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PREFACE

Vapor-liguid equilibrium K-values and phase densities were
obtained experimentally for a methane-Morrow condensate system at
150 and 250°F and pressures from 100 psia to the dew or critical
points of the system at these temperatures. The purpose of this
investigation was the development of certain equipment and methods
for obtaining K-values and phase densities for the components of
complex hydrocarbon systems.
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Chemical Engineering and my fellow students,
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CHAPTER I
INTRODUCTION

The equilibrium phase behavior of complex hydrocarbon systems is
of both theoretical and practical interest; theoretical because of the
need for the development of better correlations for the thermodynamic
properties of coexisting gas-liquid phases, and practical because of
the need for vapor-liquid equilibrium ratios and phase densities for
design calculations and economic studies.

The vapor-liquid equilibrium ratio for a component in a fluid mix-
ture is defined as the ratio of the mole fraction of the component in
the vapor phase, ¥y to the mole fraction of the component in the
liquid phase, X, s with which the vapor phase is in equilibrium.
Symbolic?lly,

B K, = 9,/%; (I-1)
This equilibrium ratio is generally referred to as the 'K-value'.

K-values were first evaluated by using a combination of Raoult's
and Dalton's laws which state respectively that the partial pressure
of any component in a mixture will equal the vapor pressure of that
component in the pure state multiplied by its mole fraction in the
liquid mixture and that the total pressure, P, of a mixture is equal

to the sum of partial pressures of the components present.

o
Yy = Py x, /P (1-2)



where P

the system pressure

p: the pure component vapor pressure

Combining Equations I-1 and I-2
K, = pg/P (1-3)

There are relatively few systems whose equilibrium relations can
be calculated from Raoult's and Dalton's laws; and there are a large
number of industrially important systems whose equilibrium relations
cannot be predicted from purely theoretical and empirical considerations
and which must be obtained by direct experimental investigation.

The experimental determination of a series of vapor-liquid equi-
librium ratios can be carried out either along an isotherm or along an
isobar. The isobaric data are particularly important in separations
calculations while the isothermal data are important in petroleum reser-
voir studies. The experimental determination of K-values involves ob-
taining samples of the coexisting liquid and vapor phases which are in
true equilibrium and the measurement of the concentration of the com-
ponents in each phase., If useful equilibrium measurements are to be
made, it is necessary not only to have perfect control of temperature
and pressure but also an accurate method for the composition assay of
the equilibirum phases.

The increasing importance of natural gas has made the accurate pre-
diction of the phase behavior and composition of produced natural gas
streams an economic necessity. The work reported here was undertaken
to develop certain equipment and methods for obtaining accurate K-values
and phase densities for the components of complex hydrocarbon systems.

In the following chapters, the prior work in vapor=liquid equilibria
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of complex systems is reviewed, This review covers experimental methods
and previous investigations of complex systems. In Chapter III, vapor-
liquid equilibria theory is discussed, especially as it pertains to the
present work. The experimental apparatus and procedure are described
next., Chapter VI reports on the development of a gas chromatography
technique which provides a rapid and economical method for obtaining
the composition data needed in vapor-liguid equilibrium ratio determi-
nations. Finally, the experimental data are analyzed and the resultis

of correlation work are discussed.



CHAPTER 1II
PRIOR INVESTIGATIONS

During the past three decades much effort has been devoted to the
study of the volumetric and phase behavior of pure paraffin hydro-
carbons and of binary and ternary mixtures of these compounds. Many
of these studies were carried out with the objective of using this
binary and ternary data to predict the behavior of more complex hydro=-
carbon mixtures. The behavior of the simple systems served at one time
as a qualitative illustration of the probable characteristics of the
‘more complex systems found in nature, however, it fell far short of
requirements for quantitative predictions,

