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General Introduction

The work reported in this thesis was carried out during the
last three years at the Californja Institute of Technology as part of
Research Project 37 of the American Petroleum Institute. The general
purpose of the investigation is the study of the fundamental properties
of hydrocarbon mixtures which control their retention in underground
formations.,

The work of earlier investigators had indicated that rather
large chaenges in the physical properties from those observed at atmos-
pheric pressure took place when natural hydrocarbon mixtures were at
equilibrium under the pressures and temperatures found in many natural
reservoirs. As the physical properties such as viscosity, density, etc.
have a large effect on the retention of the oil in a natural reservoir,
, & study of the more important of them was undertaken by the American
Petroleun Institute. The work of Project 37 has been restricted to
measwrements of the composition, rate of solution, density, change in
volume, specific heat, viscosity of hydrocarbon mixtures as a function
of pressure and temperature. The derived thermal properties are of in-
terest in the determination of the available energy of a natural
reservoir.

The work reported in this thesis consists of a description of
the apparatus used in the general study of the physical properties of
hydrocarbon mixtures under equilibrium conditions, and of complete
equilibrium data on the system composed of methane and propene, and of
complete pressure-volume-temperature sand thermal date on pure propane.
Both studies covered most of the pressure and temperature ranges encoun-

tered in underground formations.



Reprinted from '
INnpusTRIAL AND ENGINEERING CHEMISTRY
Vol. 26, Page 103, January, 1934

- Phase Equilibria in Hydrocarbon Systcms
I. Methods and Apparatus

‘Bruce H. Sace anp Wiriam N. Lacey, California Institute of Technology, Pasadena, Calif.

A KNOWLEDGE of the
behavior of complex hy-
drocarbon systems under
equilibrium conditions corre-
sponding to those found in under-
ground petroleurn reservoirs is of
primary importance to the
petroleum production technolo-
gist. The simpler examples of
such systems are also of interest
from the purely scientific point
of view.

The aim of this work was to
follow the behavior of gaseous
and liquid phases present in
equilibrium at temperatures ranging from 20° to 100° C.
(68° F. t0 212° F.) and at pressures from 1 to 200 atmaspheres
(approximately 15 to 3000 pounds per square inch absolute).
In order to ascertain completely the state of the system,
measurements of the density, volume, and composition of each
of the phases present were required. These measurements
were made over a series of temperatures, pressures, and total
compositions in order that the effect of these variables might
be determined.

The equilibrium
method used in this
work resolved itself
into the following
steps: the measure-
ment of the amount
of an original liquid
phase placed in an
equilibrium vessel,
the measurement of
a series of quantities
of gaseous material
and their quantita-
tive compression
into the equilib-
rium vessel, the
attainment of
- equilibrium, and
the determination
of the state of the
system . after each
addition of ma-

terial. Ficure 1.

Apparatus and methods for studies of phase
equilibria in hydrocarbon mixtures al pressures
up to 200 atmospheres in the temperature range
from 20° to 100° C. are described. The daia ob-
tuined permit the prediction of the density, com-
position, and relative mass of each phase present
when a mizture of any total composilion is brought
to equilibrium at any set of temperature and pres-
sure conditions within the range studied. Subse-
quent arlicles of this series will present daia for
both simple and complex mixlures.

Compressor ANp CoNnTroL PANEL

MEASUREMENT OF ENTERING
MATERIALS

Relatively nonvolatile liquids
were measured by weighing
a suitable container before and
after pouring the sample into
the equilibrium vessel. The
latter was then closed and con-
nected for use. If the liquid
was a pure substance of volatile
character, a portion of it was-
distilled into the equilibrium
vessel from a weighed con-
tainer. Volatile complex liquids
were cooled to a sufficiently low temperature to be handled
by the method used for nonvolatile liquids.

Gases entering the system were measured by withdrawing
from a calibrated reservoir of constant volume and noting
the resulting drop in pressure. The sample bomb containing
the gas supply was heated in a diethylenc glycol bath to a
sufficiently high temperature to insure complete vaporiza-
tion. That the temperature used was high enough could be
‘ " verified by deter-
mination of the dew
point of the gas at
the pressure exist-
ing in the sample
bomb, as described
below. The gas
was then admitted,
through heated tub- -
ing lines, to the
reservoir bomb in a
diethylene glycol
bath carefully ther-
mostated at 100.0°
C. The reservoir
was so calibrated
that the quantity of
gas in it was known
for any given pres-
sure up to a maxi-
mum of about 20
atmospheres. The
calibration was
made for each gas



104

by filling to nearly maximum
pressure, drawing off succes-
sive portions of gas into a
metrcury buret for measuring
the volume at atmospheric
pressures, and noting after
each withdrawal the pressure
in the reservair. The buret.
was located in an air bath
maintatned at. 40.0° C.
(104.0° F.) by a thermostat
control. The density of the
gas was measured by means
of an Edwards gas density
balance placed in the same
air bath. Having obtained
this calibration, the mass of
gas withdrawn from the
reservoir for use in the equi-
librium system could be deter-
mined from the reservoir
pressure reading before and
after withdrawal.

The gas pressure in the
reservoir was measured by a
fluid pressure scale connected
to the reservoir by an oil-
filled tube. The gas was kept
from contact with this oil by
interposing a mercury U-tube. The volume of the reservoir
was kept constant within 0.005 ml. (in a total volume of 175ml.)
by forcing in or withdrawing oil from the connecting tube with
ascrew plunger, the correct volume being indicated by the flash
of a signal lamp operated through a pointed contact just above
the mercury surface on the oil side of the U-tube. A shut-off
valve was installed in the hottom of the U in order that the
reservoir might be evacuated without disturbing the pressure-
measuring system. The fluid pressure scale uséd was a
modified Crosby instrument having a range from atmospheric
pressure to 300 pounds per square inch (20 atmospheres),
readings being reproducible to 0.1 pound per square inch.

This method of gas moasurement was successfully used
for gases ranging in composition from methane to untreated
natural gas from the well, The variation of different calibra-
tions for the same gas was less than 0.2 per cent. The reser-
voir was also useful for determioation of cvompressibility
factors of gases at pressures up to 200 atmospheres, by the
method developed at the U. 8. Bureau of Standards.!

Ficure 2. EouiLisrium
CrLL

CoMmprussioN oF Gases

The gases used were measured at relatively low pressures
(below 20 atmospheres) to avoid partial condensation.
After measurement it was necessary to compress the measured
samples quantitatively into the equilibrium vessel without
contamination or absorption by such materials as lubricants.
The equipment used was a compressor in the form of a steel
buret provided with gas inlet and outlet valves at the hottom.
The measured quantity of gas was drawn in from the reservoir,
Mercury was then forced into the compressor by a steam-
driven plunger pump. When the gas in the top of the com-
pressor was compressed to a pressure exceeding that in the
equilibrium cells, the gas outlet valve was opened and the
gas forced into the cell. The level of the mercury was
followed in the lower part of the buret by signal lights con-

. nected to insulated contacts in the wall of the compressor. -

To secure a minimum clearance volume (1.5 ml. in a total

volume of 1500 ml.), the upper part of the compressor was

constricted to about 4.8 mm. in diameter. In this tube
1Bean, H. 8., Bur. Standards J. Research, 4, 645-61 (1930).
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was suspended a small carbon rod. As the mercury rose in
the tube, the resistance between the upper end of the carbon
rod and the mercury was reduced. A bridge circuit, one
arm of which was the carbon rod, enabled one to follow the
level of the mercury in the tube. This made it possible for
the operator to make the stroke of the pump -accurately
reproducible. The gas inlet and outlet valves were integral
with the npper end of the tube.

As there was possibility of partial liquefaction of the gases
if the compression were done at room temperature, the entire
compressor was electrically thermostated at 100° C. A
photograph of the compressor and the accompanying control
panel is shown in Figure 1. The apparatus was always so
operated that the pressures were kept well below the dew
point of the gas in the pump at the time. By care in this
regard the possibility of condensation in the compressor was
avoided. For the same reason the lines connecting the
compressor with the reservoir and with the equilibrium cell
were electrically heated to 100° C. Their temperature was
measured by small thermocouples soldered to the lines.

Equirisriom GELL

Equilibrium was attained in a steel bomb (Figure 2) whose
inside diameter was 2 inches (5.08 em.), with an inside depth
of 2.5 inches (6.35 em.). The top was bolted to the body of
the cell, a soft metal gasket being used to make a tight joint.
Relativoly nonvolatile liquids were placed in the bomb before
closing, while gases were admitted through a connection in
the top. At the end of a run the material in the system was
removed by loosening a specially designed blow-off plug in
the bottom of the bomb. When tight, this plug was just
flush with the inside bottom surface of the bomb and so pre-
vented any hydrocarbon material from being trapped or
segregated. This bottom blow-off was found very useful,
since relief of pressure through the top carried particles of
liquid phase mechanically into the connecting lines, owing to
frothing upon release
of dissolved gas.

In order to bring
the contents of the
bomb to equilibrium
rapidly, it was
mounted on a bell
crank which was
oscillated through an
angle of about 60° by
an eleetric motor
drive. This mount-
ing kept the body of
the bomb submerged
in an oil bath which
was automatically
controlled to the temperature at which measurements were
being made, )

Since the inside of the bomb was made agcurately cylindri-
cal, a measurement of the height of liquid at any time when
the homh was in a vertieal position gave a measure of the
volume of the liquid phase. To measure the position of the
liquid surface, a short piece of 1.5-mil platinum-iridium wire
was mounted at right angles to the axis of the cylindrical
bomb on two needle points on the end of a mieromcter serow.
An electrical connection from one end of the wire 'was brought
out of the bomb through an insulating sleeve in the microme-
ter screw. The other end of the small wire was grounded to
the bomb. During operation a small current (200 wmilli-
amperes) was passed through this wire, raising its temperature
slightly above that of its surroundings. If the micrometer
was gradually screwed down until the wire touched the
liquid surface, its temperature, and hence its electrical resist-

- Ficure 3. DeEw PoiNT APPARATUS



ance, was. suddenly changed. The resistance of the small
“ywire, #s . indirectly measured by a simple potentiometer
 ¢ireuiit, gave a suitable indication of this change, and thus the

position of the liquid surface could be accurately located and
“a reading of the micrometer made. Readings of the position

of the liquid surface were easily reproducible to 0.001 inch
© (0.0254 mm.) by this method. :

Préssures within the equilibrium cell were measured by
means of another fluid pressure scale whose range was from
atmospherie pressure to 3000 pounds per square inch (ap-
proximately 200 atmospheres), readings being reproducible to
one pound per square inch. Thig scale was connected to the
equilibrium system by an oil-filled line and mercury U-tube
gimilar to that of the reservoir system described. The cali-

---pration of the fluid pressure scale was checked by comparison
with the vapur pressures of pure carbon dioxide and pure
propane at known temperatures.

