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PHASE EOQUILIBRIA IN THE PROPANE-BUTANE SYSTEM

Introduction

A very important factor in the design of equipment used
in transforming, separating, or otherwise handling of hydro-
carbons 1is an exact knowledgze of the physical properties of
the hydrocarbon mixtures themselves under various temperatures
and pressures. A large store of information concerning the
physical properties of pure hydrocarbons and mixtures of these
hydrocarbons has been amassed dJduring the past few years but
even go, there remains much to be done before the volumetric
and phase behavior of uninvestigated mixtures can be quanti-
tatively predicted from the properties of their components.
Among the physical properties of interest are the P-V-T=N
relations. These relations are of much value not only in
themgelves but also in the fact that many other physical
properties may be calculated from such data through the use
of thermodynamic principles.

At pressures in the neighborhood of 1-5 atmospheres,
Raoult's Law and Dalton's Law may be used with fair accuracy
to determine phase equilibrium data for hydrocarbon mixtures.
At higher pressures and at temperatures approaching the cri-
tical temperaturé, however, deviations become large and these
laws must be supplanted with experimentally determined facts..
Souders, Selheimer, and Brown (1), have used fugacity instead
of vapor pressure in an attempt to predict more accurately the

equilibrium conditions at the higher pressures where experi-
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mental data were lacking.

There have been developed at least two distinctly dif-
ferent types of apparatus for the determination of the P-V-T
relations of hydrocarbon mixtures. One of these, described
in detall by Sage, Schaafsma, and Lacey (2), consists of a
thermostated steel cell in which the sample to be investi-
gated 1s placed. Suitable auxilliary apparatus is set up in
conjunction with the steel cell, so that the volume of the
sample and the pressure may be changed by the addition to or
removal of mercury from the cell. The mercury level inside
the cell, and thus the volume occupied by the sample, is ac-
curately measured by a movable electric contact.

A different type of apparatus has been used by Young (3),
Behlke and Kay (4), and Cummings (5), similiar to the apparatus
that was used to obtain the data presented in this thesis. It
has a small diameter thick walled glass tube in place of the
steel cell for holding the sample., The upper end of the glass
tube is sealed, while the lower end is fitted into the steel
block which has connections for evacuating the tube, adding
the sample, and also for adding or removing mercury to change
the volume and pressure on the sample., In this case the vol-
ume can be measured by visually noting the heisht of the mer-
cury level in the glass tube. Other details of construction
and oprocedure will be found in the sectlon devoted to the ap=-
paratus and experimental procedure.

Tach type of apparatus has its advantages and limitations.
The varianle volume steel cell may be used at pressures up to

several thousand pounds, while with the glass tube about one
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thousand pounds per square inch appears to be the upper limit.
The steel cell may be made large enough to hold a2 sample
weighing 20-50 grams whereas the total sample for the glass
tube used in these experiments was never over 0.1 gram, The
large sample may or may not be an advantage. The larger sam-
ple increases the accuracy with which the weights of the dif-
ferent components of the sample can be determined but, at the
same time, the larger sample requires a great deal more material.
It is usually necessary to study several different compositions
of a mixture. The amount of sample required may be quite im-
portant where the purification is a problem. All the results
presented 1n this thesls required less than 1 gram of the fi-
nally purified propane and butane.

A further advantage of the glass P-V-T apparatus is that
the phase boundaries may be determined quite accurately by di-
rect observation. The dew point and buﬁble points may be deter-
mined by observing the pressure, volume, and temperature when
a very small amount of the liquid or gas respectively 1s in
edullibrium with the remainder of the sample in the other
phagse., With the steel cell, the dew points and bubble points
may be obtained only by taking a great many readings in the
vieinity of these points and determining the discontinuities
in the pressure-volume curve at constant temperature.

