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QUALITATIVE PHASE BEHAVIOR

In this book we are concerned primarily about the application of energy to achieve desired goals. The
energy possessed by any substance depends on its phase. There are three different familiar phases ... solid,
liquid and gas (vapor). You have learned to identify them by sight.

A solid possesses a definite shape and is hard to the touch. It is composed of molecules with very low
energy that stay in one place even though they vibrate. There is space between these molecules so a solid is
not impenetrable.

A liquid has a definite volume but no definite shape. 1t will assume the shape of the container in
which it is placed but will not necessarily fill that container. The molecules of which the liquid is composed
possess more energy than in a solid; enough energy to move from place to place. By virtue of this energy
there is more space between molecules. So, a substance is less dense in the liquid form than in the solid
form.

A vapor has no definite volume or shape and will fill a container in which it is placed. The molecules
have more energy than in the liquid form, In fact, they are very active. Vapor density usually is lew enough
that one can see through a vapor. As might be expected, the density of a given substance is lower in the
vapor phase than in the liquid phase.

Qur primary concern is the difference in energy level between phases. If we wish to melt a solid to
form liquid we must add energy. If enough additional energy is added, the liquid can be vaporized.

We must know the phase or phases that exist at given conditions of pressure, volume and temperature
in order to ascertain the corresponding energy level. To do this, we separate substances into two classifica-
tions — pure substances (single component systems) and mixtures of substances {multi-component systems).

SINGLE COMPONENT SYSTEMS

The word component refers to the number of molecular or atomic species present in the substance. A
single component system is composed entirely of one kind of atoms or molecules. We often use the word
"pure" to describe a single component system.

Figure 4.1 is a typical phase diagram for a pure substance. It has three axes — P, V and T. It is
composed of a series of plane surfaces, each of which represents a given phase or a mixture of phases. We
are particularly interested in the two-phase planes:

BDHG - solid plus liguid, FGIJ — solid plus vapor, and an irregular-shaped plane HCI for the
liquid pius vapor. All of these planes are perpendicular to the temperature axis.
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Figure 41  P-V-T Diagram for a Single Component System

The liquid-only plane is the "cliff" to the left of plane HCI and adjacent to plane BDHG. The vapor-
only plane is the "slope" to the right of plane HCIL.

Although all planes are of interest, we are primarily concerned with plane HCI, the vapor-liquid region
of the phase diagram.

A three dimenstonal phase diagram like Figure 4.1 is awkward to use. So, we normally draw a projec-
tion of this diagram. Both P-T and P-V projections are important.

P-T Plot for a Pure Substance

Since all of the two-phase planes in Figure 4.1 are perpendicular to the T axis, they appear as single
lines in a P-T projection like Figure 4.2.

Lines HD, HC, and FH are the equilibrium lines — combinations of pressure and temperature at which
the adjoining phases are in equilibrium. At equilibrium one can change phase, at constant pressure and
temperature, by simply adding or removing energy from the system. Point H, the triple point, is the only
combination of pressure and temperature at which all three phases can exist together.

Along line FH no liquid phase is ever present and solid sublimes to vapor. The use of "dry ice” for
cooling is an example of this. Line HD} is the equilibrium line between solid and liguid. Ice water at 0°C
[32°F] and atmospheric pressure occurs on this line, Line HD can have a positive or negative slope depend-
ing on whether the liquid expands or contracts on freezing. The energy change occurring along line HD is
called the heaf of fusion. At any P and T along this line the system can be all solid, all liquid or a mixture of
the two depending on the energy level. This line’could be called the solid-liquid saturation or solid-liquid
equilibrium line.

80 VOLUME 1: THE BASIC PRINCIPLES




SINGLE COMPONENT SYSTEMS

v
I
I
|
I
!
i

T SUPERHEATED
VAPOR
OR GAS

LiQuiD

SOLID

PRESSURE ——»

VAPOR

¥~ TRIPLE POINT

TEMPERATURE —»

Figure 4.2 P-T Diagram for a Single Component System

Line HC is the saturation or equilibrium curve between vapor and liquid. It starts at the triple point
and terminates at the critical point "C." The pressure and temperature conditions at this latter point are
known as critical temperature (T,) and critical pressure (P.). At this point the properties of the liquid and
vapor phases become identical. For a pure substance the critical point can be defined as that point above
which liquid cannot exist as a unique separate phase. Above P; and T, the system is oftentimes referred to as
a dense fluid to distinguish it from normal vapor and liquid.

Line HC is often referred to as the vapor pressure curve. Such vapor pressure curves are available
from many sources. Line HC is also the bubblepoint and dewpoint curve for the pure substance (See Chapter
5.

In Figure 4.2, consider a process starting at pressure Py, and proceeding at constant pressure. From
"m" (o "n" the system is entirely solid. The system is all liquid for the segment o-b. At "b" the system is a
saturated liguid — any further addition of energy will cause vaporization at constant pressure and tempera-
ture. At "d,” the system is in the saturated vapor state. At temperatures above "d," it is a superheated
vapor.

Line HC is thus known by many names — equilibriam, saturated, bubblepoint, dewpoint and vapor
pressure. For a pure substance these words all mean the same thing.

At the pressure and temperature represented by HC the system may be all saturated liquid, all saturated
vapor or a mixture of vapor and liquid. The exact phase condition of the system depends on the energy level
at the P and T involved.

The rectangle "bfghd” illustrates another important phase property that is confirmed experimentally.
Suppose we place a liquid in a windowed cell at condition "b" and light it so it is easily visible. We then
increase pressure at constant temperature (isothermally). As we proceed toward point "f" the color will begin
to fade. At some point (as we blink our eyes) the color disappears completely. The cell now contains what
looks like a vapor, but no bubble of vapor was ever seen to form.