Concurrently with the study of binary and ternary systems,investi-
gations were made of natural hydrocarbon systems. Many of these
studies were made in the laboratories of private oil companies. Only
a few of these studies have been reported in the literature. These
reported studies will be reviewed chronologically in this chapter
together with the various experimental methods used in vapor-liquid
equilibrium studies. Table I lists the references and conditions at
which measurements were made of equilibrium phase compositions for

complex systems including natural gas.
Experimental Investigations

In the early 1900's when the petroleum industry first became

5=



TABLE T

EXPERIMENTAL VAPOR-LIGUID EGRUILIBRIUM INVESTIGATIONS

sttem

Light Hydrocarbon-Absorber 0il

Natural Gas=Crude Cil

Natural Gas-Crude 0il-

Natural Gas=-Natural Gasoline

Natural Gas-Absorber 0il

Natural Gas-Distillate

Gas~Distillate

Natural Gas-Absorber 0il

Natural Gas-Crude 0il

Natural Gas-Hexane

Natural Gas-Crude 0Oil

CO. - Natural Gas-Condensate

Me%hane - Kensol 16

002 - Natural Gas-Crude 0il

Cco. - H28 = Natural Gas
érude and Absorber 0Oils

Light Gas-Absorber Cil

Gas Condensate

Co ,H25 - Crude 0il

Na%ural Gas-Crude 0il

Natural Gas-Natural Gasoline

OF CCMPLEX HYDROCARBON MIXTURES

Temperature, °F Pressure, psia Reference Year
77 ) 30 1933

100 15-3000 57 193k
L0-300 15-3000 24 1937
85-212 1300-2600 25 1940
33-180 100-500 70 1941
4o-200 200-4000 51 1941
300-820 50~700 72 1942
85 125-3100 27 1943
35=-250 1000-8220 63 1944
100 500-1800 19 1945
120,200 1000-10,000 52 1945
100-250 500-2900 L] 1946
60-260 10,000-25, 000 54 1950
38-202 600-8500 Lz 1951
100-200 200~5000 21 1952
100-220 500,1000 61 1952
200 500-3000 23 1953

154 700~2500 69 1954

190 1000-6000 14 1956

214 1130=3192 26 1963

Investigators

Matheson, Cummings
Sage, Kircher

Katz, Hachmuth
Katz, Vink, David
Webber

Roland, Smith, Kaveler
White, Brown
Kirkbride, Bertetti
Standing, Katz
Hanson, Brown
Roland

Poettmann, Katz
Rzasa

Poettmann

Jacoby, Rzasa

Solomon
Hoffman, Crump, Hocutt
Vagtborg
Evans, Harris
Kehn
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interested in natural gasoline and the 'front end' components of crude
0il, it became apparent that the design of processing equipment re-
quired some quantitative expression for the composition of a vapor in
equilibrium with a liquid. Such an expression was available in a com-
bination of Raoult's and Dalton's laws which state respectively that
the partial pressure of any component in a mixture will equal the vapor
pressure of that component in the pure state multiplied by its mole
fraction in the liquid mixture and that the total pressure, P, of a
mixture is equal to the sum of the partial pressures of the components
present.

In 1933 Matheson and Cummings (30) determined experimentally the
vapor pressures of n-butane, n-pentane, isopentane and n-hexane at
various concentrations in absorber oill at 25°C. The experimental
vapor pressures were compared to those calculated by Raoult's law,

The data showed an appreciable positive deviation from the calculated
values.,

Sage and Kircher (57) presented values of the solubility of
natural gas in several different crude oils at 100°F. and at pres-
sures from atmospheric to 3000 psi. These investigations concluded
that the assumption of a simple dissolving process occuring when a
gas is brought to equilibrium with a liquid in complex hydrocarbon
systems is valid only when the system is far enough below the
critical temperature of the solvent and the critical pressure of the
mixture that there is no appreciable transfer of the components of
the original liquid phase into the gas phase,

In the 1937 work of Katz and Hachmuth (24) experimental K-values

for methane through hexane in a natural gas-crude oil mixture were



presented. These data were observed over a pressure range from atmos-
pheric to 3000 psi and temperatures from LO to 300°F. The rise of the
equilibrium constants at high pressures approaching the critical pres-
sure of the mixtures was shown for the first time in complex mixtures
of this wide a range of volatility.