Another advantage of the glass apparatus is the rapidity
with which the temperature may be changed. The steel cell in
a liquid bath with a large heat capacity requires considerable
time for changing temperature. The glass tube 1s thermostated

by a condensing vapor from a liquid boiling under reduced pres-
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sure. The temperature may be changed and the apparatus brought
to equilibrium again in a few minutes merely by changing the

pressure on the boiling liquid.
Apparatus

The apparatus used and the procedure followed will be de-
scribed in detail with reference to Figure 1, which shows a
schematic diagram of the assembly,and Figure 2, which shows the
pressure tube and jacket in detall., The glass pressure tube,

A, was made of pyrex glass cavillary tubing with 1.88 mnm.
average inside diameter and a wall thickness of 3.lmm. The up-
per end was sealed carefully, keeping the thickness of glass over
the end about the same as that of the walls. In the preliminary
runs, the end was sealed in such a way that the inside of the
tip was flat and a large amount of glass was accumulated at

the top. This seal satisfactorily withstood the pressure,

after annealing, until it was cooled to liaquid air temperature.
Apparently the cooling to liquid air temperature caused strains
in the glass for it invariably fractured in a plane across the
flat surface at a lower pressure than that at which it had been
tested before cooling. By keeping the inner surface of the
sealed end rounded and the wéll thickness over the sealed end
uniform, the pressure tube could be cooled repeatedly with
liquid air, without fracturing, when pressure was again applied.

To the lower end of the pressure tube, A, Figure 2, was
sealed a 1.5 inch length of 1.2 inch dlameter pyrex tubing in
the shape of a thistle tube. This glass assembly was then
fitted into the upper removable part of the steel block, B,

with a rubber gasket, C, held in olace by the gland nut, D,



TO VACUU?\?A PUMP

6 ®

/[

=

-

@

FIG. L

_wm
o ||



FIG. 2




I .
When the steel parts were fltted together the lower end of
the thistle tube and the lower protective shield of steel
slipped into the annular channel below the level of the out-
let from this enclosed space. After these parte had been
assembled, the procedure was to evacuate the tube throusgh
valve 1, down to about .001 mm. of mercury vacuum. Then by
opening valve 3, shown in Figure 1, mercury flowed into the
annular channel, effectively sealing the inside of the pres-
sure tube and the thistle tube from the annular space between
the thistle tube and the steel block.

Built into the lower part of the steel block were two
needle valves, 1, in the vacuum line and 2, in the line to the
sampling hook-up. Below this block was an electrical contact,
E, with which the level of mercury could be kept in the approxi-
mate vicinity while adding the sample. T%Extra heavy steel pipe
connected the contact assembly with the mercury reservoirs,

F and G, and the manometer, H. Reservoir G, was simply a
junction_between the mercury in the system and the oil in the
pipe to the fluid pressure balance. An electrical contact in-
side this reservolr made 1t possible to keep the mercury level
at a fixed point while taking pressure readings. The reservolr,
F, was connected by a manifold with a source of alr pressure,

a vacuum, and a vent. The alr pressure was used to force mer-
cury into the pressure tube and thus change the volume and pres-
sure on the sample as desired. The vent allowed the releass of
pressure when desired. The vacuum was used to pull the mercury
down out of the tube when the pressure in the tube was less than

one atmosphere.
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The manometer, Y, was useful in checking the amount of
sample added, in the calculation of the pressure correction,
and in indicating directly the pressures on the samples when
they were in the range of the manometer. The first two uses

will be described in detaill later.
Temperature Control

A vacuum Jacket, I, surrounded the pressure tube in the
gection between the boller, J, and the condenser at the top.
This vacuum jacket was silvered except for narrow vertical
apertures, in front and back, for observing the phenomena in-
side the tube. The length of the vacuum Jacketed portion was
27.5 inches, the inside diameter, 1.1 inches, and the outside
dizameter 1.5 inches. The liquid providing the vapor was pulled
by suction into the annular space around the pressure tube and
up into the boiler space, below the vacuum Jacket, through the
projecting glass tube, K. A rubber tubing connection prevented
liquid from escaping between the lower end of the Jacket and
pressure tube. To prevent deterioration of this rubber con-
nection by the organic liguids used, a small amount of mercury
was run into the lower end of the jacket up to the level of the
projecting glass tube. Glass beads were placed in the boller
section to prevent bumping. To prevent the beads from wedging
around the pressure tube, the glass tubing throusgh the small
water condenser was extended up several inches into the boiler
gection. A small hole, L, in the wall of this tube, Jjust above
the point where it was sealed into the outer jacket, permitted

the liquid to be drained out when desired. Above the vacuum

Jacketed section a water condenser was nlaced to condense the
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the tube. The liquids used and the temperature rances for

which they were found satisfactory are as follows:

Acetone, C. P. 100-130° F.
Tthyl Alcohol, 96 % 140-170° F.
Toluene, C. P. 180-220° F.
Chlorobenzene, ©. K. Practical 230-255° F.
Bromobenzene, K. K. Best Grade 265-300° F.