Since some of the gas measured and compressed into the
equilibrium system did not pass into the equilibrium cell,
it was necessary to know the amount of gas required to fill
the connecting lines and the gag side of the mercury U-tube
to any pressure within the working range. This portion of
the gystem was always maintained at 100.0° C. to avoid con-
densation therein. The determination of this correction,
to be deducted from the amount of gas in the system, was
made directly by compressing known amounts of the gas in
question into the lines, with the valve at the entrance to
the equilibrium bomb closed, and measuring the pressures.
This correction amounted to about 10 per cent of the total
quantity of gas measured but could be determined with good
accuracy.

Dew PoiNT APPARATUS

Dew point determinations furnish information which is
useful in locating boundary conditivus belween the one- and
two-phase portions of these equilibrium -diagrams, The
apparatus used for such determinations consisted of a pres-
sure cell built into a steel block whose temperature was ther-
mostatically controlled. ‘I'he essential features of this
apparatus are shown in Figure 3. A hemispherical copper
tip, 4, 3 mm. in radius, was supported from the steel cell top,
B, and the supporting
parts were covered by
the heat-ingulating shell,
C. This tip was kept at
constant temperature
F by circulating ther-
mostated oil in contact
with its upper surface
through the concentric
tubing lines, D. The
walls of the cell were
held at a somewhat
higher temperature (3°
t0.4° C. higher) in order
to prevent condensation
on them. Approxi-
mately 0.1 mm. below
the copper tip was sup-~
ported upon the electri-
cally insulated points, F,
a copper-constantan
- thermocouple, E, of No. 40 B &S gage wire. This junction

was prepared by carefully silver-soldering the wires exactly
end-to-end in a hydrogen atmosphere. Another couple was
located just inside the surface of the tip. Since the sus-
pended junction was at a slightly higher temperature than
the cooled tip, the difference in temperature could be in-
dicated by including both couples through the leads, G, in a

Ficure 4. ELEVATION AND PLAN
oF Gas DEensiTy BALANCE

Copper plummet containing mov-
able solenoid

Aluminum plummet

Aluminum beam

Stationary solenoid

Contact point

Mercury cup

Torsion suspension
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closed circuit with
a sensitive galva-
nometer. The
actual tempera-
ture of the copper
tip was measured

couple and a po-
tentiometer.

The dew point
determination was
made by slowly
compressing the
gas sample into
the cell until a
small amount of
liquid formed on
the copper tip thus
bridging between
the tip and the
suspended couple
and decreasing the
temperature
difference be-
tween them. This
caused a sudden
deflection of the
galvanometer
mwirror which was easily noticeable. A pressure reading having
been taken, the pressure in the cell was then slowly decreased
until the liquid just disappeared from the tip, and the pres-
sure was againread. The final pressure was taken as the mean
of several readings at disappearance of liquid, which differed
ordinarily by only about 1 pound per square inch or about
0.1 atmosphere from the pressure at which liquid formed.

DensiTY BALANCE
AssEMRLY

Ficure 5.

DENSITY APPARATUS

In the study of complex mixtures, such as those found in
petroleum pools, two phases are almost always present, and
measurements with the equilibrium cell and dew point
apparatus are not sufficient to determine fully the state of the
system. This necessitates direct measurement of the density
of each of the phases.

A type of density balance was developed for the measure-
ment of both gas and liquid densities at equilibrium pressures
up to 200 atmospheres. Two schematic views are shown in
Figure 4. The aluminum beam (8 cm. in length) carries on
one end an aluminum plummet and on the other a copper
plummet. As the volumes of the plummets are unequal,
the masses being approximately equal, the force required to -
keep the beam in balance is a function of the density of the
fluid in which the balance is immersed. This restoring force
was supplied by two repelling solenoids, one of which was
placed within the copper plummet and the other mounted
directly above it in a stationary copper housing. A measure-
ment of the current flowing through the two coils in series
when they held the beam in balance gave an indication of
the density of the fluids. The beam was supported by a
light steel torsion mounting, the two members of which also
served as electrical leads to the movable solenoid. The
position of balance was indicated by the flash of a signal lamp
connected in series with the platinum contact point and the
mercury surface in the cup. The current (100 to 300 milli-
amperes) flowing through the coils was determined by means
of a potentiometer which measured the voltage drop across a
standard resistance placed in the circuit.

Two such balances, one for the gas phase and one for the
liquid phase, were mounted, one above the other, in a frame
suspended from the removable top of a pressure cell. A
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photograph of this assembly is shown in Figure 5. A centrifu-
gal agitator was provided in the bottom of the pressure cell
to secure equilibrium between the two phases. The entire
cell was immersed in an oil bath whose temperature was care-
fully regulated. The equilibrium pressure was measured by
a fluid pressure scale connected to the inlet line by a mercury
U-tube trap similar to those previously described.

Since the relation between the flow of current through the
coils and the density of the fluid was somewhat complicated,
the balances were directly calibrated by immersing them in
liquids and gases of
known densities
and measuring the
current required to
bring the beams into
balsnec. A samplc
calibration curve of
the gas density

A
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o
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o0 200 300
DENSITY, GRAMS PER LITER

Ficure 6. Densiry Bavance Cavl-
BRATION CURVE

Figure 6. For this
calibration carbon
dioxide under vary-
ing pressures was used, the density of carbon dioxide being
determined by measuring its compressibility under the same
conditions of temperature and pressure as those at which
the balance was calibrated.

APrPLICATION TO (COMPLEX MIXTURES

When studying a complex mixture of crude oil and natural
gas, the oil was weighed into the equilibrium cell and its
volume and vapor pressurc werc mcasurcd at the desircd
temperature. A measured quantity of natural gas was then
admitted from the reservoir through the compressor. The
equilibrium cell was agitated until the pressure remained
constant. After each addition of gas the equilibrium pres-
sure and the volume of the liquid phase were measured.
The additions of gas were continued until the maximum de-
sired saturation pressure had been reached. From these data
were obtained the total mass of material and the volume of
each phase, but the densities and the compositions were still
undetermined. The densities of the two phases were deter-
mined by ecarrying out measurements under identical condi-
tions of temperature and initial concentration of oil in the
density balance apparatus. The mass present in each phase
could then be calculated from its volume and density.

Since the exact compositions of the crude oils themselves
would be very difficult to determine, no attempt was made
to ascertain the composition of the liquid phase. The com-
position of the natural gas used was determined by low-
temperature fractionation analysis. By carcful manipula-
tion to take advantage of the strong tendency for these hydro-
carbon solutions to supersaturate, equilibrium gas samples
could be withdrawn. The removal of such a sample neces-
sarily terminated that particular experiment. In this way it
was possible to account for the transfer of the more volatile
constituents between the phases present.

If the assumption was made that the compressibility of the
equilibrium gas phase was substantially the same as that of
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the original gas used (or some function of it), the apparent
solubility of the original gas in the original liquid at various
temperatures and pressures could be determined by measure-
ments with the equilibrium cell. This assumption would be
most nearly valid at lower temperatures, at lower pressures,
and with natural gases containing less of the easily conden-
sable constituents. In these complex hydrocarbon mixtures
the solubility of the gas in the liquid loses its exact significance.
since the process occurring when the two are brought to
equilibrium consists of a partial transfer of constituents from
each phase to the other.

* APPLICATION TO SIMPLE MIXTURES

Simple hydrocarbon systems containing only two or three
constituent substances may be studied with more precision,
and a more complete picture of their behavior can be obtained.
Such studies, therefore, offer an effective method of determin-
ing the fundamental behavior of hydrocarbons in mixtures,
thus paving the way to more exact studies of the complex
mixtures.

In the case of two-component systems, the entire amount
of the less volatile component was admitted first to the
equilibrinum cell by the method hest suited to its volatility.
The volume of the liquid phase, if any existed, was then
measured. The more volatile component was measured into
the equilibrium cell in a series of additions, the resulting
cquilibrium pressurc and liquid volume being  determined
after each addition, until the pressure reached the working
maximum of the apparatus. A series of determinations of
this type was made at constant temperature but with sys-
tematically varied amounts of the less volatile component
initially added. The work was then repeated at different
temperatures. It was impossible to obtain precise data in
the .condensed portions of the system at compositions ap-
proaching that of the less volatile component, as the cell was
completely full of liquid and the attainment of equilibrium
doubtful. The relations between composition, temperature,
and pressure for the saturated gas were determined by use
of the dew point apparatus. From these data and those from
the equilibrium cell, the composition and density of the liquid
phase and the density of the gas phase were obtained. The
density and eompressibility when only one phase was present.
were determined from the equilibrium cell measurements.
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rated with Gases
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yield of crude oil from producing formations has
caused much thought to be given to the factors
controlling its recovery. One of the most Buportant of these
appears to be the properties of the oil itself.  Previous in-
vestigators found that dissolving natural gas in crude oil

| 4 I VHE interest of the petroleum industry in increasing the

b LIQUID-FILLED TUBE

Figune 1. Diacram or BaLL anp
‘T'uBe

had a surprising effect on many of its physieal properties.
A general study of these changes was nnderfaken at the
California Institute as Research Project 37 of the American
Petroleum Institute. This paper deseribes the viscometer
developed for the study of the effect of dissolved gas on the
viscosity of erude oils.

InsrruMENTAL RlﬂQUIllL‘MEl\ )

In order to duplicate in some measure the range of condi-
tions found in petroleum formations, saturation pressures
up to 200 atmospheres (2940 pounds per square inch) and
temperatures ranging from 20° to 95° C., (70° o 200° F.)
must be attained. The work of other investigators (1), at
lower pressures, indicated that the change in viscosity of the
oil would be very large at saturation pressures of 200 atmos-
phieres., An instrument is therefore required which will

1)



measure awcurately a wide range of viseosities without re-
quiring intermediate allerations or readjustments,  There are
several other requirements which must be niet by an instru-
went suitablo for this study.  Some means must by provided
for establishing equilibriurm hetween the gas and oil within a
reasonable time.  The instrument should be of suel a nature
that its ealibration is independent of pressure. There 1y also
need ftor means of measuring the saturation pressure and of
uiintainiog the teinperature of the seontober cubstat
during a given set of neasurcnients.

