pore volume occupied by fluids in the original oil

zone assumes that the water produced was the result of water movement

from the adjoining water zone. For this reason no allowance is made for

gas evolution or free gas production from the encroached or produced water.

The sum of the pore volumes occupied by the fluids remaining at pres-

sure P and those added between pressures I°; and P must equal the volume
at pressure P of the initial pore volume.

+ (We — Wp)Buw + WiBa (8-5)

Remaining pore volume
= pore space occupied by fiuids of initial gas 7one

GB, 6By Suy Be ,GBx Su
T, ! Thgi Ruwig Dw _mﬂ.____—__
(V) = (G=Cao) (5 561 7561 ToRon Bra 561 1—Sim— Boms 5L

pore space cceupied by fluids
+ of initial oil zone
SxNBy 5.61
— —i Tl e .
+ {7 — 3B, + [ BB 30 g,

SwipNBr  Rewi — Ryw
+1—Sm-—8m- B~ W~ No)E G 561
SmaNBu :
PR s T e B+ Wil -6

Subtracting Eq. (8-6) from Eq. (8-3) yields the change in initial pore vol-
ume. If;, by definition,
a(V.) (8-7)

A(V)
Vo) (Ps — P) &8)

then the change in pore volume can be expressed in terms of the original
pore volume or in terms of the oil and gas volumes initially in place. Hence

- V)

lle

and cy

V= (V) = e(Va)®i = P) = tPs = P) (tho e + B L) )

Thus from the difference of Eqs (8-3) and (8-6)

(P — P) (i‘"’é@;——s_ T 561 Sm,) (5 61 gﬁf 1 fmg,,‘-,,)
-le-gg S e i e S e B e
+ (8B + Py NPy (v - w5,

+ [1 ngihs,, 532,1 + NB + 153,3?9,. ng;.-Rm — W =~ NaE, — G 5 o1
+mlBe Be - Wbl + W;B,,} 10)
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The terms in Eq. (8-10) can be collected to solve for oil in place N o
water encroachment W.. The equation also can be written utilizing certain
notations which represent a c¢ollection of terms such as

_ Gm _ o+ G
R. = N, or R, = N,

5 61 and Bg,,,; = Bm + (Rsm st) 5 61

Collecting terms, substituting Eq. (8-11), and assuming that all free
gas in the reserveir at the time of discovery is in the gas zone S;; = 0, the
general material balance reduces to

B: = B, + (R« (8-11)

> G
N(B: - Ba) + postme (R 1) o 2B (P~ P) 4 gy (B = Bud)

GByi  Suwig  (Biw

T 561 1 = Sumg \Bom ) +561(1 ~ ey 9P~ D)

GooBee _ G:iBj - W.
+ e Tk (We — Wy)Be WiB. (8-12)

Equation (8-12) will hereafter be referred to as the general material-

balanee equation.
Another approach to the derivation of the material-balance equation

can be made through consideration of the following relationship expressed
at reservoir conditions.
Change in the volume of all reservoir flurds

4 volume of extraneous fluids entering the reservoir = voidages

=N,[Bu+(Rc,— )

This approach can be shown expeditiously as follows, using the informa-
tion shown in Eq. (8-11) and the relationship between gas-zone gas volume
and oil-zone oil volume m:

associated change in change in volume of
solution volume initial connate water

gas of free gas in the oil zone B B
B NBuSwic { Biw — Bimi MmN B8 wig w — By
N(B. - Bs) +mNBu (3= — 1)+ e )+ B (Rep

change in
cumulative cumulative cumylative volume of
water gas water formation pore
inflax injection injection volume
GiB' NB;; mNB,,—
Tiby W cr AP
+ W.B. + 561 4+ Be -+ l—Sm-.,+1—Sm-¢ 1
solution-  gas produced gm-cap
oil pro- gas in solution water
duction  production with oil pmductmn produciion
= N,B,+ %mBe = NoRBo + GuBp | pp, (8-13)
5.61
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The material-balance equation is employed to estimate the volume of
oil initially present in a hydrocarbon reservoir when appropriate geologie,
production, and Iaboratory data are available. More specifically, adequate
geologic data must be available to permit estimation of the relative size of
the gas cap and the oil zone. Field production data including cumulative
oil, water, and gas production and reservoir pressure as functions of time
are also neeessary. Appropriate laboratory data or empirical relationships
for the physical properties of oil, water, and gas are also needed to make
accurate estimates. The physical-property data needed are primarily vol-
urmne factors and gas solubilities,

In addition to these data, although it is not necessary, it is highly desir-
able to know the type of reserveoir mechanism which is operative in order
to expedite estimation of the volume of the initial hydrocarbons in the
reservoir. If the type of reservoir mechanism is not known, lengthy and
tedious trial-and-error calculations are necessary. A study of field data,
including geclogic and well completion information, workover reports,
pressure surveys, production data, and decline curve analyses, may give
an indication of the type of reservoir mechanism.

The general approach to the estimation of the initial hydrocarbon vol-
ume of the reservoir by the material-balance method is to assemble the
necessary data and decide what is the probable type of reservoir mechan-
ism.

The geologice, field, and laboratory data are substituted in the equation,
and the value of the initial oil volume N is computed for each pressure and
time observation. If the data and geologic calculations are accurate and
the reservoir mechanism is identified properly, the value of N calculated
for each observation will remain approximately constant. In the event
that the initial oil volume N is observed to change in one direction with
increased cumulative withdrawals from the reservoir, it is probable that
the reservoir mechanism has been identified incorrectly or production,
pressures, and/or laboratory data are incorrect. Ordinarily, it is a rela-
tively simple matter, although time-consuming, to assume another type
of reservoir mechanism and repeat the calculations for N. If the newly
assumed mechanism does not give constant values of N, the procedure can
be repeated or the data reevaluated.

It should be noted that the material-balance equation does not take into
consideration the rate of production of the various fluids. Furthermore, it
is obvious that the equation contains three guantities which may not be
measured directly: (1) initial oil in place N, (2) initial gas in place G, and
{3) the cumulative water influx W.. As the material-balance equation has
a low power of resolution, it is necessary to define at least two of the afore-
mentioned quantities independent of the material-balance equation.
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Many times the early pressure history of an oil reservoir is meager or
not known. In such a case the material-balance equation will yield very
erratic results. By writing the material-balance equation at several time
intervals and then obtaining difference equations, it is possible to eliminate
as much of the early pressure history as desired. The procedure for deriv-
ing a series of difference equations is presented here for a reservoir system
with no gas eap, zero initial gas saturation, and no water or gas injection:

N(Bis — Bu) = 5o (Ba — Bod = Nan [Bﬂ + 22 g~ Rﬂ)]
+ (Wﬂ. - pl)Bwl
G B
N(Bi — Ba) = 5o (B — By — Nys I:Baz + 232 g, - R:z)]

+ (WeZ - sz)Bmz

If the equation for time 1 is subtracted from the equation for fime 2, a
difference expression is obtained which includes N, W., and G but does not
include any terms dependent on the initial pressure.

N(Bu — Bu) = 22 (Bre — By) — N [Boz + B2 g, — Rsz)]

5.61 5.61
1 Ny [B,.l + 28 g, - R,l)] + (Wa — Wy)Bus — (Wa — W,)Bu

(8-14)

B
NBa — Ba) = o= (B — Bu) — Ny [B,3 + 82 (. - R,s)]

B
5.61

+ N, I:Boz + 32 (R, - R,Q)] 4 (W = Wy)Bus — (Wae — Wp)Baz

(8-15)

These equations can be continued for as many time intervals as desired to
evaluate the problem completely.