The Junction of the thermocouple was locsted slishtly

above the middle of the length of the pressure tube, used in

the measurements, and just to on=2 side. Trror due to radiation
was considered negligible since the double walls of the jacket
were sllvered except for the narrow apertures for observation.
The copper constantan thermocouple was calibrated throughout

the entire temperature range requlired in a thermostated oil-
bath or lead bath against a set of Bureau Standardsrthermometers

which could be read with an accuracy of 0.03° F.
Pressure Measurement

A fluid pressure balance with an accuracy of 0.1 pound per
square inch was used to measure the pressures below 300 pounds
per square inch and a pressure balance with accuracy of 1 pound
per sqguare inch was used to measure the higher pressures. A
number of correction factors wers considered in determining the
final pressure on the sample, These corrections included the
barometer corrections, changes in the height and density of the
mercury in the pressure tube, and the correction due to the

difference in level of thes pressure balence and the apparatus.
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Correction due to the capillary depression of the mercury was
automatically made in the constant for the apparatus. This
constant was obtained by reading several pressures both on
the pressure balance and on the manometer, H. After correcting
these pressures for the density of the mercury and the heicht
in the pressure tube, the averace difference between the pres-
sure balance reading and the manometer reading was taken as
the constant. In a series of three different pressure read-
ings the constants found were: -20.03, =19,94, and -19.88, and
the averzge value of =19.90, was used. The correction due to
vapor pressure of mercury was so small as to be considered
negligible in the temperature ranze of these experiments.
The equation for correcting the pressures 1s as follows:

P(corrected) = SP + A + KX (Ry,-R) + B
A 18 the constant for the apparatus when R = R, and the density
of the mercury in the pressure tube is corrected to 320 F. K
is a factor converting a column (Ro -R) of mercury at the temper-
ature of the experimznt to pounds per saquare inch. Ro is the
reference point at the upvermost point in the inside of the
tube. R is the actual height of mercury in the pressure tube.

B is the barometer reading in pounds per square inch.
Volume Measurement

The volume of the pressure tube asgs a function of the
distance from the sealed end, was calibrated by measuring the
length of a weighed amount of mercury as it was moved, in a

single mass, up and down inside the tube., All the measurements
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of length or heisht of mercury column or liguid level were made
with a cathetometer whichwas accurate to .01l cm. Knowing the
weight of the mercury and the temperature, its volume could be
obtained., Then applying the meniscus corrections to both ends,
an average volume per cm, of tube length was obtained. By
making a serles of such readings over the portion of the tube
used 1in the experiments a value for the volume of each cm. of
the tube was obtained., These values could have been integrated
on a plot of volume versus distance, but to obtaln greater ac-
curacy a method of plotting residual volumes was used. A nominal
or base volume equal to .02785 cc. per cm. of tube length was
decided upon and this amount was subtracted from the actual vol-
ume of each cm, of tube length. Then these residuals were plot-
ted against tube length both as actual residual for each cm. of
length and also as total cc. of residual from the sealed tip
(ref. point) to each cm. distance from the sealed tip. These
curves arc shown in Figure 3. Thus the actual volume at any dis-
tance (RO-R) from the reference point, R, egualed .02785 (R,-R)
plus residual corresponding to that distance. The volumes were
also corrected for the meniscuses of both the liquid and the
mercury and also for the volume of the small steel agltator used.
The specific volume of the material ahove the mercury level,

v :E02785 (R,-R) + Residual -.01331___,01602 |
—welzht of sample

(RO-R) is the distance between the reference point and the mer-
cury level. Then .02785 (R -R) is the base volume above R.
Residual 1s the correction between the bhase volume and the act-

ual volume and is taken from Figure 3. The figure, .01331, in-
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cludes the volume of the steel agitator and the mercury men-
iscus correction. These volumes are in cubic centimeters. To
convert the total volume in cubic centimeters into cubic feet
per pound, the conversion factor, (.01602 & weight of sample),