PRINCIPLE UTILIZED

The instrument which was found to satify inost nearly
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Ficure 2. I1iGRAM OF ViscosiTy-MEASURING APPARATUS

the needs of this work was a modificd form of the viscometer
developed by Flowers (3) and Hersey (4). The sketeh in
Figure I illustrates the principle of the instrument. The ball
« s at the upper end of the closed, liquid-filled tube b. As
the ball moves down the tube (probably by both rolling and
sliding), the displaced lquid must flow past it through the
space between the ball and the tube. For any given. ball
with the tube held at a constant angle, the travel time of the
ball niultiplied by the difference between the density of the
ball and that of the liquid is a linear funection of the absolute
viseozsity of the Hguid. This Hnear funetion breaks down,
however, if the rate of movement of the ball is so great
that the flow becomes turbulent.

(2)



Tu InsTRUMENT AND I78 OpERarion

Figure 21is a sketch of the instrument developad upon the
above principle.  In order that equilibrium between the gas
anfoibinay be reached, a closed eirculating system is provided.
The liquid Hows from the saturation cell e to the density
measuring bomb d, ence o the hottom of the inclined
tube & of the visconieter itself, returning from the top of the
tube to the gas space of the saturbion eell again, A sinall
sain pump in the botton of the saturation cell circulates
the il through the sysiem as desired. A photograph of the
actual instrument is shown in Figure 8. -

The eatire systen, except the upper part of the saturation

Ficure 3. PuorocrApd OF INSTRUMENT

cell, s illed with the oil sample, the system being so arranged
that any entrapped gas is swept out upon cireudation.  Ligquid
is pumped through the system after thermal equilibriunn is
attained, the ball being forced to the upper end of the tube b
above the outlet tube. When cireulation is stopped, the ball
is allowed to move part way down the tube. The upper
contact ¢ is then screwed down a small amount, and the
eirculation again started. The ball, moving up the tube,
now wedges itsell against the lowered eontaet, and is in
position to start a measurement. This procedure of wedging
the ball from below the contact gives a sharper and more
reproducible release upon ralsing the contact than is the case
with the ball above. The yvalve f at the lower end of the

(3)
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ball tube is now closed and the contact lifted, starting the
halt down the tube. The break in contact is vecorded on a
chronograph. When the ball touches the lower contact A,
another mark is made on the chronograph record. The valve
£ is again opened, circulation reéstablished, and the measure-
ment repeated as often as desired.  Next, gas is admitted to
ihe top of the saturation cell and circulation malntained
until the attainment of equilibrium is indieated by eonstancy
of pressure reading, A new set of ball times is determined
as before, more gas is then admitted, and the measurements
are vepeated at the sesulting higher satuvation pressure.
This process is continued until the pressure approaches the
upper limit of 200 atmospheres (2940 pounds per square inch).
A series of determinations of this nature involving meas-
urements at ten different pressures requires in the neigh-
borhood of two hours after the initial thermal equilibrium
has been reached.

T T T 7 T T
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Frauke 4. Causravion Cunves vor Two Baits

The density of the liquid is measured in the density bomb
at each of the saturation pressures by mcons of a small torsion -
mounted balance. Since the two ends of the heam are con-
structed of materials of different density, the volume dis-
placed is different and the force required to bring the beam
into balspce is a funetion of the density of the liquid in which
it is immersed. This force is supplied by two solenoid coils,
one mounted on the beam, and the other held in a fixed
position. When current is passed through the coils a re-
pelling force is exerted between them. By measuring the
current flowing through the coils when the beam is in bal-
ance, a measure of the density of the liquid in which the
beam is immersed is obtained. The instrument is calibrated
by immersing it in a series of liquids of known density.

The saturation pressures are measured by means of a fluid
pressure scale connected to the gas space of the system
through a mereury trap. The trap is necessary to prevent

(4)



contamination of the gas by the oil used in the fluid pressure
scale, The temperature of the viscometer is held at:any pre-
determined value by means of an oil bath eontrolled by a
mercury. regulator. The temperature of the bath ean be
varied between 20° and 985° C. (70° and 200° F.);. the
maximum variation. from the desired: temperature during a
run is about 0.03° C. (0.06° F.).

(ALIBRATION

The viscometer is calibrated by measuring the roll time at
abmwspheric pressuve for ligquids of known - viscosity. . The
liquids used in this work were standardized by the Bureau of
Standards, The viseosities of these liquids were known at
several temperatures, so that the effect of temperature on the
calibration of the instrument could be determined.

PFigure ‘4 shows calibration eurves for two halls of slightly
different sizes. The eurves are straight lines over the greater
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part of the range but flatten off at roll timeas over twelve to
fifteen minutes. This may be due to the break-down of the
film between ball and tube. . The effect of turbulence can be
seen at the short roll times on the upper ecurve. The instru-
ment gives satisfactory results in this range if enough cali-
bration liquids are used to give the location of the curve
with the desired certainty, The marked divergence of the
two.curves for a small change in ball size points to the need
of high accuracy in the machining of both the ball and the
tube. It js also evident that change in the surface condition
of either the ball or the tube will change the calibration of
the instrument to a marked extént, The balls used in this
work  were. spherical to within 0.0001 inch, this degree of
accuracy being necessary to obtain duplication of roll times
of 0.25 per cent.
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The effeet. of pressure on the calibration of the instrument
was lnvestigated by comparing the small measured increase
in viscosity of water under pressure with that expected from
the work of Bridgman (2). This comparison indicated that
at 170 atmospheres (2500 pounds per square inch) any change
in calibration due to pressure could be neglected.

The range of measurable viscosities covered with one ball
15 guite large, from about 2500 willipvises down to 10 milli-
poises. However, the long roll times encountered at the
higher viscosities make a smaller ball desirable when working
in this range. ‘

From the measured roll time and the density of the liquid,
it is a simple matter to read the absolute viscosity from the
calibration curve. The kinematic viscosity ecan then he
computed from the absolute viseosity and the density.

An illustrative set of results is shown in Figure 5. These
viscosity curves are for a sample of Santa Fe Springs oil
and dry natural gas at three temperatures. The decreased
effect of the dissolved gas al the higher Lewperalures is
probably due to the lower solubility of the gas under these
conditions.

CONCLUSIONS

The use of this instrument has indicated that:

1. The viscometer described may be satisfactorily applied
to the study of the effect of dissolved gas upon the viscosy
of crude oil at relatively high pressures.

2. The instrument is satisfactory for use at temperatures
up to 100° C. (212° F.).

3. A wide range of viscosities can be measured with one
ball, and to extend such range greatly, only a simple change
of ball sizes is needed.

4. Both the ball and the tube must be made with a high
degree of accuracy.

5.  The density of the liguid must also be measured in
order to arrive at either the kinematic or the absolute vis-
cosity.
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. THE DETERMINATION OF THE THERMAL FROPERTIES
- AND THE
PRESSURE-VOLUME-TEMPERATURE RELATIONS OF HYDROCARBON SYSTEMS

b

A knowledge of the thermal properties and the pressurc—
volumé*temperé,ture relations for natural hydrocarbon systems is of
inﬁerest to the petroleum producer in order to ascertain the available
reservoir energy and the most suitable method of employing it in pro-
duction. Such data on both simple and natural systems are of value in
determining the energy relations in subsequent processes where no
chemical changes are involved. The methods described in this paper
permit the determination of all of the general thermodynamic properties
ol a hydrocarbon system of constant composition, no matter how complex.
The appératﬁs used has a range from 50°F to 250°F and pressures up to

3000 pounds per square inch.

General Method: The changes in all of the thermal properties

at constent temperature ere completely determined by the pressure-volume-—
temperature relations of the system, and can be rigorously calculated
from them by application of the fundamental equations of thermodynamic

(1) However, the change in at least one thermal property

equilibrium.
under -ﬁmowﬁ conditions (i.e., at a constant pressure or a constant
volume) as a ,f'unction of temperature must be directly measured before
all of the thermal properties of the system can be correlated as a func-
tion of temperature. The following discussion will deal first, with an
apparatus for determination of the pressure-volume-temperature relations,
second, with an indirect method of measurement of the specific heat at
constant pressure in the coﬁdensed region, third, with an adisbatic Cal-~

orimeter for measurement of the specific heat at constant volume, and,

finally, with the thermodynamic caleulations.
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The Pressure-Volume-Temperature Apparatus.
The appéraxus used in pressure-volume~temperature studies
, previously described by the author and his co~workers (see part I of
this thesis).is not entirely suited for securing data for thermodynamic
caiculations. It was primerily a constant-volume apparatus in which
the change in pressure with composition was followed at constant tem-
perature. The thermodynamic calculations herein described must be made
on a system of fixed composition and data obtained with the constent-
volume apparatus required much interpolation before it cduld be ﬁsed
for such calculations. Moreover, this apparatus did not permit extended
studies in the condensed region. For these reasons new methods were
adopted in order to overcome these difficulties.