By cross-plotting and extrapolation Katz and Hachmuth were able
to develop K-charts for methane through hexane in Mid-Continent oil
over the range of temperature =30 to 270°F. and pressures 5 to 3000
psi. The outstanding feature of the data is the convergence of the
equilibrium constant toward a critical pressure. Sage, Lacey and
Schaafsma (58) had noted this convergence previously, but this was
the first time that the position of the critical and the behavior of
the several constituents was shown.

A phase diagram showing the boundary curve and the quantity of
liquid in the two phase region was determined for a mixture of natural
gas and natural gasoline in the region of the critical by Katz, Vink
and David (25). The temperatures and pressures of the phase measure-
ments were in the range of 85-212°F. and 1300 to 2600 psi with
critical conditions at 169°F and 2615 psi. The approximate densities
of the single and two phase regions were determined.

A striking color phenomenon accompanying the measurements near the
critical temperature has been noted. At pressures considerably above
the two phase region the system was colorless. At the pressure was
lowered toward the bubble or dew point, the single phase took on a
reddish color. At temperatures near the critical this color was a
bright mehogany red. The single phase grew in color over a range of

about 5-10 psi above the phase boundary and reached its greatest depth



just prior to the formation of two phases. A gradual increase in
maximum intensity of color occurred as the isotherms approached the
critical temperature.

Webber (70) determined the equilibrium distribution of the hydro-
carbons, methane through hexane, between natural gas and a typical
absorber oil. The ranges of temperature and pressure chosen were from
33%-180°F. from 100-5000 psi. The absorber oil had an initial boiling
point of 300°F, and an average molecular weight of 183.

Webber's data are characterized by the fact that he used a fresh
charge of absorber oil for each vapor-liquid equili;brie‘determ'i.nation°
Webber noted that when the K-values for the eomponente Were.bletfed
that the K-values for all components approached unity at the hlgher
pressures but that there was a significant reductlon in the rate of
approach to unity at 5000 psi. .

The data of Webber check very well w1th the data of. Katz and
Hachmuth (24) at pressures up to the minimum K—values. As the pres—
sure was increased above this point, the disagreement became pronounced.
This disagreement can be attributed to compositioﬁ effecﬁs;

Roland, Smith and Kaveler (51) present data for a typical:Gulf
Coast gas-distillate system in the range of 200-4000 psi and 40-200°F.
The earlier data of Katz and Hachmuth (24) and Webber (70) on absorber
o¢l-natural gas indicated that the numerical value of K for any com-
ponent varies not only with pressure but also with the cemposite com~
position of the system and with inherent characteristics of the in-
dividual components present in the mixture. Roland, Smith and Kaveler
felt that the agreement of their data for the 50, 75, 85 and 90 mole

per cent methane composites for methane through hexane was sufficiently
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good to prove that variations in composite composition have little
effect on the equilibrium constants for the natural gas-distillate
system studied.

In 1942 White and Brown (72) obtained experimental vapor-liquid
equilibria déta for petroleum fractions boiling from 95-750°F. at
temperatures from 300 to 820°F. at pressures from 50=700 psi. These
data were used to extend the estimated ideal K-values to hydrocarbons
having boiling points up to 925°F. at temperatures from 0° to 10C0°F.
at pressures from 1 atm. to 1000 psi. The data were further used to
develop a relation for estimating K-values in the critical and retro-
grade regions of complex hydrocarbon mixtures.

White and Brown found that the K-values for components of complex
mixtures are generally the same for the same components in different
mixtures except as they are influenced by the approach to the critical
conditions.

Kirkbride and Bertetti (27) reported K-values for methane, ethane,
propane, n-butane and n-pentane in three types of absorber oil. The
range of pressure was 125 to 3100 psi and the average temperature
about 85°F. The three types of absorber oil were paraffinic, aromatic
and naphthenic, The K-values at a given temperature and pressure were
found to be dependent on the type of lean oil used.