At "f" (above the critical) the system is in a fourth phase that cannot be described by the senses. It is
usually called dense phase fluid, or simply fluid. The word "fluid" refers to anything that will flow and
applies equally well to gas and liquid.
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This fluid at "f" looks like a gas but possesses different properties from regular gas found to the right
of line HC and below the critical pressure. It is denser than regular gas but is more compressible than a
regular liquid. Gas type correlations are used but must be modified to reflect the different behavior patterns
of this dense phase fluid.

From "f" one can proceed at constant pressure (isobaric) to "g," reduce pressure isothermally to "h,"
and then proceed isobarically to "d." One has gone from saturated liquid to saturated vapor without encoun-
tering any discernible change of phase.

One could go from "b" and "d" directly by just adding energy to the liquid at constant pressure. In the
cell you would observe bubbles of vapor forming and an interface would develop between gas and liquid. As
energy input continued the liquid level would fail until the liquid phase disappeared. No temperature change
would occur in going from "b" (saturated liquid) to "d" (saturated vapor).

Refer again to Figure 4.1. On the temperature axis you will note t.. If you follow this line it will go
through the critical point "c" and is tangent to the phase envelope HCI. The temperature lines between line
HC and CI inside the phase envelope occur at constant pressure. This is a basic characteristic of all such
diagrams for pure substances.

Figure 4.3 is a vapor pressure plot for light paraffin hydrocarbons. The lines shown are curve HC in
Figure 4.2. They have been straightened artificially by using an odd scale on the abscissa. Figure 4.4 is a
corresponding vapor pressure chart for paraffins based on their normal boiling point.(4'1 )
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Figure 43  Vapor Pressure Chart for Paraffin Hydrocarbons
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Figure 4.4  Vapor Pressure Chart for Normal Paraffin Hydrocarbons Based on Normal Boil-
ing Point

Although the true vapor pressure curve of a pure component must terminate at its critical point, the
line often is extrapolated above that point in the calculation of mixture properties. This pseudo value may be
used to estimate the contribution of that molecular species to total mixture properties.

MULTI-COMPONENT SYSTEMS

For a multi-component system, another variable must be added to the phase diagram — composition.
The location of the lines on a phase diagram depends on composition.

For a pure substance phase envelope HCI is a plane surface parallel to the temperature axis. For a
multi-component mixture of substances this phase envelope is not a plane; it has thickness, somewhat like
your tongue. Composition is the variable that reflects this thickness. If you replace specific volume in Figure
4.1 by composition and then make a pressure-temperature projection of the solid diagram, you obtain a figure
like 4.5. The location of the lines in Figure 4.5 thus varies with composition. This figure is a projection
showing only the liquid-vapor portion of the total phase diagram.

There are several terms used to define the location of various points on the phase envelope.
Cricondenbar — maximum pressure at which liquid and vapor may exist (Point N).

Cricondentherm — maximum temperature at which liquid and vapor may coexist in equilibrium
(Point M).
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Figure 4.5 Typical Phase Diagram for a Multi-Component Mixture

Retrograde Region — that area inside phase envelope where condensation of liquid occurs by
lowering pressure or increasing temperature (opposite of normal behavior).

Quality Lines — those lines showing constant percentages which intersect at the critical point (C)
and are essentially paralle] to the bubblepoint and dewpoint curves. The bubblepoint curve rep-
resents 0% vapor and the dewpoint curve 100% vapor.

Line ABDE represents a typical isothermal retrograde condensation process occurring in a condensate
reservoir. Point A represents the single phase fluid outside the phase envelope. As pressure is lowered, Point
B is reached where condensation begins. As pressure is lowered further, more liquid forms because of the
change in the slope of the quality lines. The retrograde area is governed by the inflection points of such
lines. As the process continues outside the retrograde area, less and less liquid forms until the dewpoint is
reached (Point E). Below E no liquid forms.

In my experience the critical point has always occurred to the left of the cricondenbar for naturally
occurring hydrocarbon gas mixtures. 1t is not, however, necessarily in the position shown. Tt may be further
down on the phase curve or closer to the cricondenbar. Location of "C" is most important, for it fixes the
shape of the quality lines which in turn governs the vapor-liquid ratio at a given temperature and pressure
within the phase envelope.

As shown later in Figure 4.6, the critical point may occur to the right of the cricondenbar. If so, there
will be two retrograde regions. But, Figure 4.5 is representative of most systems encountered in produc-
tion/processing operations.

Note that the pseudocritical values calculated in Chapter 3 are not point "C" on Figure 4.5 except by
coincidence. Calculation of the true critical values is discussed later in this chapter.

Effect of Composition

Figure 4.6 for the methane-propane binary system shows the effect of composition on the shape and
location of the phase envelope. Two of the lines are the vapor pressure curves for methane and propane,
which terminate at their critical point.

Three phase envelopes are shown for three different compositions of methane and propane. This illus-
trates the fact that the shape and location of the phase cnvelope depend on composition.
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Figure 4.6 Effect of Composition on
Phase Envelope, Methane- Figure 4.7  Location of Critical Loci for
Propane Binary Several Binary Systems

The dashed line is the line drawn tangent to all possible phase envelopes or methane-prepane binaries
at the critical point on each curve. It is called the critical locus. 1t starts at the critical point of methane and
ends at the critical point of propane. From the shape of this curve one can deduce that the critical point
location on each phase envelope varies with composition.