Solution~gas Drive

Fortunately, many reservoirs are not nearly so complex as the one to
which Eq. (8-12) or (8-13) is applicable in its entirety. The simplest type
of reservoir mechanism is the solution (dissolved) gas drive. Equation
{(8-13) can be reduced to this form assuming that there is no initial gas
cap (@ = 0) or the production from the gas cap G, equals the gas-cap
expansion G(B,. ~— B,:) and there is no water encroachment (W, = 0} or
injection (W = 0). To simplify the equation further let it be assumed that
the ehange in pore and water volumes is so small compared with the oil and
solution-gas expansibility that they can be neglected.
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Further assume that the following conditions are applicable:

B,=B, =15, B, — B.,: is treated as zero
Swi = Swio = Sw'ig W¢ = 0
=G _
R, = ¥, We=10
Sp=0 W,=0
¢; 1s treated as zero G:=10
G=0 m =0
e NoR.B, _ N,R.B,
S0 N(B: = Bu) = NoBo + =5 5.61
hence N = NJ[B: + (B.s — B.)(B,/5.61)] (8-16)
B, — By
gince B, =B, + (R — R,) B,
t — -] 3% 3 5-61
Eq. (8-16) is frequently expressed as follows:
N - Np[Bt + (Rcs - Rst’) (—Bﬂ'/5-61)] (8—17)

B, — Bu

Solution-gas—Gas-cap Drive

A somewhat more common case is the one in which there is a combination
solution-gas-gas-cap drive mechanism. Equation (8-12) or (8-13) is sim-
plified for a solution-gas—gas-cap drive reservoir by assuming that water
encroachment W, and injection W; are zero, the change in connate water
and pore volume is such a small fraction of the total volume change that
it can be treated az zero, and further the fluid properties of the gas cap and
solution gas are the same. Symbolically the proceeding assumptions are

B, = B, W,=20
Sui = Seie = Suig W.=0
S =0 W,=0
¢r is treated as zero G;.=0

B, — B, is treated as zero
Substituting the above assumptions in Eq. (8-13) yields

N,R.B, _ N,R.B,
5.61 5.61

_ _NiIB,+ (R. — R)(B,/5.61)]
= B, — Bu[l — m(B, — B,:)/Byi

N(B. — Bu) + mNBu (% - 1) — N,B. +
g3

then N

(8-18)
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Simple Solution-gas—Gas-cap—Water-drive Reservoirs
Often petroleum reservoirs are found which_ hav_e a combination solution-
gas-gas-cap~water drive. Equation (8-13) simplifies to Eq. (8—_1 9)_ when_.
ever the conditions enumerated for the solution-gas-gas-cap drive prevail
with the exception that the water influx W, is finite. The reduced form of

Eq. (8-13)

Ba — NPRL‘BD _ ‘NPR‘BH
N(B.— B+ mNBu (G — 1) + WBy = N,B, + Tz ~ Lo
when solved for initial oil in place gives
N [Bo + (Rc - R,)(Bg/5.6l)] —_ Wng 8-10
N==* B, — By[l — m(B, — B,.)/B,:] ( )

If there is a good measure of initial il in place by volumetrie met.hods,
the previous equation is frequently rearranged snd employed to estimate
the water influx into the reservoir as follows:

B
W.B, = N, [B,, + (B. — R.) 5.§1]

- N{B, — By [1 —m (E_ET'B“)]} (8-20)

and if there has been some water production from the reservoir, the net
water influx can be calculated as follows:

B
(WG - Wp)Bw = Np [Bo + (RG - R") 551]

- N {Bg — B [1 " (BH—I;E_)]}

Solution-gas—Gas-cap-Water Drive with Fluid Injection

In view of the emphasis on the conservation of r.eservoir energy, & con-
stantly increasing number of hydrocarbon TeServoirs are being pressure-
maintained through injection of various fluids .mcludmg gas an'd water.
Hence, it is quite appropriate to have a material-balance equ.atl_on foT lz:
combination solution-gas—-gas-cap—water-drive type of reservoir in whic
provision is made to account for the injected fluids. ' .

The expansion of the hydrocarbons in the gas and oil zone and tde c_a;(h
pansion of water in the water zone will be extremely large compared wi
the expansion of the connate water and shrinkage of the pore spac‘va, tSO
that the terms involving changes in volume of the rock and co'nnate water
can be treated as zero in the general material-balance equation. If it 1?
further assumed that the connate water saturation is the same in the oi
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and gas zones and that initially no free gas existed in the oil zone, Eq. (8-12)
reduces to

G 5,
N(B,— B,) + 561 (Bye — Byi) = NP[B" + (B — R) ﬁi}

GpBoe _ GiBy 3 |
T 561 560~ We— WaB, — WiB, (821)

Where Sm' = Sm'o = Sw-g‘q
Sp=0
¢s is treated as zero
Biw — By, is treated as zero

Equation (8-21) can be rearranged to solve for the oil in place N or the
cumulative water influx W,. The oil in place N is obtained by solving Eq.
(8-22), and the water influx is obtained from Eq. (8-23).

By 7., GuBe G . _GB, '
. Nof ot Ra—Rfe 1+ %8 G 50 OB _yip _wa.
B B: — By ;
(8-22)
=/ [ - _&] GoeBoe _ — B,
W, le B, + (B — Bu il 561 N(B, — By)
G G:iBY 1
— 561 B — By) ~ 'm"} B, Wi+ W, (829

Slightly Compressible Hydrocarbon Reservoirs

The general material-balance equation can also be used to estimate the
initial oil in place in a reservoir for the conditions in which the reservoir
pressure is well above the saturation pressure. When this condition pre-
vails, the 0il is undersaturated with gas and it is reasonable to assume that
the connate water is also undersaturated. If the oil is undersaturated, there
will be no gas cap (G = 0), no free gas in the oil zone (S,; = 0), and the
cumulative produced-gas—oil ratio B, is equal to the solution-gas—oil ratio
R,. Substituting the above quantities in Eq. (8-13) reduces it o

NBy [8.:
N(B. = Bo) + 72 5| 32 (B ~ Buud + o(P; — P):’
= N,B, — (W, — W,)B, (8-24)
All the fluids are above their respective bubble-point pressures (B, = B,
and By, = B.), and hence each can be defined in terms of a compressibility

factor for a slightly compressible fluid. The volume factors are expressed
in terms of the bubble-point volume by Eq. (8-25).

B, = Ba[l + ¢.(P — Py)]
B, = Bus{1 + cu(P — Py)] (8-25)
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Boi - Bob
where o = B——-——Ob (P: = Py
2 Bwi — Bwb
and % = Boa(P; — Py

B3

IS

at, reservoir temperature. )
Substituting the equations for the volume factors into Eq. (8-24), an ex-

pression for the.oil in place is obtained in terms of oil produced_; the rock,
fﬁL and water compressibility factors; the cumulative net water influx; and
the total pressure drop.

NB.; [Sw:‘Bwbcw(P - PJ) + CI(P,' —_ P)]

NBaco(P = Pi) + 75 Bu:

= NpBu[l + ¢o(P — Py)] — (We = Wp)Bus[l + ca(P — Po}] (8-26)
The only variables in Eq. (8-26) are pressure P, oil produetion N,, and
net water influx W, — W, since N, Bos, Bus, €o; &1, Co Py, P;, and S, are

all constants for a particular reservoir. o )
Rearranging the terms of Eq. (8-26} to solve for oil in place gives the

following:
_ NpBob[l + Cn(P —_ -Pb)} — (We - W‘F)BWb[l + cw(P - Pb)]

N o
1 Swi Ba (8-27)
B(P: - D) [f——Sw, (cf - B—MBMGW) — Co BW_:I
By collecting together all constant terms such as
1 r Bab —
B [1——Sm (er — Suiti) — € Bo;:l = A
where ¢, = %
Ba(l — ¢.Py) =D
Bobc., =F
Bwa[]. _— C,,Pb} =F
Eq. (8-27) reduces to
- NQ(D + EP) - (Ws - Wp)(F + Bwbch) (8—28)

N ®. — DA

which is an expression in terms of the water influx, cumulative oil and water
production, and the reservoir pressure, ) 0.28)
If the reservoir has no water influx and no water production, Eq. (8-
reduces to
N = No(D + EP) (8-29)
(P; — P)A
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Gas Reservoir

The petroleum engineer must also estimate the hydroearbon volume in
place when only free gas exists in the reservoir. The general material-
balance equation can be reduced to a form which will permit the calenla-
tion of the initial gas in place. Since there is no liquid petroleum concerned ~
in this evaluation, the oil in place &V is zero, the solution-gas production is
zero, and the gas-cap production G, is the total gas production ,. For a
small pressure difference the change in gas volume is so large in comparison
with the changes in rock and connate-water volumes that the change in
water and rock volume can be treated as zero. For simplification, it is
assumed that the water influx, water production, and water and gas in-
jection are all zero. Inserting the above assumptions into Eq. (8-12), it
becomes

£ (B, — B,y = GeeBue

5.61 5.61
Rearranging terms gives
0B G
G — pelrge — e 8—30
Bgc - Bﬂt' 1- (Bﬂf/Bac) ( )
From Chap. 4 the gas formation volume factor B, will be recalled a8,
0.00504TZ
B, = SERE

and since it is assumed that the reservoir remains at constant temperature
T, Eq. (8-30) becomes

1

¢ = 6| = 7z577 ) @3
which can be solved with limited production and laboratory data. In the
event that there is fluid influx into the reservoir or fluid-condensation phe-
nomena exhibited during the production history, these factors must be
taken into consideration and the preceding equation modified appropri-
ately,

Equation (8-31) can be rearranged to express the ratio of reservoir pres-
sure and its compressibility factor as a linear funetion of the cumulative

gas production.
P P; P,

Equation (8-32) indicates that the gas reserves can be estimated from a
graphical plot of P/Z and the cumulative gas production Gpe. Extrapola-
tion of the resulting curve to P = O represents the initial gas in place.
whereas extrapolation to the appropriate P/Z ratio corresponding to aban-
donment indicates the gas reserves.
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Comparison of Drives

The general material-balance equation can be al:ranged to permit t.he
caleulation of the fractional part of the total expansion that can be_ attrib-
uted to each type of expansion or energy mechanism. Rearranging Eq.