In 1944 Standing and Katz (63) reported on the composition and
densities of coexisting vapor and liquid phases as a function of pres-
sure and temperature for four hydrocarbon systems prepared from crude
oll and natural gas. The data were observed over a range of pressures
from 1000 to 8220 psi and at temperatures ranging from 35 to 250°F.

The compositions of the hydrocarbon systems were such that the
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critical temperatures of the mixtﬁres were lower than the range of in-
vestigation. Under these conditions it was shown that the composition
of the system has a marked effect on both the absolute value of the
equilibrium constants and the change of the constants with pressure

for the several components comprising the system. At pressures above
1000 psi the effect of the composition of the system on the equilibrium
constant~pressure relationship becomes very important. Also it was
shown that the heptanes and heavier fraction K-values do not approach
unity in the same manner as the lighter components.

_ Hanson and Brown (19) prepared two five-component mixtures of
volatile paraffin hydrocarbons having critical temperatures of approxi-
mately 100°F., and critical pressures of about 2000 psi. K-value
determinations were made on these mixtures at 100°F. at pressures up
to that of the single phase. The results indicated that the K-values
of the volatile paraffin hydrocarbons in binary or complex mixtures of
paraffins may be defined by specifying the temperature, pressure and
convergence pressure corresponding to the equilibrium temperature.

Roland (52) obtained vaalués for a natural gas-crude oil mixture
at pressures from 1000 to 10,000 psi and temperatures of 120 and 200°F,
An analysis of the experimental data showed that variables other than
temperature, pressure and the general type of system are important in
determining the K-values. These variables are the relative amount of
each component present in the mixture., The word 'component' refers
to each individual chemical component.

Roland also noticed the appearance of colored hydrocarbons in all
the high pressure vapor-phase samples. The degree of color shown was

roughly an indication of the pressure of the equilibrium, the higher
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the pressure the darker the liquid.

K-values for carbon dioxide in a natural gas-condensate system
were determined by Poettman and Katz (k1) over the range of 1-10 mole
per cent carbon dioxide. The densities and molecular weights were
determined for saturated vapor and liquid phases for 24 hydrocarbon
mixtures containing carbon dioxide at temperatures from 100 to 250°F.
and pressures from 500 to 2900 psi. y

The data showed that the lower the molecular weight of the hydro-
carbon in the binary carbon dioxide systems, the greater the deviation
from ideal behavior. The K-values for carbon dioxide in the carbon
dioxide~-natural gas-condensate system deviate the most from ideal-:
K-values.,

Rzasa (54) used a windowed cell to study a methane-Kensol 16
system at pressures to 25,000 psi and temperatures to 260°F. It was
shown that for the temperature range 60 to 260°F. that this particular
system exists in two phases to a pressure of approximately 14,000 psi.
Data are presented giving the relative amounts of liquid and vapor
phases coexisting under these conditions. |

Poettmann (43) studied the vaporization characteristics of carbon
dioxide in a natural gas-crude oil system at 38, 120 and 202°F. at
pressures from 600 to 8500 psi. A variation of carbon dioxide up to
12 mole per cent in the composite showed no effect on the K-values of
the hydrocarbon constituents or on the K~value of the carbon dioxide
itself. It was shown that carbon dioxide is more soluble in crudes
than in distillates which is contrary to the behavior of methane.

Jacoby and Rzasa (21) obtained K-values for nitrogen, methane,

ethane, hydrogen sulfide and carbon dioxide in two natural gas-absorber
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0il mixtures and in two natural gas-crude oil mixtures.