is applied.
Purification of Materials

The propane and butane were obtained from the Philgas
Company. According to the specifications, the original propane
contained less than 0.1% impurities. It was further purified by
fractional distillation in a glass-ring packed column (6), four
feet long and 0.5 inches inside diameter, equipoed with vacuum
jacket and with adesauate facilitlies Tor maintaining very constant
reflux. The middle fraction, amounting to about three-fourths
of thes charge, was collected in a liquid air cooled receiver
connected with a high vacuum degassing apparatus. The material
was then distlilled under vacuum back into the boiler of the
fraoctionating tower and refractionated. This time about 90%
of the charge was collzcted in the liquid alr cooled trap as
before and latér-transferred to a steel storsge bomb. An
isotherm on this material through the two phase region in-
dicated that its purity was satlisfactory.

The original butane contained 0.3% isobutane. This

material was ourified by the same general procedure as described

above for the ovroopane.
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#lethod of Adding Sample

Samples were added to the avparatus in the following
manner: samplss of ourified oropane and n-butane were kept
in small steel welghing bombs. Before attaching one of these

bombs to the line leading to valve 2, the bomb was washel in

(4]

acetone, dried in a vacuum desicator, and carefully weighed.
The mercury was pulled out of the pressure tube, lower chamber,
and manometer, H, down to the 1lzvel of the electrical contact,
E, and valve 8, closed. With the bomb valve closed, valve 2,
wa.s opened and the pregsure tube and connecting lines evacuated
through valve, 1. The top of manometer, H, was connected to
the same vacuum system. The vacuum was produced by a mercury
vapor pump backed up by a Hi-Vac pump. “hen a vacuum of ,001
mm. was produced as measured by a McLeod gzage, valve, 1, was
closed and the bomb valve carefully opened, 2llowing the hydro-
carbon sample to enter the pressure tube., This gas caused the
manometer to ralse and the mercury at the electrical contact

to fall, but by adding mercury through valve 8, the mercury
level was keot at the contact. ¥When the desired amount of gas
had been added as indicated by the height of the manometer level,
valve, 2, was closed. Then the bomb was cooled in liquid air
to reduce the amount of gas in the connecting lines to the vapor
pressure of the hydrocarbon at liquid air temperature. The
bomb valve was closed, the bomb warmed to room tempnerature,
washed in acetone, dried, and reweighed. The sample of the
other hydrocarbon was added in the same manner.

It is admitted that the accuracy of this gravimetric method
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of determining the amount of sample may not appear to he ag
accurate as some volumetric methods which have been used,
When the straight forwardness of the method and the absence
of any assumptions as to gas volumes, ete., are considered,
the overall accuracy was felt to be as good. In only one run,
No. 9, was the composition questionable, and this run was made
with a very small sample to obtain additional dew points at
lower temperatures.

However in this run, several bubble points and dew points
were taken at the hischer temperatures where the nhage boundaries
as functions of pressure and comvosition, and temperature and
composition had been definitely determined by previous runs on
larger samples. Thus it was considered Jjustifiable, in this
case, to change the composition from that determined gravimetric-
ally, to one which would permit the dew voints and bubble points
at the higher temperatures to fall upon the definitely established
curves. This involved a shift of the mol percent of opropane from
68.2% to 65.0%.

Although the simplified diagram shows the valves, 1 and 2,
gsome distance to either side of the vertical center hole, the
valves were actually nlaced so that no gas could be trapped
when the mercury level was raised above that point. When the
mercury level was raised, compressing the sample into the
portion of the tube where the measurements were made, freguent-
ly at room temperature, the sample would begin to liquify below
the boiler. It was found that an aopreciable amount of the

liqguid adhered to the glass walls, To prevent this, the samole
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was condensed with licquid air into the uoper tip of the tube
while the mercury level was raised up above the boiler. The
13 guid air trap, S, was slivped inside the vacuum Jjacket down
around the tip of the opressure tube., After the mercury level
was gotten above the boiler, it was kept there until the measure-

ments on the sample wers comnleted.
Experimental

The single phase measurements of the isotherms were simple
to make, consisting merely of taking readings of the pressure and
the corresponding volumes over the range desired. ©Since the in-
vestigation was largely concerned only with the ovhase boundaries,
the single vhase measurements were limited to those in the
neighborhood of the dew and bubble points. Q