(8-12) so that it equals unity gives
[N~ Ba) + 57 (Bar — Bod) + (W = Wr)Be
NBt'iSwia GBg'i S‘w-ig )(&u_ _ 1)
+ (1 — S T56L 1= Sun/ \Buw
GB,: NB,; G:B,
[ Pm T o= P F e+ Wb}

800561 T 1 — Sui
B, , GueBol _
5. ]“' 5614 !

+ {N,, [Bo + (R — B

a relation which is nearly identical with that proposed by Pirson’ to illus-
trate the fractional energy attributed to each phase. He showed that
N(B, — Bu)

N.{B. + (Res — R.)(B,/5.61)] + (G pcBge/5.61)
represented the fraction of the total energy derived from the expansion of

the oil and its dissolved gas.
(6/5.61) (B — By
N,,EB,, + (ch - Rs)(Bu/5-61)] + (GpcBgc/S-e'l)

is the fraction of the total energy derived from the expansion of the gas in

the gas cap.
(WG _ W?)Bw
Np[Bo + (Rca - RS)(B0/561)] + (GPGBQO/E)-S]-)

is the fraction of the total energy obtained from the net water influx,
W:R. + (G:B,/3.61}
N,B, + (R. — R.)(B,/5.61) + (GpeBy./5.61)
is the fraction of the total energy derived from any fAuids which might be

injected into the reservoir. .

NBuSuyio , GBoi _ Sui Biw NBy GByi ]c (P: — P)
e S o) G 1)+ s e 5"
NalBo + (Bew — Ra)(Bo/5.61)] + (GoeBye/5.61)

and

is the fraction of the total energy derived from the expansion of the con-
nate water and the rock in the gas cap and oil zone.
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DATA FOR MATERIAL BALANCE

The variables in the previously derived material-balance equation can
be grouped according to source or method of measurement. There are
essentially four groups: (1) fluid-production data, (2) reservoir pressure
and temperature data, (3) fluid-analysis data, (4) core analysis and labora-
tory rock data. Each group consists of several variables; some are func-
tions of terms in other groups or variables with time.

Fluid-production Data

The methods of measuring and reducing Auid production {oil, water,
and gas) to fleld average values were discussed in Chap. 7. All production
data should be recorded with respect to the same time period. If possible,
gas-cap and solution-gas production records should be maintained sepa-
rately.

Gas and oil gravity measurements should be recorded in cobnjunction
with the fluid volume data. Some reservoirs require a more detailed
analysis and the material balance is solved for volumetric segments. The
produced fluid gravities will aid in the selection of the volumetric segments
and also in the averaging of fluid properties.

Reservoir Temperatures

Measurements of temperatures in well bores are made in connection
with a number of tests and operations conducted on the well. Some of
these temperature observations, such as those made in connection with
static pressure tests and well logging, are recorded by maximum-reading
thermometers which record the maximum temperature encountered. This
maximum temperature is usually that temperature existing at the greatest
depth fo which the instruments were run. Other temperature observations
are made with recording subsurface temperature gauges yielding a con-
tinuous record which can be correlated with depth below sea level. Tem-
perature logs or surveys, as discussed earlier, can be used to locate the top
of cement behind pipe or to measure the formation temperatures with
depth.

The petroleum-reservoir engineer requires an accurate determination of
reservoir temperature and frequently the temperature gradient within a
formation or group of formations.

Temperatures determined by means of maximum-reading thermometers
in general are not of sufficient accuracy for reservoir-engineering purposes.
Temperature logs run to detect the top of cement are obviously of little
value, as the heat released by the setting reaction of the cement elevates
the well-bore temperature. Even if the temperature log is run in open hole
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prior to setting and cementing casing, errors may occur unless sufficient
time is allowed for the mud to attain temperature eguilibrium with the
formation.

After completion of a well, accurate formation temperature surveys can
be made with recording subsurface teraperature gauges provided that the
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fluid in the well bore is static and is in thermal equilibrium with the sur-
rounding formations. To satisfy these requirements the _Well must be closed
in for approximately 24 to 48 hr and must be free of casing leaks. I:"l’ll'b]..lel"
more the recording instrument must be allowed to come to equilibrium
with the surrounding well fluid. Equilibrium between the instrument and
well fluid is attained more rapidly in a well bore contalning liquids than in
one containing gas.
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Readings made by lowering the instrument to the depth of the comple-
tion interval in a well are generally considered to be the most accurate
records. The results of a group of such observations are presented in
Fig. 8-2. These observations were made in six different sands in 2 multi-
sand field. It may be noted that the trend of temperature within a sand
is similar to that within the total section.

The reservoir temperature is considered to be constant over the life ot
a reservoir, and all reservoir processes except that of in stfu combustion

Fi1g. 83. Contour map of geothermal gradients in South Central United States.
Contour values are in degrees per 100 ft. Mean surface temperature — 74°F. Esti-
mated subsurface temperature (°F) = (depth im 100 ft)  [{(geothermal gradient
°F)/100 it from map] 4 74°F. (After Earl A. Nichols®

(a recovery stimulation process) are considered to be isothermal processes.

Average reservolr temperatures in low-relief reservoirs are determined
by reading from curves similar to Fig. 8-2, the temperature at the volu-
metric mid-point of the reservoir. In reservoirs of considerable relief the
effect of temperature variations can be taken into account by assigning
average temperatures to segments of the reservoir defined by depth
intervals.

If measured temperature data are not available, regional geothermal
temperature gradients ean be used to caleulate the reservoir temperature.
In Fig. 8-3 are presented contours of the geothermal gradients observed in
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the South Central United States. The temperature can be caleulated from
the data by the following relation:
t= T4°F 4 gr(R)
where ¢t = formation temperature at the depth &, °F
h = depth from surface, hundreds of feet
gr = geothermal gradient and is read from the confour map of
Fig. 83, °F per 100 {t
I the reservoir under consideration is near salt intrusions such as salt
domes, the geothermal gradient may be altered by the effect of the heat
conductivity of the salt. Care must be exercised in using geothermal
gradient data where such disturbances may oeccur.
Reservoir temperature is an important parameter in determining fluid
volume factors. The temperature is thus an implicit parameter of material-
balance and volumetric caleulations.

Reservoir Pressures

Pressure measurements on wells were discussed briefly in Chap. 7. Like
the reservoir temperature the reservoir pressure is an important parameter
in determining fiuid volume factors. ‘Unlike reservoir temperature,_ reser-
voir pressure is a variable in most reservoir processes. A distinetion is thus
made between initial reservoir pressure and those attained after production
from the reservoir.

Initial Pressure. Initial reservoir pressure must be determined from
measurements made early in the development of a reservoir. The wellsin
which the observations are made must be closed in to eliminate the effect
of pressure gradients around the well bore. The closed-in period _must .be
of sufficient duration to eliminate transient effects of any production prior
to the pressure test. It is desirable that accurate pressure ob:serva.tions be
made prior to substantial fluid withdrawals from the reservor. ) .

The earliest pressure observations are usually made in connection mt_.h
drill-stem tests. Drill-stem test pressure records may include a c.losgd—m
pressure observation made prior to the flow test. These observations are
an excellent source of data on initial reservoir pressure. The closed-in
pressure recorded after the flow test is frequently unreliable unless cor-
rected for the disturbance created by the flow test.

The most reliable initial pressure records are cbtained from pressure
build-up tests on early wells which are produced until cleaned of comple-
tion fluids, then closed in for pressure testing.

Initial reservoir pressures can be verified and, in some instances, deter-
mined from correlation of the pressure and production history of the
reservoir. For a gas reservoir, it has been shown [Eq. (84’:_2)1 that a Plzt
of P/Z is linear with cumulative gas production. In an oil reservoir the
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relation between reservoir pressure and cumulative oil production is ap-
proximately exponential. The relation between pressure and cumulative
oil production for a field is presented in Fig. 8-4. Production-pressure data
can be extrapolated to zero production for an estimate of initial reservoir
pressure.