For each mixture of constant over-all composition,data were
obtained at 100, 150 and 200° F. and at various pressures in the
range of 200-5000 psi. Some effects of composition on the K=values
were obtained to serve as a guide in choosing K-values for engineer-
ing calculations on other mixtures. The effects of cowposition were
so mingled with pressure effects that it was impossible to segfegate
the effects,

Solomon (61) obtained vapor=-liquid equilibrium data on mixtures
of mwethane~ethylene-~isobutane with the following absorber oils:
n-hexadecane, dicyclohexyl, methylnaphthalene, Mid-Continent virgin
gas o0il and hydroformer still bottoms. The data were taken at 100
and 220° F, and at 500 and 1000 psia.

Solomon was interested in correlating his experimental data
with the Kellogg K=value charts (6). In order to do this, he found
that it was necessary to characterize the liquid phase oy some prop-
erty indicating paraffinicity or aromaticity. This was in addition
to the characterizafion of both the ligquid and vapor phase by molal
average boiling points. Solomon introduced the quantity 'a'»defined
as follows: |

_ Kobserved ‘ (17-1)
KKellogg charts

The values of 'a' were found to be correlatable with the Watson
characterization .factors (60) for the equilibrium liquid phases. This
relationship was shown to be essentially independent of temperature
and pressure.

Hoffmann, Crump and Hocutt (23) obtained equilibrium constants



for a gas~condensate system by first obtaining field samples from two
different wells, one completed in the oil zone and the other in the

gas cap. Portable test equipment, consisting of several high pressure
separators, was used in the field to make the equilibrium measuremen£so
There was great scatter in the experimental data, probably due to the
field conditions of the measurements.

Vagtborg (69) obtained K-values for nitrogen, carbon dioxide
and hydrogen sulfide in a reservoir fluid containing 35 mole percent
hydrogen sulfide at 154° F. in the pressure range of 700-2500 psia.

Vagtborg found that when large amounts of hydrogen sulfide are
present, the K~values for ethane and the heavier hydrocarbons are
greater than the values in systems containing little or no hydrogen
sulfide, Large amounts of hydrogen sulfide have the reverse effect
on the K-values for methane,

Evans and Harris (14) reported K-values for methane through
heptanes=plus in two natural gas-crude dil mixtures from a common
source., The experimental data were obtained at 190° F. and 1000-
6000 psi.

The primary objective of this work was to show the effect of
varying the amount of the heptanes-plus while holding the relative
amounts of the other components constant., Most previous investi-
gators varied the composition by changing the gas-oil ratio. If the
fluids used to make up the mixtures contained components which were
common to both fluids, the relative amounts of these components would
not remain constant in the resulting mixtures. In this investigation
the mixtures were recombined in such a manner that this effect would

be eliminated.
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Evans and Harris concluded from the experimental data that for
the systems investigated, the equilibrium ratios for methane and the
heptanes~plus fraction remain reasonably constant when the concen-
tration of the heptanes-plus is decreased by a factor of two. The
effect of a decrease in the heptanes-plus served mainly to extend the
pressure region over which these ratios were defined. Decreasing the
amount of the heptanes-plus does have a slight effect on the K-values
of the intermediate components, ethane through the hexanes; the net

effect being a small increase at the higher pressures.
Experimental Methods

Experimental vapor-liquid equilibrium measurements have occupied
many investigators over the last 75 years., Few scientific fields
have produced so many devices and modifications of these devices for
the measurement of a single property. Yet there is not agreement
today on which apparatus and technique is best for making vapor-liquid
equilibrium determinations.

The experimental techniques and apparatus used in obtaining
vapor-liquid equilibrium data have been reviewed in some detail by
Barr-=David (5), Robinson and Gilliland (49) and Hipkin (20). A brief
word picture of the experimental devices and techniques used will now

be presented.,

Constant Volume Apparatus

The simple bomb appears at first glance to be the simplest
apparatus for making vapor-liquid equilibrium measurements. In the

bomb method the sample is placed in a closed evacuated vessel, The

[



15

vessel is then agitated by rocking or by internal mixing at constant
temperature until the two phases are at equilibrium. Theoretically,
equilibrium is attained after sufficient time has elapsed.