The measurements in the two phase region were more difficult
due to the difficulty with which equilibrium was attained between
the phases. The sample was thoroughly aritated by means of a
small iron stirrer which was moved up and down the inside of the
tube with a magnet around the outside of the jacket. All
measurements were taken with valves, 3 and 8, open., This allowed
the equilibrium to be resached before each reading by an iso-
baric process. The opressure having been set at the desired
point by adding to or removing air from the chamber, F, the
sample would be agitated, at the constant pressure, until the
total volume, occupied by both phases ceased to change with

further agitation. This gave a simple way of determining when

equilibrium had been reached.
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The bubble points were determined in the following manner:
with the sample in the liquid phase at a pressure slightly above
the bubble point, the pressure was reduced very slowly by vent-
ing air while the liquid was continually and vigorously agitated.
At the first sign of a bubble forming, the air release valve was
closed. If on further agitation the bubble did not become
larger than being barely visible, this was considered to be the
bubble point and the pressure and volume were recorded as such.
If the bubble did become appreciably larger on further agitation
the pressure was raised a few pounds and the process repeated.
These points could be checked by approaching from the two phase
region but this method was much more difficult since it involved
equilibrium in two phases instead of one just before the bubble
point was reached.

The most difficult measurements of all were those of the
dew points. The technique finally developed was similar to
that for bubble points. With 211 the sample in the gas phase,
the pressure was very slowly raised while the gas was being
thoroughly agitated. At the first sign of liguid forming, the
pressure valve was closed. If on further agitating no more
liquid was formed this was considered dew point. Although
these points could be checked from the opposite gide, that is,
from the two phase side, it was an almost endless task, It
meant setting the pressure and agitating thoroughly; if liquid
remained, the pressure was reset, lower, and the process re-
peated., If one was fortunate, after a few trials the exact

pressure was found at which, after thorouzgh agitation, only
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a very small amount of liguid remained.

Since pressure and volume measurements were taken on both
sldes of each of the phase boundaries for each isotherm, the
exact positipns of the boundaries were checked by locating the
discontinuities in the curves of pressure versus volume at
constant temperature. In nearly all the determinations, the dew
pqint and bubble point pressures as determined by observation
checked within .5% of these pressures as indicated by the breaks
in the isotherms.

Figure 4, shows thé isotherms obtzin=d from run No. 5, on
the system containing 69.8 mol percent of propane and 30.2 mol
per cent butane. It was impossible to obtain dew voints over
the entire temperature range unless very small samples were used,
due to the small volume oi the pressure tube. It was found
advisable to make runs with large samples primarily for bubble
points over the entire temperature range and dew points at the
higher temperatures and then subsequently to fill in the dew

point data with runs on smaller samples,



700
600
z
8' 222
a
W 500 S
w
a
a 400 840" ——
0 H—
\n
‘:{J [_""‘0-\-4 _\o\"\
300 loe.2"
_O\F\—o\
hr—&o__\ﬂ\_l
\0\‘
200 S 1235°
102.5°F
L
0.04 0.08 0.12 Q.16 0.20

SPECIFIC VOLUME CU. FT PER LB.

Fig. 4, Isotherms of System Containing 59.8 0l Percent Propane

and 30.2 ol Percent Butane



=D
Results

The experimental determinations included the measure-
ments of the volumes of the phases under the different con-
dipions of temperature and pressure, but these voluﬁetric
data have not been used in the preparation of this thesis
other than to check, or in some cases to establish, the dew
points and bubble points by the discontinuities in the re--
lation, 3%;)T° A number of these isotherms for the system
of composition, 69.8 mol percent propane and 30.2 mol per-
cent butane are shown in Figure 4. Measurements were made
upon nine different compositions in all, but the results of
only the last five have been used. The measurements on the
first two compositions were of a preliminary nature during
which time a technique was being developed and certain im-
provements were being made in the apparatus. The results of
the next two compositions studied were so fragmentary, due to
the breaking of the oressure tube, that they were of no value.
The compositions of the five remaining runs are given in
Table I, along with the pressures and temperatures at the
critical point, the point of maximum pressure, and the point
of maximum temperature for each composition.