Initial subsurface fluid pressures are substantially equal to that of a
head of water from the surface to the depth of the oil-water contact of the
particular accumulation. Observed pressure gradients range from about
0.43 to nearly 1.0 psi per ft. In the Gulf Coast of Louisiana and Texas
the normal gradient is 0.465 psi per ft. Pressure gradients in excess of
0.465 psi per ft are considered abnormal. In many areas, below a limiting
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Fro. 8-4. Reservoir pressure decline as a function of oil production, Shuler Field,
Ark. (From Kaveler®)

depth for the area, abnormal pressures become quite common. Two ex-
planations of abnormal reservoir pressures are commonly presented.

If, for example, a reservoir having a closure of 1,000 ft contains gas, the
pressure in the gas at the top of the structure will be about 400 psi greater
than would be expected for that depth. This is a result of the gas and water
being at the same pressure at the gas-water contact but having different
densities. The excess pressure in the gas at the top of the structure can be
estimated as follows:

he
AP, = m‘ (p — pa) (8-33)

where AP, = excess pressure in gas at top of structure
h. = closure of the structure, ft
pw = density of water, 1b/cu ft
p, = demnsity of gas, lb/cu ft

A similar relation holds for oil or oil and gas reservoirs.
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If a reservoir exists at great depth in a sequence of sands and shales,
the reservoir fluids may support a part of the overburden load. The hydro-
static equivalent of the overburden load is about 1 psi per ft of depth.
Thus, fluid pressures may approach 1 psi per ft, particularly if the reservoir
is relatively small and is completely enclosed in a thick incompetent shale
formation.

The initial reservoir pressures for a multisand field are plotted as a fune-
tion of depth in Fig. 85. The curve represents the “normal” pressure
variation for the area. An increase in gradient with depth is apparent.

Average Reservoir Pressures. During the producing life of a hydro-
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F1g. 8-5. Variation of initial reservoir pressure in field ¢ with depth of measurement.

carbon reservoir the reservoir pressure normally declines. The 1:eservoir
pressure must be determined periodically as a function both of time an.d
of produection from the reservoir, as most engineering a,nalyse_s of reservoir
performance require a knowledge of the reservoir pressure hlstory.' )
Fluid volume factors are functions of reservoir pressure. The pnn0}p81
use of reservoir pressure data is to define fluid volume factors for various
caleulations. Thus the reservoir pressure must be averaged in such 2 man
ner as to provide the appropriate fluid volume factors from correlations of
fluid properties with pressure. '
As discussed in Chap. 2, a producing well can be represented as a radial
flow system. Thus, when the well is producing, a large pressure drop oceurs
in the immediate vicinity of the well bore. The flowing well-bore pressure

THE MATERIAL BALANCE 581

is not, representative of the pressure prevailing in the drainage area of the
well. As the desired pressure observation is for determination of the volu-
metric behavior of the fluids, it is necessary to shut in the well and allow
the well-bore pressure to build up to that prevailing in the drainage area.
Pressure observations are normally made after the well has been shut in
24 to 48 hr, Such shut-in pressure tests were discussed in Chap. 7.

Pressure surveys in a reservoir are conducted periodjeally on a group of
wells selected to provide adequate areal coverage of the field. The fre-
quency of pressure-survey periods depends on the rate of pressure decline
in the field. Semiannual or annual pressure surveys are sufficient if the
rate of decline is of the order of a few pounds per square inch per month.
The number of wells required depends on the area of the reservoir and the
pressure distribution in the reservoir. Large areal pressure differences re-
quire a more dense measurement pattern in the pressure survey than more
uniform pressure distributions. Pressure observation wells should be se-
leeted from the wells with the simplest mechanical equipment, preferably
single completions.

In a large field, several days or weeks may be required to conduct a pres-
sure survey. The observed well pressures should be corrected to a common
survey date before averaging or for other trestment.

‘The well pressures are corrected (as in Chap. 7) to various datum depths
depending or the use to be made of the pressure data. In reservoirs of low
relief, the pressures corrected to the volumetric mid-point of the reserveir
are used in determining fluid volume factors to be used in material-balance
caleulations. This is true of both oil and gas reservoirs. In reservoirs con-
taining oil and an associated gas cap, the pressure data corrected to the
gas-oil contact can be used for both the gas-cap area and the oil zone. A
more aceurate procedure is to correet the oil-zone pressures to the volu-
metric mid-point of the oil zone and to correct gas-cap pressures to the
volumetrie mid-point of the gas cap.

An arithmetic average pressure is usually determined from the pressure
survey data. If the reservoir is uniform in thickness and the pressure
variation in the reservoir is not large, the arithmetic average pressure is
satisfactory. Most frequently the above conditions do not prevaill, and
therefore, other averaging techniques are required. The arithmetic average
should always be determined to provide a simple check of the more involved
procedures.

Pressure data from a single survey are posted to a map on which the
limits of the reservoir have been drawn. For an oil reservoir the limits are
defined by the zero contour lines of the oil isopach and any delineating
faults. The type of boundary, gas-oil eontact on the base of sand, oil-water
contact on the top of sand, formation pinchout or fault should be indicated
on the map. The pressures are contoured following the general rules of
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vontouring but bearing in mind that only an injection well can be at 4
higher pressure than all the drainage area about it. Thus a well or group
of wells is at a lower pressure than any contour completely enclosing them.
Pressure continuity exists among the oil zone, the gas cap, and water zones,
A pressure contour does not have to close within the oil zone, but it will
close if mapped through a water zone or gas cap. Formation pinchouts,
permeability barriers, and sealing faults constitute boundaries across which
no flow can occur. For this reason pressure contours may be closed against
such a boundary.

A pressure contour or isobaric map of the Shuler Field is shown in Fig.
8-6. The oil accumulation is bounded by an oil-water contact. The arith-

Fic. 8-8. Reservoir pressure survey to be used in caleulating average reservoir pres-
sure. {From Kaveler?)

metic average pressure is 1,461 psi. Two other techniques of averaging
the pressure data are (1) areal weighting and (2) volumetric Weighting.‘

In areal weighting, average reservoir pressure is determined by summing
the product of pressure and area and dividing the sum by the total area.
In mathematieal notation,

AR ™ Ag
where P, is the areal weighted pressure, P, is the pressure prevailing in
the area A, and A, is the total area. .

In practice, the values of A; and A4, are determined by planimetenng-
The area of the reservoir enclosed by the reservoir boundary is plani-
metered. The areas at a greater pressure than each contour are then suc-
cessively measured. The average pressure can be determined by a formula
similar to the trapezoidal rule for isopachs.

(8-34)

THE MATERIAL BALANCE 583

APuir = AaPa+ (4, — Ay FatLuie

+ 88 (o + 240+ 240+ -+ + 20y + A2)

P max P en

+ Aa B a—

where A, and P,z are as defined above ; Aa is the area of the reservoir

existing at pressures greater than the lowest contour pressure Pu; Pon

is the minimum well pressure on the map and is less than Py; Ay is the

area existing at pressures greater than P, the next higher pressure con-

tour; A, is the area existing at pressures greater than P, the highest

contour pressure; P, is the maximum well pressure on the map and is

greater than P.,; AP is the pressure contour interval. An example ealcu-
lation of areal weighting is presented in Example 8-1.

(8-35)

Example 8-1. Areal Weighting of Reservoir Pressures {total oil-produe-
tive area, 1,890 planimeter units; Puia = 1,345 psi; Puax = 1,520 psi).

Area with pressures

greater than, psi Planimeter units

1,350 1,878
1,375 1,808
1,400 1,517
1,425 1,439
1,450 1,320
1,475 977
1,500 2097
(1,878 (1,350) + (1,890 — 1,878) 1350 + 1345
1T % [1,878 + 2(1,808) + 2(1,517)
Pan = 1 8904 L
’ + 2(1,435) + 2(1,320) + 2(977) + 297]
4 297 1520 ; 1,500
- A

1 .
= -I,SW) (2,741,900) = 1,451 psi

In volumetric weighting, the average reservoir pressure is determined
by summing the product of pressure and volume and dividing the sum by
the total volume.

In mathematical notation,

EP ,'V,'

V.

Pyp = (8-36)
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where Py is the volumetrically weighted pressure, P; is pressure prevail-
ing over the volume V,;, and V. is the total volume. Volume weighting
may be on the basis of sand \'r.olume, pore volume, or hydrocarben volume
depending on the accuracy of the data available.

