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Fie. 4-80. Comparison of equilibrium ratios at 100°F for 1,000- 000-psi
vergence pressure. (From NGAA™ o 2R SE0lpe -

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 Huids.

C_alculati_ng Procedures for Solution of Equilibrium Problems. The
basic relations developed in Eqs. (4-74) through (4-77) apply to hydro-
carbon sy.stems which exist at pressures and temperatures within the two-
ph.a.sg region. Fquations (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 I2g. (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. (ddapted from Katz and
Hachmuth® and Rolend et al.®)

The primary use of dew-point or bubble-point pressure ealeulations 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 cenditions of pressure
and temperature under consideration and the solution of the relations ex-
pressed in Eqgs. (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 calculative methods for these cases are iden-
tical except in the final volume calculation of the liquid. However, the
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selection of appropriate equilibrium ratios for reservoir conditions is more
diffieult. The caleulation of such equilibriums based on adjusted equilib.
rium ratios will be discussed in Chap. 5,

For separator caleulations at pressures of 500 psi or less, the 5,000-psi
convergence pressure charts of the NGAA can be used for most naturally
oceurring hydrocarbon mixtures. The equilibrium ratio of the heptanes-
plus fraction can be 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 ¥, thus fixing the other value by the equation

B4V =¥ (4-74)
4. Solve the following equations:

L m

Z z; = Z L—_I-_ZV—K= 1 (4-77)

i=1 i=1

5. If 2 z; = 1, the problem is solved and the value assumed for ¥ 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 ¥ or L and repeat step 4.
This particular procedure is well suited to slide-rule calculations., It 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:

da, Solve the equation

2 T TR~ = e

Sa. If the ealculated value (V). is equal to the assumed value V,, the
problem is solved and the composition of the liquid can be determined from:

1 Z;
HEVETN T K e

.
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and that of the vapor from
2; — x;L
y: = K, or Y: = v

6a. If the calculated value (¥)wi. is not equal to the as_sumed value
Vs a new assumption for ¥ must be made and the calculation repeated.

7a. By several successive trials V can be calculated to an accuracy of
about 0.0001. . ) )

The procedure outlined is in most convenient form for solution w1tl} a
desk caleulator which has a cumulative muliiplication feature. Successive
trials can be made with a minimum transcription of numb.»ers from the
calculator to a table. A plot of the calculated V as 2 funetion of the as-
sumed V is of aid in making estimates for later tna%s. TI.Le nur‘nber. of
trials required depends on the experience of the engineer in estimating
values of V. o ] 1

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 computors 'ha.s stim-
ulated greater interest in flash calculations, particularly in solving reser-
voir equilibrium problems and multistage separato.r. problems. )

Rachford* has reported on a procedure which utilizes a form of the equi-
librium relation developed as follows:

2= L${ + VK,'I,‘ (4"83)
Ly;:
and 2= % + Vy:
Since L=1—-V
S . S
BT -V +1
_ Kz
YEER SV 41
and Zz;=Zy: =1

Therefore,

o Vv (K= D 8 480
Z (yi — &) = -ZI (Kz — DV +1 f(V,K;,Z,) 0 ( )

=1
" must be assumed, and trial caleulations performed. The correct value
of V makes the function f(V,K,2z;) = 0. For other than the correct value
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the graph of the function has the form shown in Fig. 482, The function
has the unique property of yielding negative values if V (assuined) is too
great and positive values if V (assumed) is too small. Trials can be made
by a.lways assuming V = 0.5 for the initial trial, then suecessively moving
to higher or lower values in a systematic fashion by successive halving of
the steps in the assumed valies. This procedure yields rapid €ORvergence
on the correct value.