Figure 5, shows the ovhase boundaries of the five mixtures
on a presgssure-temperature diagram, each loop representing a
different mixture. From left to right, these mixtures are
No, 7, No. 5, No. 8, and No. 6, as numbered in Table I. The
sample of mixture, No. 9, was too small to be studied satis-

factorily in the critical region. The broken line, tangent to
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TARLE I, Some Characteristics of the Mixtures Studied.

Mixt.
No .

5

O 0 N O

Composition Point of Max.Pressure
Mol % Press. Temp.
C Cy #/sq. in. O
69.8 302 638 242.,6
20.8 T9.2 584 288.6
B85.5 14.5 630 223%.2
33.8 66.2 610 279.2

65,.0% 35.0
*Corrected value.

Point of Max.Temp.

e,
630 2440
580 2892
626 224,2
605 280.3

14

#/sq. in.

Critical Point:

ress,

638
583
630
609

T

emp.
oF.

242.6
289.0
223,82

279.6

TABLE® ITI. Equilibrium Ratios for Propane and Butane

Propane

Pregsures
#/sa. in.

100
200
300
400
500
Butane
100
200
300
400

500

Temperatures °OF,

100° 130°  160°
1.70 2.30
1:31 1.76
1.24
0.57 0.84
0.47 0.64
0.47

190°

2.20
1.56
1.25
1.04

0.89
0.65
&, 5%
0.46

200°

1,87
1.46

1.282

0.85
0.71

0.66

250°

0.88

0.80

1.50

0.95
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these curves and which ends at the critical points of oropane
and butane, is the loci of the critical points of all possible
mixtures of propane and butane. It is evident from the flat-
ness of this curve, especially as it approaches the critical
point of propane, that there is not much difference between
the maximum pressures and the pressures at the critical points
of the different mixtures. As shown in Table I, for mixtures,
No. 5, and No. 7, the differences in these pressures are :
negligible, while for mixtures, No. 6, and No. 8, the dif-
ferences are barely more than limits of the experimental error
of the pressure measurements. That it was found very difficult
to study experimentally the region of retrograde condensation
may be partially explained by the facts that the differences
between the maximum pressures and the critical oressures were
go small and that the differences between the maximum temper-
atures and the critical temperatures were also gquite small,
the maximum being 1.60 F., with mixture No. 5, Table I.. It is
within these narrow limits that the phenomena of retrograde
condensation occurs.

Figure € includes a number of pressure-composition dia-
grams at constant temperatures ranging from 100° F. to 280° F.
This set of diagrams was made up by following constant temper--
ature lines on Figure No. 5, and reading the pressures at
the phase boundaries of the different compositions. These
pressures were then plotted upon the pressure-composition
coordinates and smooth curves drawn through the points for
each phase boundary at each temperature. Hach pair of con-

stant temperature phase boundary curves terminates in common
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points at the vapor pressures of pure butane and propane at
that temperature. Consider, for example, the curves at the
constant temperature of 190° F, These curves terminate at
the right hand ordinate (100% propane) at the vapor pressure
of pure propane at 190° F. and terminate at the left hand
ordinate (100% butane) at the vapor pressure of pure butane.
The region enclosed by this pair of curves is the only re-
gion in which two phases may exist in equilibrium at 190° F.
At all pressures above the upper curve, the loci of bubble
points at 190O F. for all mixtures of propane and butane,
only the liguid phase may exist. At all pressures below the
lower curve, the loci of dew points at 190°F. for all mix-
tures,only the gas phase may exist. If now a constant opres-
sure 1s taken, for example 300 pounds per sguare inch, it is
possible to determine the composition of the coexisting
phases at 190° F. by merely reading the comoosition of the
liquid phase on the bubble point curve and the composition
of the zas phase on the dew point curve, both at 190°F,
and 300 pounds per square inch pressure,

The curvature of the bubble point curves on this dia-
gram is a measure of the degree with which mixtures of butane
and propane agree with Raoult's Law and Dalton's Law., Straight
lines would indicate that the total vapor pressure of the
liquid of any mixture at any definite temperature is equal
to the sum of the mol fraction of butane times its vapor>pres-
sure in the pure state, at the temperature in question, and

the mol fraction of propane times its vapor pressure at the
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same temperature. Since the bubble point curves are not en-
tirely straight, it is evident that mixtures of these hydro-
carbons do not follow these laws, although the deviations
are not as large as is found with some pairs of other hydro-
carbons with more widely varying physical properties.