Volumetric weighted pressures ean be determined by superimposing the
isobaric map on an isopach map and determining the sand volume be-
tween successive pressure contours. A somewhat simpler mgthodr involves
preparing a grid overlay subdivided into squares of conver‘nent size. The
boundary of the reservoir is traced to the overlay from an isopach map of
the same scale as the isobaric map. The average thickness of each square
is estimated from the isopach and recorded on the square. If a square is
only partially underlain by the reservoir, the fraction of the square over-
lying productive area is also estimated and recorded. The volume under-
lying a square is

V= fif:A: (8-37)

where f; = fraction of square underlain by preduetive formation
h: = average thickness of square
A; = eonversion constant, area of a square, acres

The total volume is the sum of the volume of the squares underlain by
productive information:
Ve=2V;

(This scheme can be used to determine volumes in lieu of planimetering.)
The grid is then superimposed on an isobaric map, and the average pres-
sure P; for each grid estimated. From these data and Eq. (8-36)., th.e
volumetrically weighted pressure is calculated. An example caleulation is
presented in Example 82 and Fig. 8-7. The conversiqn constant A{; was
omitted, as the data were used only for determining volumetrically
weighted pressures and A4, divides out. o

Although the preceding discussions were in terms of lateral v.anatlons
in pressure and volume, similar procedures can be L‘Esed to determine volu-
metric weighted pressures where vertical variations in pressure and volume
must be considered.

If the reservoir contains both 2 gas eap-and an oil zone, the pressure
data ean be corrected to the gas-oil contact and both the oil-zone pressure
data and the gas-cap pressure data contoured on the same map. AS pres-
sure continuity prevails, the oil-zone pressure data provides addltlonz'tl
control on pressure contoursin the gas cap. The pressure in the gas cap 18
evahiated in a manner stmilar to that previously described. .

For evaluation of the expansion of the aquifer, the pressure at the original
oil-water contact is required. The average pressure can be weighted by the
length of perimeter at various pressure levels as follows:
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EP :-Lz ho—m
Pou = L 144
~ where P,_,, = weighted pressure along oil-water contact
P; = pressure of a segment of perimeter of length L;
L. = total length of oil-water contact

how = distance oil-zone datum is above original oil-water contact, ft
p. = density of the oil, Ib/cu ft

(8-38)

This method of weighting pressures at the oil-water contact is particularly
applicable in reservoirs having thin sands where the water is essentially
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T~ 35112z |10 4 25|z I=1 [« {1}
| 1 1 08 [ 0603 0251075 | 03

1940 435 ;142 1139071385 | 1385 | 1385 | 1385385

Fre. 8-7. Overlay method of averaging pressures using square grid. Top figure in
each group represents the sand thickness 2 in feet; middle figure the fraction f of
square underlain by an oil-productive area; bottom figure estimated pressure P of
square.

all edge water. If the reservoir is completely underlain by water, the
average oil-zone pressure is simply corrected to the oil-water contact.
Example 8-3 illustrates peripheral weighting of pressures to determine the
average pressure at the oil-water contact.

The determination of appropriate average pressures is always of concern
fo the reservoir engineer. Every effort should be made to evaluate the
data by the procedure or proeedures most appropriate to the conditions
which exist.
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Ezample 8-2. Determination of Areal and Volumetrically Weighted
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Pressures by Overlay Method.
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Example 8-2. (Continued)
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1) (2) 3 (4) (5) ()]
Pfh P
f h Fh P 3 X&) 1) X @
0.33 2.5 0.83 1,500 1,245 495
0.4 5.0 2.0 1,500 3,000 600
0.3 2.5 0.75 1,490 1,118 447
0.9 15 13.5 1,515 20,452 1,354
1 35 35 1,490 52,150 1,490
1 40 40 1,470 58,800 1,470
1 35 35 1,465 51,275 1,465
0.9 23 20.7 1,490 30,843 1,341
0.75 12 9.0 1,495 13,455 1,121
0.2 1.5 0.30 1,495 488 299
0.4 3.5 14 1,510 2,114 604
1 30 30 1,510 45,300 1,510
1 53 53 1,475 78,175 1,475
i 58 58 1,445 83,810 1,445
1 60 60 1,460 87,600 1,460
1 55 55 1,485 81,675 1,485
1 40 40 1,493 59,720 1,463
0.9 2 18.9 1,405 28,255 1,345
0.3 3.3 0.99 1,495 1,480 448
0.5 3.5 1.75 1,510 2,643 755
1 30 30 1,510 45,300 1,510
1 52 52 1,470 76,440 1,470
1 67 67 1,450 97,150 1,450
1 71 71 1,475 104,725 1,475
1 73 73 1,490 108,770 1,490
1 67 67 1,490 99,830 1,490
1 39 39 1,485 57,915 1,485
0.9 20 18 1,485 26,730 1,337
0.2 1 0.2 1,480 206 206
0.3 6 1.8 1,505 2,709 452
1 30 30 1,505 45,150 1,505
1 52 52 1,490 77,480 1,490
1 63 63 1,485 93,555 1,485
1 88 68 1,485 100,980 1,485
1 70 70 1,495 104,650 1,495
1 73 73 1,490 108,770 1,490
1 55 55 1,485 81,675 1,485
1 29 29 1,480 43,920 1,480
1 22 22 1,462 32,164 1,462
0.6 7 42 1,427 5,993 856
0.3 3 0.9 1,505 1,354 452
1 25 25 1,510 37,750 1,510
1 50 50 1,505 75,250 1,505
1 62 62 1,503 31,186 1,503
1 61 61 1,507 91,927 1,507

(1) @ (3) “4) (5) (&)
Pfh Pf
F h P P (8) X (4} (1) X 4
1 60 60 1,507 9,0420 1,507
1 60 60 1,490 89,400 1,490
1 62 62 1,470 91,140 1,470
1 55 55 1,462 80,410 1,462
1 45 45 1,446 65,070 1,448
1 33 33 1,410 46,530 1,410
0.9 7 153 1,365 20,884 1,229
0.5 6 3.0 1,350 4,050 875
0.5 7 3.5 1,505 5,268 753
1 33 33 1,505 99,665 1,505
1 42 42 1,505 63,210 1,505
1 48 48 1,507 72,336 1,507
1 50 50 1,500 75,000 1,500
1 50 50 1,488 74,400 1,488
1 57 57 1,460 83,220 1,460
1 55 55 1,440 79,200 1,440
1 53 53 1,425 75,525 1,425
1 46 46 1,380 63,480 1,330
1 37 37 1,380 51,060 1,380
1 22 22 1,370 30,140 1,370
0.9 2 10.8 1,370 14,796 1,233
0.4 3.5 14 1,325 1,855 530
03 g 2.4 1,500 3,600 450
0.75 16 2.0 1,505 18,060 1,129
0.9 i3 16.2 1,507 24,413 1,356
1 25 25 1,490 37,250 1,490
1 26 28 1,478 38,498 1,478
1 34 34 1,460 49,640 1,460
1 35 35 1,437 50,295 1,437
1 33 33 1,410 46,530 1,410
1 23 23 1,390 31,970 1,390
1 15 15 1,385 20,775 1,385
1 13 13 1,385 18,005 1,385
1 15 15 1,385 20,775 1,385
1 7 7 1,385 9,695 1,385
0.2 1 0.2 1,385 277 277
0.8 3.5 28 1,440 4,032 1,152
1 12 12 1,435 17,220 1,435
1 10 10 1,412 14,120 1,435
0.8 4 3.2 1,390 4,448 1,112
0.6 25 15 1,385 2,078 831
0.3 2 0.60 1,385 831 416
0.25 1 0.25 1,385 347 346
0.75 4 3.0 1,385 4,155 1,039
0.3 4 3 1,385 416 416
75.33 2691.87 3,800,506 109,141
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_ P _ 3,899,506 _ .
Pri="305 = 20187 — 149 psi

IP(f) 109,141 449 psi

Par = =5 = S5as = L#49 psi

where P is the estimated pressure of a square determined from the isobarig

map, f is the estimated fraction of the square underlain by oil-productive

formation determined from the oil isopach, and A is the estimated oil sand
thickness of the square determined from the oil isopach.

Example 8-3. Peripheral Weighting of Pressures for Pressure at Ojl-
Water Contact.