A sketch of the apparatus used is shown in Fig. 1. It con~-
sists of a steel pressure cell (A) whose inside diameter is two inches
and whose height is eleven inches. The volume of this cell may be varied
at will by the addition or withdrawal of mercury through a valve located
.at (B) near the bottom of the cell. The mercury is supplied to the ap-
paratus from a steam—driven reciprocating pump at pressures up to 3500
‘ pounds per square inch. The mercury,before being admitted to the cell,
| is preheated to the temperature of the apparatus. The volume of the space
above the surface of the mercury is determined from the position of the
mercury éurface. The latter is ascertained by means of an electrical
contact (E) which is mounted upon a hollow rod which enters the bottom
of the cell through a packing gl#nd. The wire from the electrical con-
. tact (B) is brought out of the cell thréugh the hollow rod and is con~

nected through a sensitive relay to a signal light. The lower portion



of the rod (C) engeges a mat (D) which is in turn driven by the
worm (F). A small motor attached to (F) permits the contact (E) to
 be moved up or down the length of the cell (A). The final adjust-
ment of the position of the contact (E) is made by manual movement
of the worm {F). As the rod (C) was threaded with extreme care a
counter mounted upon the work (F) gives a direct indication of the
position of the mercury surface. A photograph of the exterior of
the apparatus is shown in Fige 2. The total volume over the mercury
surface for a given counter reading is determined by adding a known
volume of liquid to the cell and determining the counter reading when
the cell is just full of liquid at atmospheric pressure. This is in-
dicated by a very rapid rise in pressure for a small addition of mer-
cury. In Fig. 3 is shown a sample calibration curve. The line is
extrapolated to atmospheric pressure and permits the detsrmination
of the counter reading for a known volume of the cell. The exirapo-
lation to atmospheric pressure is necessary because the density of
the calibrating oil is knewn only at this pressure. Since the cell
was corefully machined and the screw was made with high precision
(maximum deviation 0.0004 inch in a length of eleven inches) the
volume of the cell for any other counter reading céuld be readily
computed. It was found that the position of the mercury surface
could be determined within 0.0004 inch which corresponds to a volume
of 0.0012 cubic inches (0.02 ml.).

The pressure existing in the cell was measured by means of

calibrated fluid pressure scales. One scale having a range from
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atmosphefic to 3000 pounds per square inch and the other a range
from atmospheric to 300 pounds per square inch. The reproducible
accuracy of each is 1.0 and 0.10 pound per square inch, respectively.
They are connected to the bottom of the cell by means of a mercury
0il trap.

The temperature of the cell is controlled by an electric
heater wound directly on the outside of the cell. In order to main-
tain constant temperature, a mercury iegulaxor (G) was built directly
into the wall of the cell. This regulator is connected through a re-~
lay to the heater. An auxiliary heater is provided in the insulated
top to prevent possible temperature variation. A cooling coil wound
on the cell permits studies below room temperature. The cell is in-
sulated from its surroundings by a one and one-half inch layer of
magnesia insulation. Great care was taken in the construction of the
heater and in :the application of the insulation to insure constent tem—
perature at all points in the inside of the cell. The temperature of
" the cell is determined by a calibrated thermometer placed in a deep
well in the wall of the cell. The uniformity of the temperature through-
out the cell was ascertained by the consistency of the dew point of a
pure substance at various total volumes of the apparatus. It is be-
lieved that the maximum temperature variation throughout the interior
of the cell is abéut 0.2°F. However, as most of the work is done in a
réstricted region near the top of the cell this small variation is not
often encountered.

To secure equilibrium the contents of the cell are agitated

by a cagé of four vertical rods (H) (see Pig. 1), which is rotated at
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about 120 revolutions per minute by the shaft (K). This shaft is con-
nected to the cage by a pair of bevel gears not shown in Fig. 1. The
addition of this sgitator did not affect the uniformity of change in
volume of the cell with variation in the height of mercury, as the rods
ar.e of wniform diameter and the volume of the ring at the top of the
rods is taken into account in the calibration.

The top of the cell is removable to allow the addition of
non-volatile liquids. Volatile pure liquids may be distilled into the
cell from weighed pressure containers through valve (M). Measured
volumes of gas may be admitted through valve (), which is connected
to the rest of the apparatus (see part I of this thesis).

The effect of pressure upon the calibration of the apparatus
was determined by maintaining the mercury surface at a fixed position
as 1lndicated by & fixed elecirical contact in the top of the cell
(not shown in Fig. 1) and noting the change in counter reading as the
gas pressure over the surface of the mercury was increased from atmos-
pheric to 3000 pounds per square inch. It was found that the maximum
pressure correction was less than 0.0%5 percent at the minimum volume
of the apparatus. The effect of temperature upon the calibration of
the a;éparatus was eliminated by calibration at a series of temperatures.
The magnitude of this variation of volume due to change in temperature
is shown in Fig. 4, which shows the volume of the cell as a function of
temperature at the maximum counter reading, which corresponds to the
minimom volume of the apparatus.

As an example of the type of data obtained with this sppara-
tus, there are shown in Fig. 5 four isotherms. One is for Kettleman

Hills crude o0il of the following characteristics. Specific gravity at



' 60°F, 0.8383 {37.1° API). (Specific gravity as used in this paper
refers to the ratio of the weight of a unit volume of the material at
a given pressure and temperature to the weight of a unit volume of
water at its maximum density at atmospheric pressure.) Molecular
weight 188 (freezing-point method). Another of the isotherms is for
a mixture of this 0vil and a blended natural gas of the same composi~
tlion as that obtained from the flowing well. The fractionation'analy-
sis of the gas was the following: Methane 77.0%, ethane 11.0%,
propane 6.7%, butane 2.4%, isobutane 1.1%, heavier 1.8%. The ratio

of the gas to the oil was 110.3 cubic feet per barrel, ‘both oil and
gas being measured at 60°F and one atmosphere. The sharp break in
each curve represents the point at which the system becomes entirely
liquid. The greater compressibility of the gas-saturated oil is
shown by the relative slopes of the two isotherms in the condensed
region. The specific gravity in the two-phase region is kthat‘ of the
systeni ag 2 whole, a quantity which is required for thermodynamic cal-
culations on systems of constant composition.

An isotherm for a mixture of methane (methane ‘99.29%.

 ethane 0.01%, nitrogen 0.7%) and impure pentane (97.5% pentane) is also

included in‘Fig. 5. The more nearly linear rclation df pressure to
volume in the case of the simple mixture in the two-phase region is
quif.e apparent. ‘An’ isotherm for propane has been included also. The
constancy of the vapor pi-essure in the two-phase region verifies the

constancy of the temperature in the cell and the purity of the propane.
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Thermal Measurements

Specific Heat at Constant Pressure. After the varigble

volume cell had been constructed and was found to yield such satise
fgcﬁﬁry P-V-T data in the condensed region, it also furnished an ad-
mirable apparatus to determine the specific heats of materials in the
condenged region. This was done by measuring the changes in tempera=-
ture due to adiabatic changes in pressure.

In order to measure the change in temperature, a four Junc-
tion copper constantan thermocouple was installed on the lower surface
of the head of the cell (not shown in Fig. 1). One set of junctioms
was mounted upon two smell bakelite poste (1/8 inch diemeter) sbout
3/4 inch below the head of the cell, while the other junctions were
mounted in small glass bulbs (1/16 inch diameter), which were set about
1/8 inch in the wall of the steel head. The adisbatic change in pres-
sure was accomplished by connecting the mercury in the cell to an air
chamber of sufficient sige that the pressure in the tube remained con-
stant in spite of the slight leakage past the plunger of the connected
fluid~pressure scale. Another air chamber was provided which was main-
tained at a somewhat different pressure than the first. The pressure
in the tube could then be changed easily and rapidly by closing the
valve to the first air chamber and opening that to the second. The
change in pressﬁi'e being directly measured on the fluid-pressure scale.
A high sensitivity, low resistance galvanometer in connection with a
~ calibrated potentiometer was used to measure the temperature change
due to the adiabatic change in pressure. As the walls remsined at sub~

stantially the same temperature the cooling curve method had to be em-
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ployed in oider to arrive at the true temperature change. After a
little experience it was found possible to commence recording tempera~-
tures about ten seconds after the pressure changed. A chronograph was
used to record the elapse of time., The record of the change in tem-
perature as la function of time was continued for about one hundred and
twenty seconds. In the case of hydrocarbons more viscous than kerosene
the effect of convection currents wes so small that the cooling curve
results could be omitted, for the maximum temperature reached by the
liquid could easily be measured before a fall in temperature due to
diffusion took place. The value of the thermocouple voltage at zero
time yielded, from celibration of the thermocouple, the change in tem-
perature of the liguid for a known change in pressure. From this data a
mean value of the 6—3% s* could be obtained for the average pressure
existing. This measuremént was then repeated at a lower pressure and

another value of the coefficient obtained. By combining this data with

the thermal expansion, (-g-%)p, according to the general relation

-G

T(X7)
p = T 2 the value of the speclfilic heat at constant pressure wasg
&2,
obtained.

Specific Heat at Constant Volume. The method for determina-

tion of the specific heat at constant pressure is limited to material
which may be obtained in the condensed state over the entire temperature
range investigated at pressures somewhat below 3000 pounds per square inch.

Many natural hydrocarbon systems exist in the two-phase region only at

* For list of symbols used see page 28
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ﬁressui'es well above this value, so the method of adiabatic cooling
cannot be applied to them. As mecasurement of the specific heat must,
in such cases, be done in the two-phase region, a constant volume
calorimeter offers the simplest method of approach.

The apparatus used for the measurement of the specific heat
at constant volume is shown in Fig. 6. It consists of a steel bomb (A)
containing the sample, a heater and a thermocouple. The bomb (A) 1s
mounted in a bakelite ring (B) which can be oscillated through about
150 degrees on shaft (K). This motion provides the necessary agitation
to insure both thermal and phase equilibrium. The motion is imparted
to the shaft (K) by means of cords attached to the grooved pulley (C).
In order to insure as little heat interchange between the bomb and its
surroundings as possible, an adiabatic jacket (E) made of 1fU4 inch cop-
per was provided. In order to maintain the inside of the adiabatic
Jacket at the seme temperature as the exterior surface of the bomb, a
thermocouple was provided, one junction beling albached to each surface.
These were directly connected to a high sensitivity, low resistance gal-
" vanometer, which controlled an photoelectric relay. The relay in turn
controlled the flow of current through the heater mounted on the out-
side of the copper jacket (E). Cooling coils were also provided on the
outside of the jacket to permit studies below room temperature. A pic-
ture of the Jacket and accompanying parts of the calorimeter vefore as-
gembly is shown in Fig. 7. To prevent excessive heat loss from the
Jjacket, it was surrounded by a one-inch layer of diatomaceous earth.
The entire calorimeter was placed in the air thermostat which could be

maintained at the aversge temperature of the determination. This pre-
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vented any change in the temperature distribution in the jacket when
gtudies are made at different temperatures. In order to further re-
duce the heat loss or gain by the bomb, a very thin radlation shield (D)
was provided. Due to the bakelite ring (B) the metal shaft (K) did not
come in contact with the bomb, thus reducing heat exchange from this
source. The entire ineié.e of the calorimeter was nickel-plated, covored
with a very thin layer of chromium and polighed. A picture of the in-
side of the assembled calorimeter is shown in Fig. 9.