Figure 4.7 shows the critical loci for a number of common binary mixtures. This behavior of binaries
is the basis for the convergence pressure concept used for multi-component mixtures discussed in more detail
in Chapter 5. For mixtures of over two components there is more than one critical locus. Thus, convergence
pressure is merely a correlation device rather than an exact representation of phase behavior.

Figure 4.6 and 4.7 show that composition has a significant effect on shape and location of the phase
envelope, This means that a reliable, representative analysis is important to obtain reliable phase behavior
predictions. The accurate prediction of bubble and dewpoint conditions may be critical to design and/or
operation. The accuracy of liquid recovery predictions depends on the corresponding quality of the phase
data. Chapter 5 will clarify the calculations.

Effect of C7+ Characterization

As previously discussed, the analysis and/or characterization of the Cg+ or Co+ fraction in a natural
gas mixture is not routine, yet has a significant effect on the shape of the phase envelope. This is illustrated
for one gas in Figure 4.8.

Figure 4.8 presents phase envelopes for 4 different characterizations of the Cg+ fraction — Cq, Co, Cy;
and full characterization based on a distillation analysis.

Special gas chromatographic techniques can identify individual components through about Cg-C;q
(See Chapter 1) This is called an extended analysis. If the phase behavior of the gas has a significant effect
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Figure 4.8 Effect of Ce+ Characterization on Phase Envelope for Non-Associated Gas

on the system design it is highly recommended that an extended analysis be performed. If an extended
analysis is not available, predictive characterization techniques may be used . Several of these are summa-
rized in Chapter 5.

For lean natural gases the C++ characterization has a dramatic effect on the dewpoint line. The effect
on the location of quality lines is much less significant.

Effect of Impurities

Hydrocarbons are frequently produced with non-hydrocarbon impurities. The most common include
water, carbon dioxide, hydrogen sulfide and nitrogen. Since water has a low vapor pressure and is virtually
immiscible in the hydrocarbon liquid phase, it does not have a significant effect on the shape of the hydrocar-
bon phase envelope except at high temperatures and low pressures.

The effect of CO,, H,S and N is shown in Figure 4.9. Both CO, and H,S lower the cricondenbar of
the mixture, If sufficient quantities of the CO, and H,S components are added to a reservoir fluid and the
reservoir pressure is kept above the phase envelope, a single dense fluid phase exists. Although the actual
mechanism is more complex, it is this solubility that is the primary driving force behind miscible flood
enhanced oil recovery projects. NGL components such as ethane, propane and butane have a similar effect.

Nitrogen, on the other hand, raises the cricondenbar and decreases miscibility, It is typically used for
pressure maintenance.
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Figure 4.9  Effect of CO2, H2S, and N2 on Natural Gas Phase Envelope

APPLICATION OF PHASE ENVELOPES

Proper analysis of many petrcleum problems requires knowledge about at least a portion of the phase
envelope. Several examples are summarized to illustrate some of these applications.

Reservoir Behavior

The reservoir is the "warehouse" from which we withdraw fluid for production and processing opera-
tions. Knowledge about the behavior of this fluid is critical if we are to proceed intelligently.

In Figure 4.10 four different kinds of reservoirs are shown. Points 1, 2, 3 and 4 represent the initial
bottom hole pressure. The vertical line from these points represents reservoir pressure decline at constant
temperature. The curved line represents pressure and temperature changes that occur in the wellbore. Point
"w" represents wellhead conditions.

Reservoir (1) is called a black oil reservoir. Its ternperature is less than the critical temperature. The
reservoir, as shown, is undersaturated. No gas will form in the reservoir until the pressure reaches the bub-
blepoint, at which point it becomes saturated; as shown, gas would form in the wellbore, however.

Reservoir (2) is usually called a volatile oil reservoir. Tt also occurs to the left of the critical tempera-
ture. But, the gas-oil ratio is higher than for a black oil reservoir. The oil may be lighter in color but color is
not a reliable indicator of the reservoir type. Once again, no gas forms in the reservoir until the bubblepoint
pressure is attained, even though gas forms in the wellbore as shown.
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Figure 4.10  Use of Phase Envelopes in Reservoir Prediction

A reservoir whose temperature is between that of the critical and the cricondentherm is a gas-conden-
sate reservoir. As it declines in pressure to the dewpoint, liquid forms in the reservoir. Said liquid will not
flow to the wellbore until it reaches a critical saturation in the pore space. Most of this liquid will come from
the heaviest ends in the dense phase fluid. At the dewpoint, the gas composition in the wellbore might
change. The flow rate might also change if non-flowing liquid partially blocks gas flow.

As the pressure declines below the dewpoint, liquid formation increases so long as the pressure is in
the retrograde region. Below this region some revaporization occurs.

Reservoir (4) is a true gas reservoir. It occurs at a temperature above the cricondentherm. No liquid
can form in the reservoir at any pressure. 1f the wellhead conditions are inside the phase envelope, however,
some liquid will form in the wellbore and appear at the surface. So ... once again ... you cannot tell what the
reservoir is doing by what you observe at the surface.

In Figure 4.10 the one phase envelope has been used to describe several different types of reservoirs.
In actual practice the phase envelopes for each reservoir are different. This is illustrated in Figure 4.11.

DRY GAS C C = CRITICAL POINT
GAS CONDENSATE

LIGHT OIL

HEAVY OIL

Pressure

Temperature

Figure 4.11  Characteristic Phase Envelopes for Four Reservoirs
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For a black oil reservoir about all one needs is a section of the bubblepoint curve. For reservoirs that
might be volatile oil, gas condensate or gas, what do you need? The upper section of the phase curve, the
critical, the cricondenbar and cricondentherm may be necessary. One of the most common mistakes is failure
to obtain good reservoir fluid samples and then determine the phase behavior characteristics of said sample.
Such failure requires one to make a series of unnecessary "guesses” that may prove to be very expensive.