Pressure interval, Distance along

st contact, units
1,345-1,350 i4
1,350-1,375 23
1,375-1,400 10.9
1,400-1,425 2.2
1,425-1,450 2.4
1,450-1,475 22
1,475-1,500 13.1
1,500-1,520 135
43.0

1.4(1,345 + 1,350) + 2.3(1,350 + 1,375)
11| 4 10.9(1,375 + 1,400) + 2.2(1,400 + 1,425)

P=1x1s + 2.4(1,425 4 1,450) + 2.2(1,450 + 1,475)
+ 13.1(1,475 4 1,500) + 13.5(1,500 + 1,520)
- glﬁ (130,580.5) = 1,454 psi
Bow = 100 £t p, = 4321b/cuft  pu = 62.4 Ib/cu ft

Pow = 1,454 + %%I) (62.4 — 43.2) — 1,454 + 15

Therefore, P,_», = 1,454 + % (624 — 43.2) = 1454 + 15

= 1,469 psi

Fluid Analysis
The fluid data are a function of reservoir pressure, tem;_)t?rature, and
surface separation conditions. If the surface operating conditions are not
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altered, then the fluid data need be defined only once. But the fuid-
property data should be adjusted for all major changes in surface operating
conditions,

The procedure for obtaining and analyzing fuid-property data was dis-
cussed in Chap. 5. A method of reducing laboratory fluid data to the basis
of a reservoir average was presented in Chap. 7.

Core Analysis and Laboratory Rock Data

Two terms enter the material balance which are dependent on rock prop-
erties. The initial water saturation S.: must be defined 80 as to account
for its expansion. Various procedures for obtaining suitable average water-
saturation values for use in the material balance are presented in detail in
Chap. 7.

The second term in the material-balance equation is the rock compressi-
bility. This value is a function of reservoir pressure and may be defined
graphically or by some average compressibility factor. The magnitude of
the rock-corpressibility factor ¢ is measured in the laboratory on core
samples from the reservoir. If no laboratory data are available, approxi-
mate values can be obtained from Fig. 2-21.

CALCULATION OF OIL IN PLACE
USING THE MATERIAL-BALANCE EQUATION

In the previous sections of this chapter the material-balance equation
was derived and methods used in reducing field data for substitution into
the material balance were discussed. It was also mentioned that the mate-
rial balance could be used to evaluate the initial oil in place, the water
influx, or the size of the gas cap. The remainder of this chapter is devoted
to illustrations of the use of the material balance in determining the initial
oil in place for different reservoir mechanisms. The types of reservoirs that
are discussed are solution gas, slightly compressible fluid, and a gas res-
ervoir,

Estimation of Oif in Place for a Solution-gas—Drive Reservoir

A reservoir in which fluid productions are obtained solely as the result
of the liberation and expansion of gas from solution in the oil isknown as a
solution-(dissolved) gas type of drive. In this type of drive no fluid influx
into the reservoir is assumed, and hence the reservoir is considered to pro-
duce under volumetric control,

Since no free gas exists in the oil zone initially and there is no fluid influx
or injection into the reservoir, the general material-balance equation re-
dueces to
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place are fairly constant, then an average horizontal line can be drawn
through the data indicating the average value for initial oil in place. This
also indicates that the type of reservoir mechanism has been identified
propetly. If the calculated values of oil in place increase with increasing
cumulative oil production, this indicates that the reservoir mechanism has
not been identified properly and probably energy is being derived from a
source other than that assumed. If the calculated values of oil in place
decrease with increasing cumulative oil production, this indicates that a
greater reservoir voidage is occurring than that which is measured. This
result may be due to loss of production to ‘““thief”” zones or inaccurate pro-
duction or laboratory data.

In Figure 88 it is seen that the average value of initial oil in place
N is 123 million stock-tank barrels. However, it is seen that early in the
producing life of the reservoir there was considerable differences in the esti-
mates. This result is not uncommon, since the greatest effects of transient
pressure behavior are evident during this period.

Estimation of Oil in Place for Slightly Compressible Fluids

A reservoir which contains only oil and water, both at a pressure such
that large pressure drops are possible without evolving gas, is defined as
a slightly compressible fluid reservoir. For such a reservoir it is necessary
to account for the changes in rock and interstitial water volume as well as
the hydrocarbon volume. The expansibility of water may be the order of
1 X 10~ to 4 X 105 vol per vol per psi. The expansibility of the rock or
decrease in pore volume may be of the order of 5 X 1077 to 4 X 107° vol
per vol per psi. The volume of water available for expansion usually ranges
from one-fourth to one times the hydrocarbon volume, while the volume
of pore space available for shrinkage ranges from one and one-fourth to
two times the hydrocarbon volume.

As no free gas exists in either the oil zone or a contiguous gas cap, the
general material-balance equation reduces to Eq. (8-28).

An initial trial set of solutions of Eq. (8-28) can be made assuming no
water influx. If the resulting calculated values of oil in place N are con-
sistent and yield a horizontal line when plotted versus cumulative produc-
tion, then it can be assumed that there is no water influx. When the cal-
culated values of oil in place continually increase with increasing produc-
tion, then additional energy is being derived from a source not accounted
for in the solution.

The procedure for solving the slightly compressible fluid material balance
when there is no water influx is demonstrated in Example 8-5. The result-
ing calculations are plotted in Fig. 8-9 from which the initial oil in place
was determined to be 375 million stock-tank barrels. It is noted in.tl_le
plot of the calculated data of Example 8-5 that the initial values of oil i
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place are lower than the remaining caleulated values. The engineer should
expect the initial points in & solution to show the greatest variation because
of transient pressure behavior during the early life of the reservoir.

Estimates of Gas in Place from Material Balance

Reservoirs containing only free gas are termed gas reservoirs. Such a
regervoir eontains a mixture of hydrocarbens which exists wholly in the
gaseous state. The mixture may be a “dry,” “wet,” or “condensate’”” gas,
depending on the mixture and the pressure and temperature at which the
aceumulation exists.

Gas reserveirs may have water influx from a contiguous water-bearing
portion of the formation or may be volumetric (Le., have no water influx).
The general material balance applied to a volunetric gas reservoir has
been shown [Eq. (8-30)7 fo reduce to

Gpe = G (1 - g—“") (8-30)
ge

Furthermore for a dry or wet gas reservoir, as no liquid condensation oceurs

in the reservoir, Eq. (8-30) simplifies to Eq. (8-32):

P P F3 P i
Rl ha (— Gz,-) Gye 832)
The form of Bq. (8-32) is linear; thus a plot of P/Z versus Gy, is linear on
rectangular coordinate paper.

For condensate gases, liquid condensation ocecurs in the reservoir so that
B, cannot be replaced by a simple relation of pressure and compressibility
factor. However, Eq. (8-30) is linear in Gy and fhe reciprocal of B,... A
plot of Gy, as a funetion of 1/B,. is linear and when extrapolated to 1/B,.
= 0 will intersect the gas-production axis at the value of G.

In the event that liquid production is obtained at the surface, the liquid
volumes must be converted to equivalent gas volumes and added to the
measured gas production. '

An example caleulation of the gas initially in place for a volumetric dry
gas reservoir is shown in Example 8-6. As shown in the example the gas
in place can be calculated from the data using the slopes or from a graphi-
cal analysis as shown in Fig. 8-10. The gas in place can also be caleulated
from 5 least-squares fit of the data when substituted in Eq. (8-30).

Example 8-5. Calculation of Qil in Place by Material Balance for a
Slightly Compressible Fluid Reservoir with No Water Influx. The reser-
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F1e. 8-10. Graphical solution of material balance for a volumetric gas reservoir.
(Adapted from Gruy®)

Fitting a horizontal line to a plot of cumulative oil production (¥;) and
caleulated oil in place (Fig. 8-9) vields a value of oil in place of 375 million
stock-tank barrels.

Example 8-6. Determination of Gas Initially in Place for a Volumetric
(Gas Reservoir.
Data:
Gas gravity = 0.80
Reservoir temperature = 149°F or 609°R
Initial reservoir pressure = 2,778 psia

Cumulative gas Reseryoir pressure,

production Gp., billion scf psia
0 2751

10 2381

20 2223

30 2085

40 1940

50 1801

Calculations:
»T. = 420°R (from Fig. 4-30)
oPe = 663°R. (from Fig. 4-30)
T, = 609 + 420 = 1.45
P, = P + 663
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G P Pr Z P/Z A(P/Z) AMP/ZY/AGy.
0 2,538 3.83 0.742 3,420
10 2,381 3.59 0.739 3,223 =197 =197
20 2,223 3.37 0.739 3,021 —202 ©—-20.2
30 2,085 3.14 0.742 2,811 —210 —21.0
40 1,940 2.93 0.747 2,597 —214 —21.4
50 1,801 2.72 0.755 2,385 —212 —21.2
—108.5
From Eq. (8-32) Av = =207

P P P;
77T (‘Gz,-) G

differentiating with respect to Gp.

aP/Z)  P:
dG.. =~ GZ;
AP/Z) _ _ Ps
Therefore, aGL. ~ TGz
thus
o= (B 26
Z:] APJZ
G G Average slope G
0 -20.7 165.2
10 173.6
20 169.3
30 162.9
40 159.8
50 161.3

Since Eq. (8-32) is linear, a plot of £/Z as a function of Gy is a straight

line. This is illustrated in Fig. 8-10. When
P=0 P/Z =0
and from Eq. (8-32)
G =Gp

Therefore the extrapolation of the line through the data poinis to P/Z = 0
intersects the G,. axis at the value of ¢. From Fig. 810, ¢ = 165 billion
standard cubic feet.