In FPig. 8 are shown the details of the constant~volume homb,
which was built of alloy steel to withstand a maximum working pressure
of 3000 pounds per square inch. It consists of a cylindrical steel
tube (A) to which the removable heads (B) and (C) are fastened by means
of the large hexagonel union nuts (T). The energy is supplied to the
interior of the bomb by a non-inductive heater (D) whose leads are
brought out at the contacts (E) and (F) located in the head (B). The
temperature of the bomb was measured by the thermocouple (G). The leads
from this couple were brought through the hollow contacts in the, lower
head. This avoided any contact voltages at the surface of the bomb.

A photograph of the parts of the bomb is shown in Fig. 10. ILiquid
materials are added by removing one of the heads. Gaseous material ie
added through the needle valve (H). (see Figure 8) The weight of
maﬁeria.l added is determined in each case by the difference in the
initial and final weight of the bomb. When a mixture is to be studied,
each component is added successively, the bomb being weighed after each
addition. The amount of energy added to the bomb and contents was de-

termined by the current flow through, and the voltage drop across, the



heatei' (H)‘ These were measured by means of a standard resistance, a
volt box, and a potentiometer.

In order to determine the heat capacity of the bomb itself
it was almost filled with a non-volatile liquid and placed in the
calorimeter.. After the jacket had come to temperature and the bomb
no longer changed temperature with time, showing that the heat inter-
change was exceedingly small, the internal heater was turned on for a
short period, usually about ten minutes. The bomb was agitated for
one minute and allowed to come to equilibrium. The rise in temperature
was then measured by connecting the thermocouple junction inside the
bomb to another mounted in a well heat-insulated copper block which
was brought to the temperature of the air thermostat and did not change
with time. By this means the range of the potentiometer could be re-
duced so as to just cover the rise in temperature of the bomb and per-
mitted much more sccurate measurement of the temperature rise. The
measuwrenent of the temperature rise due Yo the addivion of a Xnown
amount of energy ‘was repeated at a series of temperatures covering
.the entire range. Another set of similar measurements was then made
with the bomb only about one quarter full of liquid and from this data
on the heat capacity of the bomb and two different quantities of oil
the heat capacity of both the bomb alone and that of the oil could bve
calculated. The heat capacity of the bomb as a function of temperature
is shown in Fig. 1l.

It was found thag the jacket followed the bomb so closely that
the temperature of the bomb remained constant within 0.01°F for several

hours after the current in the interior heater had been turned off.



With this in view, no correction for heat loss was needed nor was there
any need to use a cooling curve to determine the true température rise.
The short period of sgitation did not add enough energy to warrant a
correction, vf or the energy added in this way only changed the tempera-
turs of the bomb about 0.09°F per hour of agitation.

Due to the large heat capacity of the bomb, the specific
heat at constant volume is only reproducible to about 1.5%. However,
as this requires that the heat capacity of the bomb and contents be
known to at least 0.3% it is considered satisfactory.

Thermal Calculations for Hydrocarbon Systems. From the

pressure-~volume-temperature data and a single measured thermal pro-
perty as a function of temperature, the calculation of the entire
thermal behavior of a system of constant composition is possible.

0f the various graphical methods of presentation available, the
temperature~entropy plane furnishes the best picture when both the
condensed and superheated regions are included. The following dis-
cussion will apply to the construction of such a chart including the
five variables, pressure, temperature, volume, heat content, and
entropy.

As convenient datum conditions, the entropy and the heat
content of the saturated liquid are arbitrarily taken as zero at the
lower temperature limit of the experimental data. At this lowest
temperature the change in entropy with pressure can be calculated by
use of the general equilibrium equation (—%)T = (.3%)1), This re-
lation cannot be used in the two-phase region in the case of a pure

substance, but can there be replaced by the Clapeyron equation,



| Ah = ﬁ T Av. From the above-mentioned relation of entropy to pres~
sure at constant temperature the position of a series of constant
pressure and volume intercepts can be determined at the datum tempera-
ture, the pressure~volume-temperature data being directly employed to
locate the cbnsta.nt volume lines after the constant pressure lines had
been determined. Again this procedure is somewhat modified in the
two-phase region of a pure substance. From direct thermal measurement
the position of either a constant volume line or a constant pressure
line can be determined as a function of temperature by use of the

proper one of the two following relations:

g r @

As the intersection of this line w1th the datum temperature is kmown

p"""‘

and its slope determined by the above relations it can be readily
drawn on the temperature-antropy plane. From the pressure-volume-
temperature data the pressure and the volume is known at each tempera~-
ture along this line and by applying the same methods as were used
at the -datum temperature the entire field of constant pressure and
volume lines can be drawn in.
The change in heat content with pressure at constant tem-

perature can be determined by graphical integration of the expression

(‘3"2)@ = v - T(g‘;‘)p

By following the same method as outlined above a fleld of constant
pressure lines may be drawn on the heat content-temperature plane.
There is no need of including the constant volume lines on this
auxiliary plane as they are already fixed on the temperature-entropy
plane. The relation (3,1,)1) T(3; G is used to establish one

constant pressure line as a function of temperature from the directly

26



‘ m;asufed ﬁhérmal quantities. From the temperature-heat content plane
the temperatures at which constant heat lines intersect constant pres-
sure lines can be determined and the constant heat content lines
transferred to the temperature-entropy plane.

Ail of the above calculations can be done by mathematical
analysis but the author feels that the graphical methods employed do
much to correlate the data and to point out errors. Tabhlated data
are taken from the final cherts whlch were drawn to a scale to make
the tabulation accurate to at least 0.5% throughout the sntire range.
Work of this nature on many hydrocarbon 'systems would require for
practical application only a small part of the range usually covered
in the thermal studies of pure substances. In general, data would
only be needed for the condensed region and a part of the two~phase
region for a normal crude oil-natural gas mixture. In production
practice, one would never reach pressures low enough to encounter the
saturated gas line nor would production operations go to temperatures
high enough to reach the critical temperature of the mixture. Again,
on the other side of the composition scale with a wet natural gss,
one would need to cover most of the superheated region and the satu-
rated gas relations but would only be required to go a little way in-
to the two-phase region as temperatures ordinarily met are above the
critical temperature of the gas and below the cricondentherm, (i.e.,
the maximum temperature at which two phases can exist). However, the
pressure might be far below that necessary to reach a one-phase region.
In the case of a very dry gas, temperatures would probably be above
the cricondentherm and one would ordinarily never encounter any two-

phase region at all.
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SYMBOLS USED
c Specific heat at constant pressure expressed as the ratio of
the heat required to raise a mass of material 1°F &b a con-
stant pressure to that required to raise an equal mass of
water 1°F at its maximum density under a total constant pres-
sure of 1 atmosphere.
T Absolute temperature in degrees Rankine.

v Volume occupied by a2 unit mass af material expressed as
cubic feet per pound.

P Absolute total equilibrium pressure exerted on the system
by its surroundings, expressed -in pounds per square inch.

8 Specific entropy expressed in Btu per pound per degree Rankine.

s Specific heat content expressed in Btu per pound.



Fig., 1
Variable Volume Apparatus
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Fig. 2
General Arrangement of Variaeble Volume Apparatus
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Phase Equilibria in Hydrocarbon Systems

II.

Methane-Propane System

Bruce H. Sace, Wmriam N. LACEY, AND JAN G. ScHAAFSMA
California Institute of Technology, Pasadena, Calif.

rium behavior of systems
consisting of hydrocarbons,
such as the mixtures of petro-
leum and natural gas found in
nature, the investigator is faced
with a problem of great com-
plexity. It would seem desir-
able, therefore, to approach the
problem hy establishing first
the behavior of some simpler
hydrocarbon systems under
similar conditions of temperature and pressure. By choosing
a two-component system, a complete record of equilibrium
data may be obtained for the desired range of conditions at the
expense of a small fraction of the time required to reach even
a partial solution of the very complex case.
The results of such a study of the methane-propane system
are here reported. The pressures and temperatures were
restricted to those generally found in petroleum formations—

IN STUDIES of the equilib-

formations.

volatile oil.

therefrom.
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i. e., 1 to 200 atmospheres and 20° to 90° C. The composi-
tions were varied continuously from pure propane to pure
methane. Measurements of density and composition were
made in both the one- and two-phase regions, including a
large region above the critical pressures of the system.

ExPERIMENTAL METHOD

A detailed description of the apparatus used and methods
employed for a two-component system is given in Part I
of this series (6). In brief the method consisted of the fol-
lowing steps: The pressure-composition relations of satu-
rated gas! were determined by dew point measurements at a
series of temperatures. Eight or ten different compositions

t The term “'saturated gas” is used here to designate the gaseous phase

in equilibrium with a corresponding liquid phase. The latter phare is re-
ferred to as the saturated liquid.

The methane-propane
throughoul the temperature and pressure ranges
commonly found in underground pelroleum
This system may be considered as
illustraling the behavior of a simplified case of
natural gas in conlacl with very high-gravity
Complele equilibrium data are
accompanied by illusirative diagrams prepared

stadied were employed at each tempera-
ture. Dew points were obtained
for both normal and retrograde
condensation.