Pumping Liquids

We often pump commercially pure liquids
like ethane and propane at their bubble point. It is
important that no vapor form in the pump suction
to prevent cavitation. Point A in Figure 4,12 repre-
sents the condition in the storage tank (saturated).
Point B represents the pressure at the pump inlet
due to the head of liquid in the suction piping.
Point C represents the pressure inside the pump
suction element.

Pressure drop B-C occurs in the pump suc-
tion. Point C must be above the saturation curve to
prevent cavitation. If the head A-B is not greater
than pressure drop B-C, cavitation will occur.

High Pressure Pipelines

PRESSURE

Liquid

B Vapor

Vapor Pressure
Curve

TEMPERATURE

Figure 412 Phase Diagrams and Pumping

At least a portion of the phase curve must be known in the pipelining of gas.

Consider Figure 4.13. Suppose the solid
line represents the phase curve of the gas entering
the pipeline and Points I and J represent the inlet
and outlet conditions of that line. When line I-J
crosses the dewpoint curve, liquid will begin to
condense in the line. From that point on, two-
phase flow exists.

Liquid can be prevented by removing
enough of the heavy ends to change the shape and
position of the phase curve. Suppose in our exam-
ple that the composition is changed enough so that
the dashed line results. No liguid will form in the
pipeline because the dewpoint curve is not crossed.
Any liquid present would be due to separator liquid
carryover or a composition different from the one
used to construct the phase curve.

Pressure

Temperature

Figure 4.13 High Pressure Pipelines

Line M-N is a different situation. This represents operation of a pipeline in the dense fluid region.
This is frequently done to avoid liquid condensation in the line and the associated problems of designing and
operating a two-phase system. There are two very pertinent questions: (1) Will line M-N intersect the phase
envelope and liquid form? (2) Will Point N end up below the cricondenbar, to the left of the phase curve, so
that the line will have more nearly liquid characteristics than those of a dense phase fluid at its discharge end?

To answer these questions requires a good analysis and a reliable phase curve (preferably from a
laboratory determination). If separation has occurred between the wellhead and the line, the analysis entering
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the line must be used to construct the phase curve. The phase curve is very sensitive to composition. One
only has to look at Figure 4.8 to be reminded of this fact.

Refrigeration Processes

Refrigeration is frequently used to cool a gas in order to meet a hydrocarbon dewpoint specification.
When the refrigeration takes place at high pressure, it is very important to have an accurate description of the
phase behavior. Figure 4.14 shows the phase envelope for a lean gas typical of that found in the southern
North Sea or Gulf of Mexico. The cricondentherm of this gas is 30°C [86°F] and occurs at a pressure of
3000 kPa [435 pstia).

11000 ] T I }
— ~ ; Po=— Hslsdrocarbon |
} int T
10000 - \\ Specifig;?oor:n(-a"o):
7 1
9000 MY
w4 H
8000 ;’ = \ Feed Gas
7 \\ 8 ‘\
7000 [7 > I \
. £ \ |
o a Processed“ ¢ “\
>3 b Y P
" 6000 ] Gas \—] \.“I
5 7 4 | \
2 5000 4 = \
@ 1 \
0. 7 | 9 )
4000 A Y
3000 y
Y4 f |
2000 - / 2
H y &
. y 4 y 4
1000 = a
il II : Il
0 1
-150 -100 -50 0 50

Temperature, °C

Figure 4.14  Effect of Pressure on Dewpoint Control Processing Temperatures

Assume that this gas is to be processed in a mechanical refrigeration plant to meet a hydrocarbon
dewpoint specification of -3°C [27°F]. If the processing pressure is 3000 kPa [435 psia], the gas must be
cooled to at least —3°C {27°F] to meet the dewpoint specification. However,

P kP T °C if the processing pressure is 7500 kPa [1088 psia), the gas must now be
22 - cooled to —25°C [-13°F]. The following shows the processing temperature
3000 -3.0 required to meet the dewpoint specification at various process temperatures,
2000 72 Above about 8000 kPa [1160 psia] this gas could not be processed in
7000 -19.4 a mechanical refrigeration plant to meet the hydrocarbon dewpoint specifi-
7500 -25.1 cation. In order to meet the specification an expansion process (valve or
7900 340 expander) or an adsorption process must be used.
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Operation Near the Critical Region

In some cases, having an accurate phase envelope is not good enough; you also need a reliable, true
critical point. The pseudocritical found from PVT models are seldom reliable. This may be illustrated by the
guality lines discussed previously. If, in Figure 4.15,
the critical is at C| the 20% and 80% quality lines
might be as shown. Suppose, instead, that the true
critical is at C,. Notice the possible change in the lo-
cation of the same quality lines. If the operating pres-
sure is much less than C,, the error in the amount of
liquid predicted will be relatively small.

However, if the operating pressure falls be-
tween C; and C;, the error can be significant — having
a profound effect on system design and/or operation.
In general, operation near the critical point should be
avoided. Common sense dictates that if the system is
difficult to model it will be difficulat to operate and ° 20 80 100
control. If near-critical operation is unavoidable, the
process design should reflect the uncretainties in-
volved. the most common examples of potential near-

critical operation are low temperature expander plants Figure 4.15  Refrigeration Processes
and de-ethanizers.

Pressure

Temperature

Practical Suggestions

The above are merely examples of typical problems that have arisen. One could cite many others.
Failure to handle phase behavior in a workmanlike, professional manner has proven, and will continue to
prove, very expensive for the petroleum industry. The cost of obtaining good data is usually trivial compared
to the economic benefits obtained.