Another procedure proposed by Holland and Davison® uses the following
form of the equilibrium relation:

g(L;Ki)zi) = (4:‘85)

m "
iZII—L(l—l/K;) ==

) In .this relation L is assumed and the function is calculated. If the fune-
tion is not equal to zero with the desired degree of accuracy, a new value
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of L is assumed and the caleulation repeated. A graph of the funetion is
§hown in Fig. 4-83. If, at the pressure selected, the selected temperature
1s greater than the dew-point temperature of the mixture, no sclution
fe:usts 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 curve represents the function i the pressure and
temperature conditions are truly in the two-phase region. In applying the
method, a value of 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:

gL K z:) 5
7 (LK:2)ia (4-86)

where g'(L,K,z.) ;. is the first derivative of g(L,K,2,};.; and is equal to

Lj =L, —

, X {1 = /KDe,
g (LKz) = 1:21 [1 — L1 — 1/K.)% (87

L, is the new assumed value of L, and L, is the previcus 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
is usually 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 he 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. It can be noted that a process using one
separator and a stock tank is a two-stage process unless the conditions of
pressure and temperature of the two are identical.

SBeparator caleculations are performed to determine the composition of
the produects, 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.

Example 4-15 presents a sample calculation 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 caleulating procedures
are presented in detail in the example. The ealculations are illustrated in
suitable form for the application of desk ealculators. Graphs for estimating
the value of ¥ to be used in additional trials after the first two trials are
illustrated in Figs. 4-85 and 4-86 for methods 4 and B, respectively. In
methed 4, V (assumed) is plotted for each calculated Zx.. The correct
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value of V corresponds to Iz, = 1. Therefore, the extrapolation of o eurve
through the caleulated points to the line Zx; = 1 yields a corrected estj-
mate of V. For method B, V (assumed) is plotted for each V (caIcula.t.ed),
The correct solution should. lie on a 45° Iine (slope of 1) which passes
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obtained from which the calculated values of y; do not sum to 1. This iz
because of miror discrepancies in the K values, and the error can be dis-
tributed uniformly over the composition of the vapor to yield corrected
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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 4 yields directly the values of T,
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.

y: = Ku;

Frequently, a satisfactory solution for the values of L, V, and z; will be

Za

Frc. 4-85. Solution of equilibrium ratio equations, Eq. (477}, for various assumed
gas fractions.

y: values, or they can be caleulated by y; = (2: — 2.0.)/V. For this reason,
if it is expected that the vapor phase composition is critical, the alternative
Zi

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 AP gravity of the stoek-tank
liquid, the gas-oil ratio, and the oil-formation volume factor. . The AP|
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 feet
per barrel of stock-tank oil. Gas is removed from each stage of the separa-
tion process so that the gas-oil 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 eubic 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 #, moles of feed enter the first stage, the moles of liquid entering
the second stage

Ne = Lml
and Ty = Lzﬂ.z = Lszﬂl
where n is the moles of feed and the subscripts refer to the stage. If the
third stage is the stock tank, then
oy = Layny = LiLloLom,
where n,.: is the moles of liquid remaining in the stock tank for n, moles
into the first separator. In general terms,

ki)
nue = [ Ls (4-88)

i=1

et

where m = number of stages
L; = mole fraction of liquid off ith stage
71 = moles of feed to first stage

If n, = 1, then
Ty = ]:[Li (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

ny = Vim
The moles of gas off the second stage
Ngz == Vzﬂg = VgL]_ﬂl
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and from the third stage,
Ry = Vang = VileLlumy
In general terms the total gas off all stages

Tgr = 2 Ngs = T E V,' ﬁ]:LJ = M1 — Ny (4:-90)
i=1

i=1 =l

Iin, =1, then
L
A=) V]l Ls (4-91)
=1 F=1

where 7i,r is the mole fraction of total gas in the feed, such that n, = 7, +
%r. The number of moles of gas ecan be readily converted to standard
cubie 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 = Tr Vo,

The volume of stock-tank oil per mole of feed can be caleulated from
the density and molecular weight of the stoek-tank oil as follows:

(Vi = Peille (4-92)
Pst
where (Vi)n = volume of stock-tank oil per mole of feed, bbl
M, = molecular weight of stock-tank oil
7ise = moles of stock-tank oil per mole of feed
pse = density of stock-tank oil at 60°F and atmospheric pres-
sure, 1b/bbl

The total gas-oil ratio is given by

ﬁaTVm ﬁﬂTVmpst
Br = W = i (&98)
where Rr 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, ean be caleulated from the
data obtained. The analysis of the feed can then be treated as the reser-
voir fluid, and its density caleulated by the method of Standing and Katz.