The total density and com-
position were determined by
measuring the increase in
equilibrium pressure due to the
addition of successive known
quantities of methane to an
equilibrium cell containing
a known amount of propane.
By a series of seven or eight sets of measurements of this
nature at systematically chosen concentrations of propane
(expressed as grams per liter of total space), the entire field
of compositions could be mapped for the chosen temperature.
For illustration, two such sets of measurements made at 21.1
C. (70° F.) are shown in Figure 1. In the case of the curve
with the lower concentration of propane there was very little
liquid phase in the equilibrium cell and this rapidly dis-
appeared. In the other case the cell was over half full of
liquid at the beginning of the addition of methane, and the
volume of the liquid phase increased until the cell was com-
pletely full at the break in the curve. This point represents
the pressure of saturated liquid of the composition corre-
sponding to the total composition of the mixture at this point.
The locus of these break points for different sets of measure-
ments gave the relations of pressure, density, and composition
for saturated liquid. The volume of the liquid phase was
also measured after each addition of methane to furnish a
check on the boundary measurements. These measure-
ments were carried on at five temperatures evenly distributed

syslem is
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TasLe I. Densitiss of MIxTurEs 0F METHANE AND PROPANE
(Compositions expressed in mole per cent methane, densities in grams per liter)

20,0 MoLn % 30.0 MoLz % 40.0 MoLE % 50.0 MOLE % 60.0 MoLe % 70.0 More % 80.0 Movn % 90.0 More %
Den-~ en-~ Den- Den. Den- en- Den- en-
Prpssure  sity  State sity  State sity State | nty State sity  State sity State gity State sity State
Atm. )
TEMPERATURE, 20° C.
10.0 18.0 G 16.3 G . 14.8 G 13.3 G 1.8 G 10.4 G 9.2 G 8.0 G
20.0 107.8 L + G 61.4 L+ G 41.1 L 4+ G 20.4 L+ G 24.2 G 21,1 G 19.0 G 16.8 G
30.0 245.5 L + G 126.9 L+ G 84.9 L4 G 59.7 L+ G 4.0 L+ G 35.0 G 20.5 G 24.6 G
wd wii DIO mgnEie e Prd mprie M Eig Hee wig mS g
60.0 421.8 L+ G 260.1 L+ G 174.3 L + g 123.3 L i G 91.5 R 697 G . 56.0 G
70.0 e 339.3 L+ G 221.8 L+ G 156.1 L+ G 113.8 R 85.6 G 66.2 G
80.0 . 385.0 L 279.5 L+ G 195.0 L 4+ G 138.2 R 102.3 G 78.2 G
90.0 393.5 L 333.6 L 239.2 L+ G 167.2 R 119.6 G 90.3 G
100.0 400.1 L 345.56 L 276.2 L 196.1 G 138.0 G 102.1 G
120.0 410.5 L 366.0 L 306.0 L 236.7 QG 172.8 G 127.5 G
140.0 418.8 L 380.0 L 327.8 L 265.86 G 203.0 G 147.4 G
160.0 425.7 L 391.1 L 344.0 L 286.9 G 227.1 G 172.9 G
180.0 432.8 L 401.3 L 357.1 L 304.0 G 247.9 G 193.0 G
200.0 438.8 L 410.0 L 367.7 L 317.4 G 265.5 G 210.9 G
TEMPERATURBE, #0° C.
10.0 16.8 G 15.2 G 13.9 G 12.6 G 11.3 G 10.0 G 8.6 G 7.6 G
20.0 47.1 L+ G 34,2 G 31.7 G 26.0 G 23.2 G 20,0 G 7.7 G 15.1 @
30.0 152.1 L+ G 83.9 L+ G 58.6 L 4 G 44.0 G 37.6 G 31.2 G 26,3 G 22.8 G
40.0 270.8 L 4+ G 146.9 L 4 G 97.7 L 4+ G 70.1 L 4+ G 55.0 G 4.8 G 37.1 G 3.1 G
50.0 417.8 L 224.6 L+ G 141.56 L+ G 99.3 L+ G 75.4 G 58.7 G 48.4 G 40.0 G
60.0 422.1 L 316.6 L+ QG 193.0 L+ G 133.1 L :t a 96.7 R 74.8 G 60.6 G 49.8 G
70.0 427.2 L 384.2 L 2551 I 4+ G 170.1 L 4+ G 123.1 R 93.3 G 73.6 G 59.4 G
80.0 , 393.1 L 326.6 L+ G 211.0 L 4+ G 150.0 R 112.7 G 87.0 G 69.0 G
90.0 400.2 L 347.2 L 264.2 L + G 180.1 G 132.8 G 101.9 G 78.8 G
100.0 406.1 L 358.8 L 289.5 L 209.7 G 151.6 G 115.9 G 89.1 G
120.0 416.7 L 376.1 L 317.8 L 249.6 G 188.5 G 144.6 G 110.2 G
140.0 . 425.2 L 388.6 L 337.1 L 278.2 G 220.1 G 169.8 G 129.5 G
1800 433.3 L 399.4 L 352.5 L 299.2 G 245.0 G 192.8 G 149.8 G
180.0 . 440.0 L 407.3 L 365.1 L 316.4 G 268.8 G 213.1 G 167.7 G
200.0 415.1 L 3756.4 L 331.0 G 279.8 G 220.2 G 183.7 G
TEMPERATURBE, 55°
10.0 16.3 G 14.8 G 13.2 G 12.1 @G 10.9 G 9.6 G 8.3 G 7.1 G
20.0 35.2 G 30.3 G 27.6 G 24.56 G 22.0 G 19.4 G 18.7 G 14.3 G
30.0 8.4 L+ G 562.0 G 44,9 4 38.8 @ 32.8 G 20.6 Q 25.8 22.0 Q
40.0 188.0 L 4+ G 106.2 L+ G 87.0 G 56.3 G 47.8 G 40.0 G 35.0 G 20.4 G
50.0 2066 L + G 166.4 L 4+ G 107.9 L4 @ 77.9 G 84.0 G 52.7 G 4.4 G 37.2 G
60.0 379.1 L 236.7 L+ G 150.6 L+ G 105.9 R 82.2 G 66.8 G 54.9 G 45.6 G
70.0 389.9 L 32083 L+ G 198.1 L 4+ @G 136.2 R 102.1 G 81.1 G 65.8 G 54.2 G
80.0 397.3 L 345.2 L 252.5 L+ G 119.4 G 123.6 G 9.4 G 71.2 G 83.2 G
90.0 403.4 L 350.8 L 284.2 L 202.6 G 145.7 G 111.9 G 890.1 G 71.9 G
100.0 408.4 L 369.7 L 306.3 L 231.7 G 168.3 G 127.5 G 101.4 G 80.8 G
120.0 N . 38¢.2 L 336.7 L 274.1 G 211.3 G 159.9 G 126.86 G 98.8 G
140.0 395.3 L 3566.3 L 302.8 G 243.3 G 190.0 G 149.4 G 117.1 G
160.0 405.3 L 371.8 L 324.1 G 268.4 G 216.9 G 171.2 G 136.2 G
180.0 414.4 L 383.2 L 338.6 G 288.6 G 237.9 G 191.6 G 152.1 G
200.0 .. 302.2 L 351.7 G 304.9 G 256.1 G 208.8 G 166.9 G
. TEMPERATURR, 70° ¢,
10.0 15.5 G 14.1 G 12.8 G 11.5 G 10.3 G 9.1 G 7.9 G 6.8 G
20.0 33.6 G 29.1 G 26.5 G 23.8 G 21.1 G 18.8 G 18.4 G 13.7 G
30.0 57.9 G 46.8 G 42.0 G 38.5 G 32.3 G 27.7 G 24,9 G 20.4 G
40.0 113.1 L 4+ G 71.5 G 59.2 @G 51.0 G 4.8 G 33.0 G 33.4 G 28.0 G
50.0 201.6 L + G 113.6 L I G 82.0 G a7.8 Q4 57.5 C 18.0 Q 12,0 Q 35.2 G
60.0 308.8 L+ G 1737 L 4 G 113.2 G 87.3 G 71.2 G 60.3 G 50.9 @ 42.7 G
70.0 339.8 L 239.5 L 153.9 G 109.9 G 87.5 G 72.2 G 60.8 G 50.8 G
80.0 353.9 L 283.8 L 196.4 G 136.7 G 104.4 G 85.1 G 70.9 G 58.8 G
90.0 362.4 L 310.3 L 232,.1 G 165.9 G 122.9 G 98.2 G 81.0 G 67.1 G
100.0 368.8 L 327.0 L 260.6 G 103.8 G 143.2 G 112.9 G 92.2 G 76.0 G
120.0 248.8 L 207.90 G 226.0 G 180.0 G 140.7 G 113.5 @ 91.8 8
140.0 364.3 L 324.1 G 260.4 G 215.3 G 168.9 G 135.4 G 107.9
160.0 .. o 342.9 G 294.8 G- 240.9 G 108.6 G 156.4 G 126.1 G
180.0 B 367.6 G 310.9 G 262.6 G 218.4 G 178.9 G 140.9 G
200.0 . 368.6 G 326.8 G 279.86 G 234¢.9 G 191.0 G 185.1 G
TEMPERATURR, %0° C}
10.0 14.6 G 13.2 G 12.0 G 10.8 G ‘9.7 G 8.5 G 7.4 G 0.4 Q@
20.0 32.9 G 27.8 G 25.1 G 23.0 G 20.2 G 17,1 G 18,7 G 13.1 G
30.0 54.4 G 45.9 G 41.6 G 3.1 G 31.2 G 26.8 G 24.8 G 20.1 G
40.0 81.7 G 66.0 G 57.0 G 49.0 G 42.3 G 37.0 G 31.8 G 26.8 &
50.0 117.1 G 90.3 G 73.5 G 62.9 G 54.3 G 47.0 G 30.9 G 33.6 G
60.0 169.7 G 118.9 G 93.4 G 78.4 G 66.2 G 56.5 G 47.9 G 40.5 G
70.0 242.2 G 157.8 G 117.4 G 96.3 G 81.0 G 67.8 G 56.9 G 47.3 G
80.0 288.8 G 203.2 G 144.5 G 114.4 G 95.4 G 79.1 G 66.0 G 556.0 G
90.0 313.2 G 238.7 G 175.0 G 134.9 G 111.0 G 91.6 G 74.4 G 62.8 G
100.0 327.7 G 264.8 G 202.9 G 155.8 G 125.3 G 102.9 G 85.0 G 70.t G
120.0 N .. 304.6 G 245.9 G 195.3 G 155.4 G 127.9 G 105.1 G 85.9 G
140.0 330.2 G 278.3 G 226.7 G 183.2 G 150.0 G 124.1 G 100.9 G
160.0 A 302.2 G 253.2 G 207.8 G 172.0 G 141.1 G 115.9 G
180.0 320.4 G 273.9 G 228.9 G 180.8 G 158.3 @G 130.0 G
200.0 335.5 G 201.8 G 244.9 G 209.1 G 174.2 G 142.4 G

aver the ranga from 20° t0 90° C.  Asillustrated in the curves
of Figure 1, the measurements were carried in each case far
beyond the disappearance of the two-phase region.