Figure 810 is a plot of reservoir pressure as a function of cumulative
gas production. The solid pressure line represents the actual variation of
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reservoir pressure with production throughout the life of the reservoir. It
will be noted that the line is curved, lying below the P/Z line at all points
except at zero pressure, where the two lines must intercept. If the gas
were ideal (f.e., Z = 1), the pressure would be linear with production. An
extrapolation of the pressure-production curve as a straight line may lead
to overestimates (extrapolated pressure curve 1) or underestimates (extra-
polated pressure curve 2) of the gas initially in place.

Water influx into a gas reservoir will ecause the P/Z curve to deviate
from linearity with production. Inaccuracies in pressure or production
data will also cause irregularities.
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238
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hydrocarbon mixture, 249-251
hydrogen sulfide, 270
methane, 237
nitrogen, 262
propane, 239
Compressible fluids, steady flow of, 72
Condensation, retrograde, 221
Conductive solids, effect of, 120
Connate water, 100
measurement of, 102
use of capillary pressure, 153, 549
Contact angle, 134, 135, 154, 155
165-167
Convergence pressure, 324
apparent, 418
Clonversion factors for darcy, 78, 79
Core analysis, example of, 523, 529
tracers in, 108
Core barrel, cable-tool, 24
pressure, 27
rotary, 27
Clore flushing, 106
Clores, fluid saturations, 105
permesbility measurement of, 86
porosity measurement of, 43
Coring, cable-tool, 24
¢hip, 24
with oil-base mud, 108
Coring devices, rotary, 27
bottom-hole type, 27
side-wall type, 27
Cricondenbar, 221
Cricondentherm, 220
Critical locus, 219
Critical point, 213, 220
Critical pressure, 220
Critical temperature, 220
Crude oil, 1
classifications, 7
Bureau of Mines, 8
physical properties, 4

Daiton’s law, 317
Darcy, unit of permeability, 70

Darcy’s law, conversion of units, 78
generalized forms, 68
Density, of gag, 254
of hydrocarbon mixtures in liquid
state, 295 :
of liquid, 295
reservoir, caleulation of, 304
stock-tank, caleulation of, 208
Dew point, calculations of, 341
Dew-point curve, 214
Differential liberation of gas, 377
example of, 380
Differential oil volume data, 383
Drill-stem tests, 207, 480, 515
Drive, solution-gas, 32, 568
solution-gas-gas-cap, 32, 569
water; 32, 570

Effective permeability, 175
of fractures, 84
Effective porosity, 39
methods of determining, 52
Electrical logging, water-saturation de-
termination by, 124
End effects, 180, 193
Energy production, total mineral, 1
Equation of state, ideal gas, 231
Beattie-Bridgeman, 236
Benedict-Webb-Rubin, 236
van der Waals’, 234
Equilibrium constants, 318
charts of, 319, 320, 325-341
Rquilibrium problems, separator, 349
solution of, 340
Equilibrium-ratio data, fitting of, to
laboratory fluid-analysis data, 417
Equilibrium ratios, 320, 324, 373
Equilibrium saturation, 176
Estimation, of gas in place from mafe-
rial balance, 593 .
of oil in place, for slightly compressi-
ble fluids, 592
for solution-gas—drive reservoir, 589
Extensive properties, 220

Fanaing’s equation, 64 _ )
Tield-data analysis, produetion, 475
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Field-data analysis, pressure, 488, 578 Formation volume factors, ideal-so-

well tests, 492
Flash liberation of gas, 377, 400
Fluid analysis, gas-condensate system,
413
gas—crude-oil system, 374
Fluid-analysis-data preparation for use
in reservoir calculations, 383
applications of, 415
gas-condensate systems, 413
gas—crude-oil system, 374
Fluid contents of reservoir rocks, 100
by distiliation, 103
of flushed cores, 108
interpretation of data for, 108
measurements of factors affecting, 105
by retorting, 100
Fluid distributions in reservoirs, 139,
142, 152, 549
Fluid flow in space, tilting of interface,
524
Fluid-flow formulas, horizontal, 71
ideal gas, 77
radial, 76
slightly compressible, 77
vertical, 73
Fiuid injection, 34, 570
Fluid properties, average, 497
Fluid-saturated rocks, electrical con-
duetivity of, 110
Fluid saturation, methods of determin-
ing, 100
Fluid viscosities, correlation charts,
280-285, 442444
of gas, 280285, 444
of liquids, 441444
Formation factor, 111
Formation volume factor, gas-, 257
sweet.and sour, 261
oil-, 317
differential, 369, 374
flash, 875
total, 317
water-, 4567-459
Formation volume factors, combination,
computation of, 383
empirical methods, 429

lution method, 425
laboratory measurement, 368
Fractures, effective permeability of, 84
Frequency function, normal distribu-
tion, 541
Friction factor, chart for, 67
Fugacity, 318

Gas, associated free, 14
material balance, 568
material-balance solution, 589
nonassociated free, 14
solution, 14

Gas cap, 15
isopach map of, 527
madterial balance with, 569

Gas constant, universal, 231

Gas-formation volume factor (see For-

mation volume factor)

Gas gravity, 8
definition of, 251

Gas law, Amagat’s, 243
Avogadro’s, 230
of corresponding states, 245
Dazlton’s, 317
ideal (perfect), 229
Raoult’s, 317
van der Waals’, 234

Gas mixtures, 234
compressibility of, 247, 250
impurities in, 260
pseudo properties of, 256
viscosity of, 278
volumes of, 243
water vapor in, 271

Gas-oil contact, example of, 520, 523,
526, 530
pressure at, 492
use of, 526, 528, 533
Gas-oil ratio, adjustment of, 395
effect of separator pressure on, 382
example of, 377
example calculation, 484
field average, 478
separator, 370
solution-, 369
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Gas properties, compressibility factor,
247, 249, 250
critical pressure, 220
critical temperature, 220
effect of impurities on, 260
pseudo-critical pressure, 256
pseudo-critical temperature, 256
retrograde condensation, 221
theorem of corresponding states, 245
viscosity, 279
water content, 271
Gas reservoir, 573
Gas solubility, in oil, 369, 397
in water, 451
(Gas wells, back-pressure fests on,
406
(Gases, kinetic theory of, 232
physical constants of hydrocarbons,
244
Geometric mean, 539
Geothermal gradient, 577
Grain volume, 43
methods of determining, 48
Gravity, API, conversion table for, 5
correlation with, 7
definition of, 4
Gravity flow, 74
Group formulas, 2

Harmonic mean, 539
Heptanes-plus fraction, 265
equilibrium ratio for, 319, 320, 341
pseudo-critical pressure of, 235
pseudo-critieal temperature of, 255
High-shrinkage oil, phase disgram of,
226
Hydrocarbon, names of, 2
Hydrocarbon system, 212
Hydrocarbon volume, ealenlation of,
552
Hydrocarbons, series of, 2
Hydrogen sulfide, compressibility fae-
tor for, 270 :
effect of, on compressibility factor of
natural-gas mixtures, 270
equilibrium rafios for, 339

Ideal gases, isothermal flow of, 73
Ideal solutions, additive volumes, 261,
296
modified, 425
Tmbibition, 142, 201
Intensive properties, 220
Interfacial tension, 134
Interstitial water, 101, 150
(Irreducible) minimum water satura-
tion, 163
Isobarie retrograde vaporization, 221
Isobaric thermal expansion, 288, 202
Isopach maps, gross, 527
net gas, 527
net oil, 527
total net thickness, 527
Isothermal compressibility, 288
Isothermal retrograde condensation, 221

J function, 155

K values, 320, 324, 373
Kinetic theory of gases, 232
Klinkenberg effect, 91
Kozeny equation, 99, 129