Figure 7, a temperature-composition diagram at constant
pressures, was prepared similarly to Figure 6, except that,
in this case, constant pressure lines were followed on Figure
5, and the temperatures of the phase boundaries of the dif-
ferent mixtures plotted on the temperature-comvosition co-
ordinates. On Figure 7, at the constant oressure of 300
'pounds per sguare inch, as an example, the phase boundary
curves terminate at common points, the point on the right
being the tempverature at which pure propane has a vapor pres-
sure of 300 pounds per sauare inch, and the point on the left
being the temperature at which pure butane has a vapor pressure
of 300 pounds per square inch. These two curves inclose the
two phase region at 300 pounds per square inch for all mixtures
of propane and butane. The upper curve is the loci of dew
point temperatures for a2ll mixtures at this pressure and the
lower curve is the loci of all bubble point temperatures at
the same pressure. For any mixture at 300 pounds per square
inch pressure, only the gas phase will exist above the dew
point curve and only ligquid phase will exist below the bubble
point curve. If on this diagram, a constant temperature line,
for example 190° F., is followed, it is possible to determine

the composition of the coexisting phases at 300 pounds per
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square inch pressure by reading, as before, the composition
of the gas pvhase on the dew voint curve and composition of
the liquid phase on the bubble point curve. Since, on both
diagrams, the same pressure and temperature have been used,
namely, 190° F. and 300 pounds per square inch, the composition
of the coexisting phases as determined in both cases will be
the same. |

The ratio of the mol fraction of propane in the gas phase
to the mol fraction of propane in the liquid phase is called the
equilibrium ratio for oropane. This quantity, K, is frequently
called the equilibrium constant although it varies with temper-
ature and pressure as well as the character and amounts of the
other comoponents present in the mixture. If at equilibrium, Xp
is the mol fraction of propane in the liquid phase, and Yp is
the mol fraction in the coexisting gas phase, then Ap-= %}QP
In a like manner, the equilibrium ratio for butane,Aé::YbAka
or in this binary system, 4= /"%54_XP . These values
of K may be determined from the temperature-composition of the
pressure composition diagram as explained previously.

Bauilibrium ratios taken at different pressures from
Figure 6, at each of the constant temperatures indicated there,
were multiplied by the oressures at which they were taken and
then plotted against these pressures in Figure 8. The curves
below the diagonal line represent constant temperature equi-
librium ratios for butane as functions of pressure. The curves
‘above the diagonal line represent constant temperature equilibri-
um ratios for propane as functions of pressure. If the equi-

librium ratio for propane.is desired, for example, at 190° F.
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and 400 pounds per sguare inch pressure, it may be determined
by dividing PK by P or, in this case, K = 500/400 = 1.25. Of
course, for the sole purpose of obtaining equilibrium ratios,
a plot of equilibrium ratios as functions of temperature or
pressure would be more convenient. This diagram, Figure 8,
was prepared to show more satisfactorily the behavior of these
ratios in the critical region. A number of eguilibrium ratios
taken from this diagram are tabulated in Table II for both
propane and butane.

The diagonal line, Figure 8, is the loci of points where
the equilibrium ratios are equal to unity, that is, where PK = P.
The equilibrium ratios for either component approaches unity as
the total pressure on the system approaches the vapor pressure
of that component at the temperature of the system., Vhere the
temperature is above the criticzl point of one of the components,
both equilibrium ratios approach unity as the pressure approaches
the critical pressure corresponding to the temperature of the
system, which temperature becomes the critical temperature of
the system. These critical values, of course, correspond to
definite compositions. This is illustrated by the constant
temperature curves at 220° F., 250°F., and 280° F., and the
corresponding mixtures are 88,8 mol percent propane, 64.6 mol
percent propane, and 34.2 mol percent propane, respectively,
as may be ascertained by noting the points, on Figure 6, where
the vhase boundary curves at these temperatures touch the loci
of critical pressures. Thus at temperatures above the critical
point of propane but below the critical point for butane, the

butane ecuilibrium ratios start at unity at the vapor pressure
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of butane and then return to unity at the critical pressure cor-
responding to the temperature on the system, which becomes the
critical temperature.