There are some good guidelines that should be followed:

1. Obtain good samples using experienced samplers.
2. Handle the sampies carefully.

3. Analyze the samples in a proven laboratory.

4

. Develop all, or that portion needed, of the phase curve. Above about 14 MPa [2000 psi]
calculated points ate suspect no matter how big the computer or how complex the program.
The results should be regarded as estimates only. If an estimate is good enough, fine. If not,
g0 to a reliable laboratory. In many cases a few laboratory points supplemented by calcula-
tions will suffice.

GIBBS PHASE RULE

One of the applications of phase behavior is to control the state of the system. In many applications
the phase rule is useful. It is written:

F+P=C+2 4.0
Where: F = number of degrees of freedom which a system possesses
P = number of phases in the system
C = number of components or chemical compounds in the system
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The degrees of freedom refer to the variables necessary to fix the phase state of the system. One or
more of the following variables are commonly used: pressure, temperature, volume, and total or partial
composition of the one or more phases present.

Consider the single component system shown in Figure 4.2. The number of components equals one.
Therefore, F + P = 3. Along line HC (Figure 4.2), if we have two phases in equilibrium, P = 2,and F = |,
Therefore, specification of either pressure or temperature would be sufficient to fix the system state. At point
"h” only one phase is present (P = 1) and F = 2. Therefore, knowledge of both pressure and temperature
would be necessary to fix the state of the system (exact location of point "h" on phase diagram).

At the triple point (pure component) there are three phases present, so P = 3. Since C = I, F = 0 from
Equation 4.1. This means that once you say "wiple point” you have completely defined the system since
there is only one triple point.

‘The number of phases present is not necessarily limited to three. There can be only one gas phase but
there can be more than one liquid and solid phase.

Suppose you have a system containing gas, liquid hydrocarbon, liquid water, ice and hydrate. The two
liquid phases are immiscible and possess different properties. Ice and hydrate are both solids and rather white
in color, but they possess different physical characteristics and properties. So ... how many phases are pre-
sent? Five!

A phase is any entity within the system that contains separately identifiable behavior and properties.

A miscible mixture is made up of molecules possessing different properties, but we cannot measure
these separately in the mixture state. So ... this mixture is only one phase.

'The number of components used in Equation 4.1 depends on how much we know about the system, or
need to know, for the application involved. If we are dealing with an equation or correlation where composi-
tion is not important, we can handle any phase as one component; simply as gas, liquid or solid. If composi-
tion is important we can handle each component in the system as a phase rule component.

Example 4.1: Suppose we have a system for which nine components are analyzed (C; - C7+); "C" in
Equation 4.1 will be 9. Suppose further that we have a two phase system (liquid-va-
por).

F+2=96+2 , F=9

We must fix nine variables to fix the state of the system. How many independent variables do we
have to work with? We have eight independent component compositions (the ninth is fixed by differ-
ence and therefore is not independent), pressure and temperature, to name the obvious ones. If we fix
any nine of these ten, the state of the system is fixed.

The Gibbs Phase Rule is a factor in the design of controls for systems. A common problem is excess
control. When there are more controls than needed they fight each other and system stability suffers. Sup-
pose one is using pure propane in a refrigeration chiller. Line HC in Figure 4.2 represents the P-T relation-
ship. From Equation 4.1, F = 1. So, control of pressure fixes a point on line HC which in turn fixes
temperature; fixing temperature through control likewise fixes pressure. Control of both P and T is not
needed.

Degrees of freedom (F) will be some number greater than unity everywhere on a phase curve except
along the phase boundary lines. Unless the control systemn is compatible with the phase behavior and Gibbs
Phase Rule, it will not be entirely satisfactory.
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PREDICTION OF PHASE ENVELOPE

The location of the bubblepoint and dewpoint lines may be calculated using the methods of Chapter 5.
For most naturally occurring systems above about 14 MPa [2000 psia], the validity of the standard calculation
becomes questionable. If the location of the curve at high pressure is very important — and if a reliable fluid
sample is obtainable — a laboratory determination of at least selected parts of this curve is recommended.

However, there are circumstances where the calculation of all or part of the upper phase curve may be
satisfactory. References 4.2 on, at the end of this chapter, provide further details.

Estimation of the critical, cricondentherm and cricondenbar points is particularly important.

Cricondentherm and Cricondenbar T and P

Grieves and Thodos have prepared correlations for these points based on 123 binary and 15 multi-com-
ponent mixtures.**#*? For the systems tested, the agreement between predicted and measured values was
very satisfactory. The prediction of temperature is better than pressure. The maximum is less than 5%,
whereas the maximum pressure deviation was around 13%.

These correlations are useful in conjunction with vapor-liquid equilibrium (VLE) calculations and criti-
cal point predictions. Usually in all of these it may be possible to construct a phase curve (or portion thereof)
that is useful for at least planning purposes. This may be the case in the early stages of development when
good fluid samples are not yet available. Sometimes the only samples are from drill-stem tests or nonpro-
duced exploratory wells, which taints the validity of the laboratory results. Some calculated cricondentherm
and cricondenbar numbers may prove helpful, for they denote the maximum T and P of any phase curve.

Critical Pressure and Temperature

The prediction of the location of the critical point is difficult. The most reliable way remains a labora-
tory study of a reliable sample. But, there are many circumstances where a calculated number may be suitable.

Based on an empirical fit of 25 natural gas systems possessing a molecular weight less than 30, the
following equation has been developed.