The main difficulty with the constant volume apparatus is that the
mass of material in the gas phase is small at low pressures and with-
drawing enough sample for analysis upsets the equilibrium appreciably.
For this reason the constant volume bomb is used mostly for measure-
ments where the pressure is high enough that the vapor sample amounts
to less than 10% of the gas phase volume.

Other problems associated with the constant volume bomb are
chiefly mechanical. These include the problems of the design of the
agitator and thermostat. Magnetic agitation is preferable to direct
mechanical agitation.

Variable Volume Bomb

During sampling from the constant volume bomb there are pressure
changes due to the removal of matériaI, These pressure changes can be
large in magnitude. In order to avoid these pressure changes, one
adds a confining fluid such as mercury to the system while the samples
are being taken in order to prevent vaporization or condensation.
Connolly (9) and Evans and Harris (14) used the variable volume cell in
recent studies.

Sage, Lacey et al.(55) have used the variable volume bomb with
great success in their work. These investigators were able to determine
the vapor-liquid K-values for binary mixtures without composition analy-
ses of the phases. This was done by charging a known weight of the
binary mixture to‘the bomb and then monitoring the amount of the liquid

phase with an internal probe, The procedure of Sage and Lacey has the
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advantage of eliminating the dead volume of sample lines and the
equilibrium uncertainity caused by the withdrawal of the vépor sample.
Furthermore, the problem of component analysis, often the weakest
step in a vapor-liquid equilibrium determination, is eliminated in

this procedure.

Bubble and Dew Point Method

This technique consists of introducing a mixture of knhown com-
position into an evacuated equilibrium cell of variable volume. The
system temperature is held constant. The mixture is pressured with
mercury, and two pressures are measured - the pressure at which the
first condensation occurs from the vapor and the pressure at which
the first bubble of vapor appears in the liquid.

The dew and bubble point curves of pressure vs. temperature for a
number of different mixtures are obtained and, by cross-plotting, the
conditions of phase equilibrium are found by locating points at which
saturated liquid and saturated vapor exist at the same temperature and
pressure.

The pressures at the dew and bubble points are determined in two
ways. In one method the dew and bubble points are visually observed.
In the other method the pressure isotherm is measured and plotted
with the dew and bubble points being observed as discontinuties in the
curve. The discontinuties are not always well defined,e.g.,wide boil~
ing mixtures and mixtures near the critical. The major limitation to
thistﬁechnique is that it is restricted to binary systems. The phase
rule shows that complex systems are not a unique function of tem-

perature and pressure and hence the dew and bubble points can not by
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themselves define thé composition of two equilibrium phases.

The Dynamic Flow Method

In the dynamic flow method the vapor is bubbled slowly through
one or more cells containing liquid. The gas should become saturated
if the liquid and gas have been intimately contacted. Following the
contacting period vapor and liquid samples are removed and analyzed.

The major thecretical problem with the dynamic flow method is
that true equilibrium may be impossible, since the static head in £he
bubbler requires that the entering gas be at higher pressure than the
gas leaving the liquid phase,

Entrainment is also possible in the dynamic flow cell., Any liquid
phase mechanically carried over with the gas will change the composition
of the ligquid in subsequent bubblers.when more than one bubbler is
used. Entrainment is minimized by low gas velocities, but then a
corollary problem arises in that the gas may not be adequately mixed

with the liquid.

Dynamic Distillation Method

The dynamic distillation method was & popular technique for ob-
taining vapor=liquid equilibrium data during the period 1875 to 1915.
The method is no longer used (20) but will be discussed briefly because
of its long period of use.

A liquid mixture was boiled batchwise in a still and its vapor
condensed into a receiver. Since the composition of both the liquid
and the condensate changed as the condensate changed while distilla~-

tion proceededy; a large still charge was used and relatively small
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condensate samples were taken and analyzed. The condensate composition
was plotted against the volume of distillate and the curve was extrap-
olated back to zero volume distilled. This zero volume composition

was assumed to be in equilibrium with the or