PREPARATION OF MATERIALS

The methane used for this work was prepared from natural
gas. The gas under 20 atmospheres pressure was passed
through a trap, immersed in a mixture of solid carbon dioxide

-and methanol, to remove water and heavy hydrocarbous.
The gas was then completely liquefied in a steel bomb im-
mersed in liquid air, The partially filled bomb was pumped
down to a pressure of 4 to 6 em. of mercury for an extended

time to-remove nitrogen and other noncondensable gases.
The methane was then partially separated from the other
hydrocarbons by a simple distillation into a cooled (10° C.)
steel cell containing activated charcoal. This cell was oper-
ated at a pressure of about 34 atmospheres. 'The methane
from the cell was stored in steel eylinders. A combustion
and modified condensation analysis gave the following compo-
sition for the methane:

Mole %
Ethane (and heavier) ) 0.03
Nitrogen 0.5
Methane K .

99.47 °

o
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TaBLE II O‘omromTIONﬁ AND DENSITINS OF SATURATED Lmuw anp Sarurarep Gas Paasos
: " (Compositions i m mole per cent methane, demames in grams per liter)

INDUSTRIAL AND ENGINEERING. CHEMISTRY

Vol. 26, No. 2

EXPERIMENTAL RESULTS
Since the direct experi-

W 0 B

Ar 20° C: e Ar 40° C.

Pnns- < COMPOBITION DENSITY  ~  COMPOSITION DPENSITY
sure Gas_ Liquid Gas Liquid Gas Liguid Gas  Liquid
Atm. .
10.0 13.2 0.8 . ..
15.0 38.6 .. 7.9 0.7
20.0 50.5 6.2 28.8 491.3 27.3 3.5 36.0 461.9
28.0 87.5 o 37.9 ..
80.0. - 61.9 11.6 40.8 479.1 45.1 9.2 49.1 448.6
85.0 - .65.4 .. 50.8 .
40.0 68.1 17.6 54.3 464.9 54.2 14.9 61.5 432.3
45.0 70.1 .. 57.1 ..
50.0 71.4 ~ 23.6 68.5  447.1 59.2 20.8 75.8 413.9
56.0 .. . 60.6 .
628 72.8 29.8 84.3 424.3 61.5 26.6 93.0 392.0
85. .. .. e ..
70.8 73.6 36.3 102.2 396.7 62.2 32.9 113.9  366.1
80.0 73.4 43.6 123,8 361.6 62.1 395 140.4 332.9
856.0 . .. 61.4 43.9
90.0 71.4 52.4 155.2 312.8 59.3 50 6 190.2 268.2

.0 69.0 58.3 ..

Ar 70° C. AT 80° C,

PRES-  COMPOSITION DENSITY COMPOSITION DENSITY
BURD Gas Liquid Gas  Liquid Gas  Liquid Gas Liquid
Atm.
10.0 ..
15.0 ..
20.0 e . . .
25.0 . . . ..
30.0 10.3 2.1 64.7 401.4 .. ve t
35.0 18.9 S 8.5 2.0 D
10.0  25.2 7.1 70.0 381.8 14,9 4.6 97.4 361.2
45.0 29.9 .. 20.2
50.0 33.6 13.0 97.1 354.9 24.3 10.6 118.4 328.1
55.0 .. .. 27.4 2.8
60.0 38.8 19.9 122.2 318.2 27.3 18.3 171.5 265.2
65.0 39.2 24.1 . ..
70.0 .. .
75.0
80.0
85.0
90.0
95.0

Owing to the method of analysis employed, the quantity of
nitrogen reported is possibly somewhat larger than that actu-
ally present.

The propane used for this work was obtained from the Phil-
lips Petroleurn Corporation and was not further purified.
The Phillips Petroleum Corporation upon careful analysis,
found the sample to be pure propane, containing neither
ethane nor isobutane in appreciable amounts.

The purity of the methane was further tested by comparison
of its measured densities under various pressures with those

calculated from pub-
90 -

lished compressibility
factors (5). The
deviation of the two

80 values was in all 6asos
70 ¢ ¢ less than one gram per
, liter over the entire

60 pressure range (1 to
solacis r/(J /.,‘-’— 200 atmospheres).
S /S o The vapor pressure,

as well as the satu-
rated vapor and satu-
rated liquid densities
of the propane, agreed
within experimental
accuracy with pub-
lished values (3).

40

V& /
20 :
10 / I

10 20 30 40 50 60 70 80
MOL PERCENT METHANE

PRESSURE ATMOSPHERES

Accuracy oF MEas-

Ficure 3. ConsTaNT TEMPERATURE UREMENTS

Cunves ON PressuRE v5. COMPOSITION

Driacram The absolute ac-
curacy of the pres-
sure measurements was 0.10 atmosphere. The temperatures
were measured t0 0.01° C. and are accurate to at least 0.10° C.
The methane and propane were measured to 1.0 ml. (standard
conditions) with an estimated absolute accuracy of 0.1 per
cent.

o
coumsx-.r;g«.% Cnmrﬂrpv . mental data, as typiﬁed by
Gos  Liquid Gas  Liquid the points. shown in Figure
. . 1, present the results in a
37 05 ii's 4392 form difficult to tabulate or -
9.6 s ko 43bs to use, they have been plotted
55 o " on as large a scale as is con-
gg 10.8  67.7 407.8 sistent with their sceuracy,
7.0 167 82,9 387.6 and the corresponding curves
511 23°8 1031 3814 drawn. From these curves
554 2072 17 asily  Poins have been read ag
52,1 326 ... suitable regular intervals.
0.1 375 1724 2714 The data so obtained are re-
ported in the tables. The
maximum temperature inter-
o : o
composz’rxﬁ;\r: %0 %nNsrrY —\ polation was 2.20° C. The

Gas Liquid Gas absolute accuracy of the
tabulated data is: tempera-
ture to 0.10° C., pressures to
0.10 atmosphere, composi-
tions to 0.10 mole per cent,
and densities to 0.50 gram per
liter.

Table I shows the total
densities for a series of tem-
peraturcs, pressures, and
total compositions. The
state of the system under
these specified conditions is
also given. L represents
liquid only; G, gas phase only; and L + G, coexistence of
liquid and gas phases. R denotes the occurrence of retro-
grade condensation. In Table IT are given the densities and
compositions of saturated liquid and of gas for a series
of pressures and temperatures. More data are given for
the saturated gas because a correspondingly greater num-
ber of measurements was made on the dew point than on
the saturated liquid boundary. Table IIT gives critical and
cricondentherm (2) pressures, temperatures, and densities
for a series of corpositions.

Liquid

127.5  832.2
163.6  282.7

-
AL : s
B =t
RO
E=1- J-]

TasLE ITII. Crrricat aANp CRICONDENTHERM DaTA

Crrrrcan —— CRICONDENTHERM —=—
Comrosrrion Temp. Pressure Density Temp. Pressure Density
Mole To Grams Grams
CH, °C, Atm. /liter °C. Atm. [liter
10.0 91.0 52,1 232 93.7 48.6 199¢
20.0 81.2 60.6 232 86.5 53.8 171
30.0 70.9 69.3 232 78.5 58.8 149
40.0 59.3 78.8 231 69.2 63.4 133
50.0 46.3 &87.9 231 b7.9 67.2 121
60.0 31.1 95.7 229 43.5 70.8 115
70.0 10.4¢ 99.9 225¢ 26.8 73.8 113

@ Extrapolated.

Discussion orF SysTEM

In order to aid in visualizing the bebavior of the system, a
number of typical plots have been drawn from the tabulated
data. Figure 2 shows the pressure-temperature relations for
three mixtures. The upper part of each curve represents the
vapor pressure of a liquid of that composition; the lower part
represeubs the pressure fur uitial condensation of a gus of thal
composition. The higher dotted curve is the locus of the
critical points, and the lower dotted curve is the locus of the
cricondentherms for various compositions. These two
curves come together at the critical point of propane, reach
a maximum at somewhat lower temperatures than those
shown on the plot, and again come together at the critical
point of methane. For each composition the point of maxi-

U
20
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considerations (4) PRESSURE ATMOSPHERES . MOL PERCENT METHANE IN LIQUID
this difference would Ficure 4. Consrant ComposiTioN CURVES AT Figure 5. Consrant PressuRe CURVES ON

be expected to in- 20° C. on Densmy os.

crease from zero at
the critical point of
pure propane, pass through a maximum, and again reach zeTo
at the maximum critical pressure of the system. The large
region of retrograde condensation of the first kind (normal)
between C and €’ is to be expected, owing to the large dif-
erence in critical temperatures of the components. The large
inercasc in oritionl prossure with composition can be attributed
to the same reason. Similar phenomena were observed in
the case of mixtures of carbon dioxide and hydrogen by
Verschaffelt (7).

In Figure 3 are shown isothermal plots of the relation of
the composition of the saturated gas and liquid to pressure.
Again the large region of retrograde condensation is shown,
as well as the rapid increase in critical pressure with decreas-
ing temperature. The relative quantity of each phase
present for any condition of pressure and total composition
can be obtained directly from such plots by consideration of
the composition of each phase in relation to the total com-
position of the system.

90 VW
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: FICAN e,
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PRESSURE ATMOSPHERES

Ficure 6. Consrant ComposirioNn CURVES AT
20° C. on PERFECT GAS DEVIATION v3. PRESSURE
Diacram

Figure 4 is a plot at 20° C. of the relations of pressure and
density for the entire pressure range studied. The upper
part of the boundary curve shows the density-pressure rela-
tion for saturated liquid, while the part below ¢ shows the
same relation for the saturated gas. The total composition
lines represent the change in density during the course of an

PressURE Dracram,
Givine Bounpary oF Two-Puase Recron

Gas Comrosition vs. Liouin ComposiTion

DiacrAM

isothermal compression. The curved line conpecting the
origin with the lower end of the saturated vapor curve repre-
sents the density of pure propane in the superheated region.
As there were no satisfactory density data for pure propane .
above 30 atmospheres known to the authors, the lines in the
upper part of the liquid region were omitted. The curve for
methane was calculated from published compressibility fac-
tors (3) and agreed closely with that directly determined ex-
perimentally. The intersections of the constant-composition
lines with the boundary eurve give the density and pressure
of the saturated liquid and gas of that composition.