Law of corresponding states, 245
Liberation process, differential, 370
equilibrium or ‘flash,”” 367
Linear flow, series combination of beds,
81
Liquids, volumetric behavior of, 288
Logging, core, 523, 530
electrie, 521
mud and drilling time, 520
radioactive, 521
Low-shrinkage oil, phase diagram, 225

Material balance, 562
data for, 575
core-analysis and laboratory-work,
575
fluid-analysis, 575
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Material balance, data for, fuid-pro-
duction, 575
reservoir-pressure, temperature, 575
Material-balance equation, 561
derivation of, 562
drive, solution-gas, 568, 589
solution-gas—gas-cap, 569
solution-gas—gas-cap—water, with
Huid injection, 570
reservoirs, gas, 573, 593
simple solution-gas—gas-cap-water-
drive, 570
slightly compressible hydrocarbon,
571, 592
Method, of averages, 3835, 390, 507
example solution, 508
of least squares, 385, 388
Minimum (irreducible) water satura-
tion, 163
Mode, 539
Multicomponent systems, 220
Multiple phase flow, 174

Natural gas, 1
composition of, 8

Natural-gas hydrate, 274-278

Natural gases, behavior of, 234-239
compressibility-factor charts, 248-251
pseudo-critical properties, 258, 259
water eontent, 271-278 B

Nitrogen, compressibility facfor for, 262
effect on volumetrie behavior of natu-

ral gases, 261-265
Nomenclature of hydrocarbons, 2—4

Ohm’s law, 85, 86, 118
Qil-base cores, 106-108
QOil density, 295-305
0il field, 31
Oil-formation volume factor, 317, 353—
356, 369, 370, 374-377, 396-399,
408-410, 428, 430—434, 513, 514
Oil in place, estimate methods for, mate-
rial-balance, 589
volumetric, 553
volumetrie evaluation of, 554
(See also Estimation})

01l volume, relative, 376, 301-394, 407,
408, 510, 511
Qil-well production system, 29

.

Packing of spheres, 37, 38
Parachor, 306, 307
Per cent shrinkage, differential, 375
flash, 375
Perfect gas law, 230, 231
Permeability, 64
classification of data, 543
effect of reactive liquids, 93
effective, 175
of fractures, 84
geometric mean, 546
relative (see Relative permeability)
weighted average, 537
Permeability measurements, 71, 96
effect of gas slippage on, 91
Permeability ranges, 543
Permeability—water-saturation relation-
ships, 150, 151, 160, 161, 549
Petroleum, 1
accumulation of, 10
origin of, inorganic theory; 10
organic theory, 10
Phase defined, 212

Phase disgrams, for dry gas, 224

for high-shrinkage oil, 226
for low-shrinkage oil, 225
natural-gas-natural-gasoline mixture,
223
nomenclature, 221
for wet gas, 224
Phase equilibrium, 320
Poiseuille’s equation, 64, 83, 84, 97, 169
Pore compressibility, 57
Pore volume, 43
methods of measuring, 51, 52
Porosity, classified, 36
cubical packing, 37
defined, 36
effective, 39, 52
measurement of, 43
precision of, 53
thombohedral, 37
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Porosity, total, 39, 48
weighted average, 537
Porous rocks, compressibility of, 57
Pressure, areal weighted, 582, 583
average reservoir, 580
bottom-hole, 483
capillary (see Capillary pressure)
convergence, 324, 418
eritical, 220
initial reservoir, 578
pseudo-critical, 247
pseudo-reduced, 248
reduced, 247
saturation, 362
volume-weighted, 583, 584
Pressure-depletion study for conden-
sate gases, 413, 414
Pressure-temperature diagram, for bi-
nary mixtures, 219
for ethane, 213
for ethane-n-heptane system, 217
(See also Phase diagrams)
Pressure tests, 438
Pressure-volume diagram of ethane, 215
Production tests, 481
Productivity index, 492, 493
Productivity tests on oil wells, 492
Pseudo-critical pressure, 247
Pseudo-critical properties, of hydrocar-
bon liguids, 256, 257
of natural gases, 259
Pseudo-critical temperature, 247
Pseudo-reduced pressure, 248
Pseudo-reduced temperature, 248
Pycnometers for determination of bulk
volume, 45

Radial flow, 76
ideal gases, 77
incompressible fluids, 77
parallel combination of beds, 80
series combination of beds, 82
slightly compressible fluids, 77
Raoult’s law, 317, 318
Records, completion and workover, 475
production, 475

Reduced pressure, 247
Reduced temperature, 247
Reduced volume, 247

- Relative oil volume, 376, 391-394, 407,

408, 510, 511
Relative permeability, 176
caleulation of, 195-199
effect of viscosity ratio on, 181
factors affecting, 199-202
of gas, and oil, 180
and water, 177
measurement of, 184-192
three-phase, 181-184
Relative-permeability ratio, 202, 203
Relative total volume, 367, 376, 382,
384, 410, 501
Reservoir fluids, bubble-point pressure,
341 .
critieal temperature and pressure, 220
differential liberation of, 377, 380
flash liberation of, 377, 400
retrograde condensation and vapori-
zation of, 221
sampling, bottom-hole, 360
saturation determination, 150-153
shrinkage, 365, 375
viscosity of, 372, 441445
Reservoir pressures, 578
average, 580
Reservoir Tocks, classifieation of, 16-22
wettability of, 165-167
{See also Fluid contents of reservoir
rocks)
Reservoir temperatures, 575578
Reservoirs, structural classification of,
12,13
Resistivity of rocks, 110-129
Resistivity index, 113, 124-128
Retrograde condensation, 221
Retrograde region, 221
Rock volume, evaluation of, 517-536
Rotary drilling, 25
Rotary drilling fluids, 26

Sampling, bottom-hole, 360
recombination, 360, 362
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Sampling, of reservoir fluids, 360
split-stream, 360, 364
Baturation in reservoir fluids, determi-
nation of, 150-153
Saturation pressure, 362
Secondary recovery, 34
Sedimentary rocks, 16
Separator problems, application of equi-
librium caleulations, 345
Shrinkage factor, differential, 375
flash, 375
separator, 365
Single-component systems, 212-217
Slightly compressible hydrocarbon res-
ervoirs, 571
Slippage phenomena, 91
Solution-gas drive, 568
Solution-gas—gas-cap drive, 569
Solution-gas—gas-cap—water drive with
fluid injection, 570
Solution-gas-gas-cap—water-drive reser-
voirs, 570
Specific volume, of ethane, 215
of water, 463
Standard conditions, 29
Standard deviation, 540
Steady-state flow, horizontal, 71
radial, 76-78
vertical, 73-75
Burface tension, 134
mixture of hydrocarbons, 305
Symbols, 562
Systems, binary, 217
heterogeneous, 212
homogeneous, 212
multicorponent, 220
single-component, 212
two-phase, 315

Thermal expansion, coefficient of, 288
isobarie, 293
for water, 455457
Tilting of interface, 524526
Tortuosity, 99, 129
Total volume factor, 376, 400-403
combination, 401

Total volume factor, differential, 401
flash, 400

Tracers in core analysis, 108

Transition zones, 153

Traps, classification gystem, 12

Triple point, 287

Two-phase formation volume factor (see

Total volume factor)
Two-phase region, 220

van der Waals’ equation, 234, 235, 245-
247
Vapor-pressure curve, 213
Vapor pressures of lisht hydrocarbons,
312
Viscosity, absolute, 7
of gas, 278-286
of hydrocarbon liquids, 309, 310
kinematic, 7, 308
reservoir-oil, 372, 441445
Saybolt Universal, 7
of water, 464466
Volumeters, Russell, 45
Volumetric evaluation of oil in place,
554

‘Washburn-Bunting porosimeter, 51
Water, chemical properties, 470
compressibility, 452
connate {see Connate water)
electrical resistivity, 468
formation volume factor, 457—459
interstitial, 101, 150
physical properties, 449
solubility in natural gas, 466
solubility of natural gas, 450
thermal expansion, 455
viscosity, 464
Water-formation volume factor, 457-
459
Water influx, 467
Water-oil contact, 521
water tables, 205-209
Water saturation (see Average water
saturation)
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Well, completion of, 28
first commercial, 1
Well tests, 479
build-up and draw-down, on oil wells,
495
drill-stem, 480
pressure, 488
production, 431
productivity, on oil wells, 492

Wettability, 134
of reservoir rocks, 165-167

¥ function, 384-391
average for field, 507-510

Z factor, 236
for natural gas, 249-251
Zones, transition, 153