Let pre be the density of the feed in pounds per barrel. Then

(Voo = o= (+94)

Pres

where (V) is the volume oscupied 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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Vres)m Mrss 3
B, = Wradn _ Moo por (4-95)

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 caleulations to the determination of the
optimum first-stage separator pressure in a two-stage system (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

3386 600
Q P— 138

AN TN ]
\ s h

560 ‘V 132
540
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v
L

=
[¥1]
o

Formation volume factor
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=2 4805 26 30 80 80 100 120 140

First-stage separctor pressure.. psi

Fr1a. 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.

Eguilibrium, or “flash,” ealeulations can be used in many other applica-
tions. The appleations of the methods to calculating the performance of
Teservoirs containing eondensate 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 Faetor.

1) (2 3) “ (5) (6}
Mc‘wle fra(-:tion RELitive ik, Liqu_id_ Liquid
B in liquid Mole wt, Throle density volume
phase at 1b/mole? 2 X (3) at 60°F, cu f&/mole
15 psia, 40°F« 14.7 psia® (4) + (5)
C 0.00283 16.042 0.045399
[o 0.00947 30.068 0.284744
Cs 0.05768 44.094 2.543342 31.64 0.0803837
C. 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
Crs 0.76579 263¢ 201.402770 55.28 3.6433207
Total 1.60000 216.180616 4.0108304

& From Table 4-4.

2 From Example 4-15.
¢ Average of iso and normal.

¢ From Table 4-13.

wt of G5, 215.850

Density of Cyy = volof Cs, — 2011 = 53.817 Ib/eu ft
Wt % Cain Cs, = é%ﬁ X 100 = 0.132
Wt % C,in Cyp = 2?6??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 = 83.5 Ib/eu ft at 60°F and 15 psia

Specific gravity = 0.8588

API gravity = 33.26°

Separator GOR (gas-oil ratio) = (381—.‘2.'6%
E2 R Er ]

_ 380.69(.47904)(53.5)(5.61}
T 216.181(.52096)(.9789)

= 496.47 eu ft/bbl
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380.69V 50..(5.61)
mol wt 3T lig. X L.

_ 380.69(0.0211) (53.5)(5.61)
‘ ~ 216.181(.9789)

= 11.35 cu ft/bblL

separator GOR + stock-tank GOR
496.47 + 11.35 = 507.82 cu ft/bbl

Sample calculation of formation volume factor:

Stock-tank (3T) GOR =

Total GOR

i

_ bbl res lig/mole res lig _
Eom ST bbl/mole res liq (4-95)
M e

Pres

1221748
= 16.6(5.61)

216.181
53.5(5.61)

= 0.72027792 bbl/mole

Stock-tank bbl/mole res fluid = bbl/mole ST lig X EqLg ;/
= 0.720(0.52096)(0.9789)
= 0.367

Reservoir bbl/mole res liquid =

= 0.467

Stock-tank vol/mole stock-tank oil =

_ 0467
B, = 5ge7 = 12723

=]

TaBLE 4-17. EFFECT OF SEPARATOR PrEssures oN FLUID PROPERTIES

SePRRGOLDEESE, | 5 st o Fi/GE]
psias B
Stock-tank | . o
p . oil formation
Total | oil gravity,

1st stage | 20 SO8C | o ator | Stock tank sarl ?OI:n:f
AL {stock tank) eparator ock fan 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 39.9 496.3 33.58 1.265
135 15 368.1 135.7 503.8 33.12 1.276

¢ Beparator and stock-tank temperature, 40°F.
* Reservoir pressure, 3,614 psia; reservoir temperature, 200°F.
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