In Figure 5 is presented the relation of the composition of
liquid and vapor in equilibrium for a series of pressures. The
inversion of slope at pressures exceeding 50 atmospheres is
due to retrograde condensation. This inversion again dis-
appears as the maximum pressure for the two-phase region -
is approached. The curves were not continued to higher con-
centrations of methane since this would necessitate data at -
temperatures lower than those studied. :

From the data in Tables I to IIT and calculations of the
perfect gas densities the compressibilities of given mixtures
at various temperatures and pressures can be calculated.
The results of such calculations for 20° C. are shown in Fig-
ure 6. Again the values for methane were interpolated from
published data (5) and were plotted for the sake of compari-
son. The pressure-volume products for each mixture are
compared to that of the same mixture at one atmosphere and
20° C. as unity, The breaks in some of the curves are due to
the bransition from the Lwo-phase liquid-gas region to the
one-phase liquid region.
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THE PRESSURE-VOLUME-TEMPERATURE RELATIONS
AXD THE
THERMAL PROFERTIES COF PROPANE

L g

. In the study of simple malticomponent systems it is desirable
to have the pressure-volume-temperature relations and the thermal pro-
peities of each of the components over the pressure and temperature range
through which the complex system is studied. Published data on propane
one of the important components of industrial hydrocarbon systems is
meager, being limited to the properties of the sa.turated liquid and gas
at temperatures below 125°F,(1) and to the measurement of the specifie
heat at a constant pressure of one atmosphere and temperatures up to the

boiling point of waxersu)

Method

In this investigation the specific volume of propane as s funce
tion of pressure was measured for a series of systematically varied tem-
peratures. The appearance or the disappearance of a phase was determinecd
by the sharp break in the specific volume-pressure relation at this point.
‘The specific heat at constant pressure as a function of pressure and tem-
perature in the condensed region was measured indirectly by the adisbatic
cooling method., A detailed description of the methods and apparatus used
in this investigation has been presented by the author in part four of

this thesis and will be omitted here.
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Material Used

The propane used in this work was obtained from the
Philgas Company, Bartlesville, Oklahoma, who submitted a special
analysis showing the propane contained no impurities which could be
detected by 'their methods of analysis. The purity of the propane was
further tested by isothermsl compression and it was found that the dew
point and the bubble point were at pressures which differed by less
than 0.5 pound per square inch at 100°F. It was also found that the
pressure-volume relation at constant temperature yielded very ’sha.’rp
breaké at both the dew and bubble points. From other studies it has
been found that small quantities of noncondensible gas markedly obscures
the bubble point.,

Some of the data obtained is shown in Figure 1.:“ Most of the
points in the superheated region have been omitted due to-lack of space
on this plot. The points on the isotherms shown were obtained both age
cending and descending the pressure scale. On several of these isotherms
~ the points shown were obtained from at least two different samples of
propane from the supply mentioned above. In the low temperature region
(100°F to 170°F) one sample was used in the superheated region and another
in the condensed portion of the isotherm. At higher temperatures a small
sample was used up to a pressure of about 250 pounds per square inch,
while a larger one was used at higher pressures. Complete isotherms were
made at 70°, 100°, ‘1340", 170°, 200°, 220°F. The higher pressures have

been omitted from Figure 1 in order to enlarge the two-phase region on

* Specific gravity as used in this thesis is defined é,%e
ratio of the weight of a given volume of material to the
weight of the same volume of water at its maximum density.



the'plot by increasing the scale used. For the determination of the
critical constants several short isotherms were made at temperatures
above and below the critical temperature covering only the pressure
range in the neighborhood of the critical point. The odd temperatures
were used here to expedite the attainment of thermal equilibrium. Some
of these isotherms are shown on an enlarged scale in Figure 2. The
critical constants, which are tabulated in Table 3, were determined
from this data. The critical specific gravity® was determined by plot-
ting the average density of the two phases present as a function of
temperature, this mean value becomes almost independent of tempereture
as the critical temperature is approached. A short extrapolation (2°F)
to the critical temperature allows accurate determination of the criti-
cal density. The slopes of the isotherms above the critical temperature
at the critical density were plotted as a functlon of temperature and
the temperature corresponding to zero slope determined. The value thus
obtained agreed very well with that obtained by rounding the saturation
curves to meet at the critical demnsity. The critical pressuré was do-
termined by extrgpolating the vapor pressure curve to the critical tem~
perature. The extrapolation was only 0.2°F and as the vapor pressure
curve is quite straight in this region the value is believed to be known
to at least 1.0 pound per square inch. The vapor pressure of propane as
a function of temperature is shown in Figure 3. The datas of other

(1,2,6)

observers has been found t6 agree fairly well with the reported values.

The laws of ideal solutions appear to apply with reasonable
(6,7,8)

accuracy to equilibrium relations in petroleum mixtures except

for the more volatile component near the critical point for the mixture



b3
(6,9)

in question. Other investigators have compiled fugacity charts
which have been based upon the law of corresponding states for their
general application. The fugacity of propane as a function of pressure
for a series of temperatures is shomi in Figure 4. The fugacity was

_ /
calculated from the relation(lo) 111%9 = z(d 1n p).
1

The deviation from a perfect gas (z) was plott%d sgainst ln p, expressed
as PV/RT. Progressive graphical integration of this curve for each’
temperature yielded the change in fugacity (f;) as a function of pres-
sure. The fugacity (f,) was assumed equal to the pressure (p,) at
1.47 pounds per square inch (0.1 atm). The fugacity of propane thus
calculated agrees very well with that computed by other investigators
from the law of corresponding statea.(n The fugacity was considered
as being of enough importance in equilibrium calculations t_'.o warrant
tabulation, which has been done for the saturated liquid and £as as
well as for the condensed and superheated region, in Tables I and II.
For the calculation of the thermal properties the first
_ derivative of the relation of specific volume to temperature at con-
stant pressure, %%)P is important. This relation also affords an
excellent check upon the consistency of the data., In Figure 5 is showmn
the specific volume of superheated propane as a function of temperature
at coﬁstant pressure. In Figure 6 are shown similar curves on a much
anla:éged volume scale for the condensed region. The point C on the
saturated liquid line being the cr‘itical point. In order to obtain the
first derivative of these curves they were plotted on as large a scale as
consistent with the accuracy of the data and the slopes of the curve

measured.
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The specific heat of propane was measured indirectly in the
condensed region by allowing the liquid to expand adiabatically through
a small pressure range and determining the fall in temperature. (see
part four of this thesis.,) From such measurements and the pressure-
vo.lume—temperature data in the condensed region, the specific heat was
calculated, using the following relation (%)s = .%—(g—;')P' (10)

In Figure 7 is shown the specific heat of liquid propane at constant
pressure as a function of temperature at a series of pressures. The
dotted portions of the curves at the higher temperatures is based upon
extrapolated values of (g—%)p. This extrapolation was necessary be-
cause the pressure-volume-temperature data were only determined to 220°F
and measurement of slopes at the end of the experimental curves in the
critical region is unsatisfactory. The specific heat atl the lower temw
peratures (below 190°F) is believed to be accurate to about 1.5 percent.
Bach of the points shown is the average of at least six and for the most
part ten measurements. The average deviation of the points from the

- mean value was about 2 percent. The value of the specific heat at the
lower temperatures (7O°F) is somewhat higher than would have been ex-
pected from the extrapolation of theilata of other investigators. (1)
However, since extrapolation of specific heat under saturation conditions
near the critical point of a liguid is somewhat uncertain, the deviation
éould easily be explained on this basis.

From the data presented, the heat content and the entropy of
the saturated liquid and saturated gas, as well as those of the super=-
heated gas and condensed region, can be computed by the method previously

described by the author in part 4 of this thesis. These operations have



been carefully carried out for propane. The changes in eniropy and heat
content with temperature were based upon the specific heats at constant
pressure reported in this thesis. The results of these calculations

for the saturated liquid and gas are presented in Table IJ, along with
the specific volume and the ratio of the fugacity to pressure which is
the same for both the saturated liquid and gas. Similar data for the
condensed and the superheated regions are reported in Table I”. In the
condensed region both the entropy and the heat content were carried at
least one place farther than warranted by ﬁhe specific heat measurements.
This was done to allow the more accurate evaluation of the isothermal
changes i these properibles which are koown much more preclsely than the
change with temperaturée The changes in heat content and entropy at low
pressure (25 pounds per square inch) agrees well with those calculated

(&)

from specific heat measurements made by other investigators at atmos-—
pheric pressure. Both the entropy and heat content of the saturated
liquid were set equal to zero at 60°F. In Figure & is shown the deviation
of the tabulated heat content of the saturated liguid and gas from that

(1)

of other investigators. The deviation was based upon plaqing the heat
content of the saturated ligquid at 605F of both sets of data equal. The
lower values reported by the Linde Laboratory are due to their lower
values of extrapolated specific heat. The much larger deviation of the
heat content of the saturated gas is due to the divergence of the latent
heats of vaporization which are shown in Figure 9. The values of the
Linde Laboratory were directly measured and indicate a somewhat higher

value for the latent heat than was obtained by application of the

Clapeyron eguation to the reported data. Since the date of the Linde



Laboratory was extrapolated some distance in order to obtain their
reported values at the upper end of‘their temperature range (125°F)
. the agreement is considered satisfactory.

Many ways of presenting graphically the thermal properties
and the pressure-volume-temperature relations are available. When
both the condensed and superheated regions are included, however, the
temperature~entropy plane affords several advantages. This plane was
chosen for this presentation and the other three important varisables,
pressure, volume and heat content, were included as lines on this plane,
A small reproduction of this chart is shown in Figure 10, having been
drawn to such a scale that the accuracy of plotiing was equal to that
of the tabulated data in all but the condensed region; a full-size
contact print of this chart has been included in an envelope at the

end of this thesis.
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Conclusions

The work reported in this thesis has indicated that:

The apperatus used in thls work, described elsewhere Ly the aulhor,

is well suited to the measurement of the pressuvre-volume~temperature

- and thermal properties of a pure hydrocarbon in the critical region.

(%)

The determination of the critical pressure ond temperature without
a knowledge of the critical density is open to question.

The law of corresponding states appears to apply to the therma;
properties of propane almost as well as to the measured ph&sical
pfoperties.

The indirect measurement of the specific heat at constant pressure,
by adisbatic expansion in the condensed region, yields satisfactory
results at temperatures close to the critical and at pressures as

low as twice the critical value.
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TABLE III
Critical Constants of Propane
| Pressure, 6)43‘.3 1bs. per sg.in. absolute

Temperature, 212.2°F

Specific Volume, 0.00896 cu.ft. per 1b.
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