At temperatures below the critical points of elther com-
ponent, the equilibrium ratios of either component become in-
determinate as the pressure on the system becomes equal to the
vapor pressure of the other component at the temperature of the
system, The broken envelope curves, starting at the origin,
are the loci of points at which the pressure on the system
becomes equal to the vapor pressure of the other component atb
the temperature of the system. For example, the upper broken
envelope line is the loci of points at which ths equilibrium
ratios for propane becomes indeterminate, that is, the points
at which at the constant temperatures shown, the pressures become
equal to the vapor pressure of butane. The vertical broken
lines indicate the critical pressures of the pure components,
the upper one for butane and the lower one for propane.

Figure 9, shows a comparison of the experimentally de-
termined equilibrium ratios for butane and those calculated by
Raoult's Law. It is evident that the deviation from Raoult's
Law is not large at 150 pounds per square inch pressure and
increases only slightly up to 300 pounds pressure. Howevér, at
400 pounds per sauare inch pressure the deviation becomes
relatively larse as would be expected when the oressure approaches
the critical pressure.

Where the necessary data have been lacking, values for
equilibrium ratios have been calculated for engineering design,
not only through the use of Raoult's Law =nd Dalton's Law, but

also through the use of certain concepts of ideal solutions.
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As defined by Lewis and Randall (8), "The ideal solution is
one in which the fugacity of each component 1s proportional to
the mol fraction of that component at every temperature and
pressure." In tdeal solutions, the fugacity of each component
in a phase is equal to the fugacity of each component in the
same phase in the pure state, at the same temperature, times
its mol fraction in the ideal solution. If the propane-butane

system was an ideal solution, the following ecuations would be

O S T Ko S g s Yo i o T Ko § Foe” oo

( {J refers to the fugacity of the component in the system and fto
the fugacity of the pure component. The subscript L, refers to
the 1liquid; g , to the gas; pP,to propane; and B, to butane.
As used formerly, X is the mol fraction of the component in the
liquid phase and Y, the mol fraction in the gas phase).
From these equations it is possible to determine the compositions
of the ohases in terms of fugacities. Then, since the fugacity
of each pure comoonent is & function only of the temperature

and pressure of the system, the compositions ol the coexisting
phases at any temperature and pressure may be determined with
only the knowledge of the fugacities of the pure components at
the desired temperature and opressure. Considering the above
equations for propane, the following relation 1s obtained,

)Qf;G - j%% . Since at equilibrium, the fugacity of the

Xelo A
component in the liquid is equal to the fugacity of the com-

ponent in the gas‘Z&zzﬁ.,l, or ,Zé.: /ﬂp:ZQZJ It was through the
Xpfer Xp Fre
use of this relation that the curve, No. 4, of Figure 10, was

obtained for propane at 190° F,
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Freguently thereare insufficient P-V-T data to permit the
use of the laws of i1deal solutions since these laws take into
account the volume of the liquild pvhase and also the deviation
of the gas phese from perfect gas behaevior. Where no P-V-T
data is available, other than the vapor pressure data of the
vure components, Raoult's and Dalton's Laws may be used.

Curve No. 1, of Figure 10, was obtained by use of these laws.
If only the fumacities of the pure components are known, the
volumes of the liquid phase may be neglected. Following this
method, the curve, No. 3, of Fizure 10, was obtained. For
mixtureé of propane and butane at 190°F., this adaption of

the laws of 1deal solutions appears to give phase equilibrium
data nearer the experimental results, Curve 2, Figure 10.

The experimental curve is nearer the Raoult's Law curve at
higher concentrations of propane, while for the hicher con-
centrations of butane, it is about ecuidistant between the
Raoult's Law curve and the curve prepared by the laws of ideal
solutions, neglecting the volume of the liquid phase. It is
orobable that at hisher prossures. the laws of ideal solutions
would more nearly fit the experimental results since the curves
on Figure 9, indicate that, at the higher pressures, the deviation

from Raoult's Law becomes greater.
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