TJ/T.” = 1.0 +(0.03)(M gas — 16) 4.2)
Where: T. = actual critical temperature
T.” = pseudocritical temperature from Kay’s Rule (Chapter 3)

For the samples tested the error was less than plus or minus 5%.

A more accurate method'*” uses the equation
Tewn = 291 T, 43)
Where: T, = critical temperature of mixture
T, = critical temperature of each component
¢, = critical volume fraction as defined in Equation 4.4
Yi vci
9 =g (4.4)
2 ¥i "’(:-l
Where: y; = mol fraction
v, = critical volume of each component
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A similar method®% has been proposed which employs third parameters and more complex mixing
rules, but the increased accuracy is marginal.

No simple, satisfactory correlation has been found for critical pressure. References 4.6, 4.7, and 4.8
outline some methods available.

One problem is prediction of the critical values for the hydrocarbon fractions heavier than hexane
shown in analyses. Correlations based on the mean boiling point of the fraction, as found from distillation
test, have proven usefut (4% 49

Simon and YarboroughMJ % present a correlation for predicting critical pressure based on 14 gas-sol-
vent reservoir systems using composition and the heptanes plus fraction molecular weight and charac-
terization factor as parameters. A total of 37 other systems shown in the literature were tested. The average
deviation was about 5%.

Whitson(* !/ has proposed a series of generalized equations for property prediction, including critical
valuﬁ Ifgr heavier fractions such as heptanes plus. The following equations were proposed that used earlier
data.™

The value of Ty, in Equations 4.5 and 4.6 may be found from a distillation analysis or from a mixing

rule.
b [
P. = a(Ty) (V) (4.5)
Metric English
Where: Ty, = average boiling point K °R
vy = relative density - -
P, = critical pressure kPa psia
a = empirical constant 5.53 x 10° 3.12 x 10°
b = empirical constant -2.31
¢ = empirical constant 2.32
Equation 4.5 applies for any liquid having a boiling point less than 472 K [850°R].
Te = a(Ty)® (1)° (4.6)
Metric | English
Where: T, = critical temperature K °R
a = empirical constant 19.1 24.3
b = empirical constant 0.59
¢ = empirical constant 0.36
y = relative density -

It is recommended that references like those cited immediately above be used with caution and only by
those very familiar with phase behavior. They are shown to illustrate the type of simple, manual correlations

available.

Equations of state provide the most accurate and consistent methods of predicting critical properties.

However, even these methods provide an approximation only.
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VAPOR-LIQUID EQUILIBRIUM
BEHAVIOR

Many production/processing operations involve control of the phases present. Selected components must be
vaporized or condensed to achieve specified goals. For a given mixture fluid composition the phase envelope
defines the vapor, liquid and two-phase regions. Determination of the bubble and dewpoint curves fixes the
extent of the two-phase region. Within this region it is necessary to predict vapor-liquid ratio and the compo-
sition of both phases. The latter involves the concept of equilibrium.

"Equilibrium" is the word commonly used to describe a state wherein the passage of further time will
have no effect on system behavior. In a flow system, the rate is independent of time. In a phase behavior
context, the composition of the vapor and liquid in contact will remain constant with time.

It takes time for two phases to reach equilibrium. In a typical hydrocarbon system up to several
minutes of contact is required. Since a well-designed separator will have a vapor-liquid contact time of this
magnitude it is assumed normally that a separator should be calculated as an equilibrium process.

In absorption and fractionation calculations no true equilibrivm exists because the vapor and liquid are
not in contact long enough to achieve it. The assumption of equilibrium (made for convenience) must be
corrected by an efficiency factor.

The concept of equilibrium in a two phase system does not mean that the system is static. There is
still a continuous transfer of molecules between phases. The rate of vaporization and condensation of all
molecular species is equal. Thus, no net change in composition occurs.

EQUILIBRIUM VAPORIZATION RATIO

It is convenient to represent equilibrium with an equilibrium vaporization ratio, K. This is defined by

Yi

X

Ki=

Values of z;, x; and y; are specified or found from sampling and the resultant analyses. Values of F, V
and 1. are specified or measured (for an existing system). The detailed procedure for using this balance will
be discussed in a later section.
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This K; may be incorporated into a material balance around a separator, where:
V. y »
z; = mol fraction of any component in total feed stream to separation vessel
¥i = mol fraction of any component in the vapor phase
x; = mol fraction of any component in the liquid phase
o e, Ki = equilibrium vaporization ratio (equilibrium constant) = yy/x;
- F = total mols of feed

| Lx V = total mols of vapor

L = total mols of liquid

Partial Pressure Concept

At pressures up to about 400 kPa [60 psia), where ideal gas concepts apply, vapor pressure may be
used to find equilibrium behavior.

N At equilibrium, the rate of vaporization of all components must equal the rate of
condensation so that no change occurs in vapor or liquid composition. For this to occur,
the driving force in both directions must be equal. This driving force may be represented
by a partial pressure (pp).

pp (vapor phase) = P y;
— —}- pp (liquid phase) = Pvi X;
il Where: P, = vapor pressure of any component at the P and T of separation
P,
At equilibrium, Pyj=P,x , or K= Pl (5.1

Equation 5.1 applies anywhere within the phase envelope. It does not apply for the liquid water phase
in a hydrocarbon system since water is essentially immiscible with liquid hydrocarbons. (Chapter 6 will
discuss this in detail.) Equilibrium calculations on the hydrocarbon portion of the system are not influenced
to a measurable degree by the presence of water except at low pressures and high temperatures.

Equation 5.1 is also the best and most convenient way to find K at pressure approaching atmospheric.
P, may be found from vapor pressure data and simply divided by total absolute pressure P. Also, the values
obtained are more reliable than other methods of obtaining K discussed in later sections, since these often-
times fail to converge properly at low pressures.

Fugacity Derived K Values

The term fugacity (f) is a conceptual term related to free energy and other basic thermodynamic con-
cepts. It has the units of pressure. Since it is one way to correct for nonideal behavior, and may be related to
compressibility factor Z, it is sometimes referred to as a "corrected pressure.” Some correlations are devel-
oped using fugacity coefficient (f/P), a convenient dimensionless term.

The partial pressure concept can be extended to about 3.5 MPa [500 psia] by using fugacity as a
representation of driving force. At a given equilibrium pressure and temperature,

: £
K, = 2= - (5.2)
X; f;’
Where: fi = fugacity of component "i" in the pure liquid state
ff*v = fugacity of companent "i" in the pure vapor state
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According to the law of ideal solutions (not to be confused with the ideal gas laws)

f: = f?L Xi and fi

L

= f} ¥i (5.3)

v v

Where: fl\

D= fugacity of component "i"” in the liquid mixture

f,‘V = fugacity of component “i" in the vapor mixture

At equilibrium, f, = f;;, because of the necessary free energy relationship. From Equation 5.3,
fLx; = fovyi and yiix; = fU/f, = K.
Computer Solutions for K

Today the majority of the calculations utilizing K are made on computers. In general, determination of
K values follows one of the two methods below:

1. Equation of State Method

As previously indicated, fugacity is a thermodynamic property which is related mathematically to P, V
& T. For convenience, fugacity coefficients, ¢, are frequently used where @; = f;/y;P

i
P,

@ equﬂibnum fi = fl 50 I(1 =

Fugacity coefficients can be calculated from Equation 5.4 where the P, V, T relationships are provided
by an Equation of State (PR, SRK, BWRS, etc.).

1 = [(sp RT
InQ = — LS S eV -mz 54
n9 = RT IV[[S“lvﬂ v} n (5.4)
5’j

This is the most common method of determining K values for hydrocarbon mixtures. Why don’t
different programs yield the same K values?

First of all, the calculation involves solving P-V-T equations of state, which in turn requires the use of
combination rules. As with Z, H, S and other quantities, there is no one correlation that fits all systems
equally well. A given approach is the result of fitting data for a specified system empirically.

So long as the molecules involved are similar, the problem of fitting is relatively routine. Predicted
values for the normal paraffins ethane through decane are usually quite reliable. Methane poses a problem
because of its high vapor pressure and unusual behavior in the liquid phase. Nitrogen poses a similar prob-
lem. One can likewise correlate values for the aromatics. Hydrogen sulfide, water and carbon dioxide act
differently from hydrocarbons because of their polarity.

If one has a mixture containing many, or all, of the above components, the behavior is rather complex.
As noted in Chapter 3 for other properties, special correlations or computer subroutines are necessary for
some mixtures.

2. Activity Coefficients

Equation of state methods generally do a reasonably good job of determining vapor phase fugacities.
The liquid phase is much more difficult, especially when the liquid contains dissimilar molecules. Polar
molecules like H,S, H,0, alcohols and glycol are not easily handled. In situations like these the liquid phase
fugacity is calculated from Equation 5.5.
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fi, = f % (5.5)
where the activity coefficient, ¥, is an empirically determined correction factor.

The activity coefficient ('yiL) approaches unity as the concentration of any component approaches

100%. It is expressible by the Margules, van Laar, Wilson or Renon type equations. Standard thermodynam-
ics may be used to relate the effect of temperature and pressure on activity coefficient. The effect of COmMpo-
sition is not so easy. The Hildebrand equations may be used to estimate activity coefficients with satisfactory
accuracy for nonpolar mixtures. The K value is then determined from Equation 5.6.

¥i i 11
Ki=—= 5.0
e (5.6)

The Chao Seader method is an example of a K value correlation which utilizes activity coefficients.

Stated simply, there is no one, magic correlation or program that works equally well for all mixtures.
The choice of program must be made by one who has experience with the use of a given calculation and
knows the kind of fit to be expected so adjustments can be made. This is not an area for an "amateur” even
though he knows how to use the computer and can obtain a printout. Most problems resulting from the use
of K values result more from the persons developing and using them than from the weaknesses of the calcula-
tions themselves.

A K value is a function of pressure, temperature and composition. Of the two phases present, liquid
composition is the most critical. One difference between correlations is the method chosen to find the coeffi-
cients used to characterize the liquid phase.

Those who specialize in the K value area generally have a favorite method (often theirs) which they
promote with all the fervor of a religious zealot. The net result is a somewhat chaotic series of claims that
might confuse more than help. There is only one true criterion for evaluating K values. How well do they
check the performance of equipment designed from them? Once the equipment is operating, get some actual
values. Compare them with the correlation used. Use this information to modify the correlation or to de-
velop alternatives. A sound set of values used in this manner will produce useful, consistent results.

K Value Plots

The K value of any component depends on pressure, temperature and the composition of the total fluid
involved. Traditionally, many plots of log K versus P and T have been proposed. The effect of composition
may be ignored by making the plot for a specific group of components. Up to a pressure of about 6.9 MPa
[1000 psia] the effect of composition on K usually is not critical although it may affect methane significantly.

Two sets of K values are summarized in two appendixes at the end of this chapter. Appendix 5A is a
series of computer-generated charts using SRK equations. The values shown are useful particu]arl;r for the
calculation of systems discussed in this book wherein liquid is being condensed from gas systems.(ﬂ

Appendix 5B is based on data obtained from field tests and correlations on oil-gas separators.(5‘2) The
data set was based on over 3000 values. This correlation has been used often for oil separation calculations.

The values in Appendix 5A will be used in all examples in this book to achieve internal consistency.
These values also are a printout of the K value program developed for use with this book.

Convergence Pressure Concept

Almost all current applications of K values involve calculations made on a programmable calculator or
a computer. But, charts still are available which use convergence pressure (Py) as a parameter to represent
compositional effects. Thus, this brief summary of the concept involved.
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Figure 4.7 contained a series of lines which !
were the loci of the critical points of ail possible Temperature ]
analyses of a given binary mixture. The location of
these lines depended on the components making up
this binary, since they were drawn between the critical T I O
points of said components. The concept of conver- 6”«3&2}_’\ AN
gence pressure was based on this binary behavior. ~N§\\\\\\\\
References 5.3-5.8 present methods for using the con- -’1\%"4,‘.;. \\\ \\\
vergence pressure concept. 1 &Z?“ X N 1
Figure 5.1 is a plot of log K vs. log P (at con- K %_I% ja
stant temperature) for four different mixtures where > e S5
methane is the lightest component and normal decane N \K>
the heaviest.”>) The curve shape is typical of K value ',’\"‘5:,,0 \ ~ A V/
plots. The curves for propane and heavier have a '-% R \;\ L ;*/—//ﬂ'}‘ﬁn
negative slope with increasing pressure until they AN - W/ A/
reach an inflection point after which they have a steep \\\\_‘% / 7
ositive slope. ! T~
p P i ‘\\iﬂ_l 7 / |

As shown, the position of the curves changes S -
with composition. PFor any one composition the curves Pressure ——
converge at K = 1.0. The pressure of this convergence
is called convergence pressure. As shown in Figure
5.1, it varies with composition. If the temperature at
which the curves were plotted was the critical tem-
perature, the convergence point would be the critical pressure. At critical conditions K = 1.0 for all compo-
nents. However, at any other temperature convergence pressure is not on the phase curve; it merely is a
correlating number.

Effect of Composition on K
Values

Figure 5.1

. . . . 0
Figure 5.2 is a convenient way to estimate con- Temperature, C

vergence pressure for a hydrocarbon mixture contain- 0 : 50 : 100 i 150 : 200 1 250
ing methane as the lightest component. It is included 20000 ] I ' ! '
for the convenience of those readers who might have . !

1 3 160 1 M”"'tk !
occasion to estimate such a number for a manual cal- 10000 LIRS 52 pr g T ——
culation 8000 720 o S LI

’ 6000 o ~
. . T —
Notice in Figure 5.1 that the slope of the K 4000 20— T
. . ] 82 g P .. b
value curves is very steep to the right of the slope = | \'\
change inflection point. In this section it is difficult (if 2000 ST
not impractical) to read accurate values of K. For this £ \\\\
reason, this type of correlation should not be used %‘000 A
. ae . 800
where P is within about 7 MPa [1000 psi] of the con- & o0
vergence pressure. Above a P of about 14 MPa [2000 ”
psi] such correlations have limited utility. Divide pressure in psia by __
145 to obtain MPa.
. . 200 L 4
K Values for Heaviest Fraction |
When one is using a K value plot or table of 100 T e R R
values, an extrapolation may be necessary to find 2 K Temperature, °F
for the heaviest fraction. As shown in Appendix 5B,
the mean average boiling point of the fraction may be Figure 5.2  Estimation of Convergence

used. This fraction may vary from pentanes plus to

. Pressure from Heptanes
nonane plus depending on the system.

Plus
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It usually is satisfactory to use the heptanes plus fraction for gases separated from crude oil at, or near,
ambient temperatures. With the molecular weight and specific gravity of this fraction one can predict gas
behavior very satisfactorily.

For gas condensate and crude oil systems, the nonanes plus fraction is very desirable for the heaviest
fraction is usually a significant part of the total stream. In specifying the analysis of a sample from these
streams, you should require an analysis through not less than nonanes plus and a boiling point curve on this
heaviest fraction.

What do you do if you already have an analysis for a crude oil system and it goes only through
heptanes plus? Several techniques have been proposed for creating a pseudo analysis of this fraction to better
- (5.10:5.14) . L e
predict K values. The simplest approach assumes a logarithmic probability distribution of heavy
molecules and that nothing but normal paraffins are present.

For systems handling reservoir produced fluids, compounds other than paraffins are present. A normal
chromatographic analysis does not reflect this fact. Most of the aromatics, napthenes and the like will be
shown as n-hexane or heavier. So ... in many cases we also recommend more than an ordinary chroma-
tographic analysis be run to identify the type and quantity of nonparaffins. This is important knowledge.

For many calculations it is sufficient to predict a single value of K for the heptanes plus fraction. The
five approaches outlined are in the order of my personal preference.

1. Log K vs. '1",:2

We have found that this plot is linear for all hydrocarbon K data studied to date. There are
some semiscientific reasons to support this result. What is more important, this relationship
serves two practical purposes: (1) checking K values for internal consistency and (2) extrapo-
lating pure component K values to obtain the K of the heaviest fraction.>?/

Figure 5.3 is an example of the chart we use. The abscissa is really TC2 but has been drawn
to reflect the component and the molecular weight of the heaviest fraction. It is used as
follows:

a. Plot K values for each pure component at the P and T of the equilibrium.

b. Draw the best straight line through the points for propane through hexane components.
¢. If any K value points are not on the line, use the line values for any calculation.
d

. Find the K value of the Cy+ fraction from its molecular weight and the straight line
extrapolation.

If the K values come from a computer program the val