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Introduction

In the petroleum industry the prediction of the behavier of srude
0il, natural gas, and the various petroleum derivatives is desirable
in the development of processes to be used by the industry and in contrel
of the present methods of production and refining. Results obtained by
the use of simplified relationships such as the perfect gas law and the
law of ideal solutions (1) are often greatly in error. Hence it is
desirable to obtain experimental results describing the bveéhavior of these
hydrocarbons,

The problem of establishing the gas-liquid equilibrium relations
for natural gas, c:;udﬁ oil, gasoline, and other mult{icomponent hydro-
carbon mixtures is a complex one, 4n approach to the solution of the
problem is made by the study of the equilibrium behavior of the simpler
hydrocarbon systems under conditions similar to those encountered in
actuval practice.

The methane~decane system here studied is an additional member of
a series for which P-V~T relations have been established. Pressures wp
to 4500 1bs. per 9. in. and temperatures from JOOF., to 250F. were
employed. Measurements of specific volume in the liquid and two-phase
regions were made and the partial volumes for each component in the liquid
phase were caloulated. Rguilibrium constants for methane at bubble point
were also calculateds The partial velumes and equilibrium constants were
gompared with those for similai; binary systens consisting of methane znd a
second paraffinic hydrocarbon.

Two types of apparatus have been developed for the measursment of

the P-V-T relations in hydrocarbon systems. The first is the glass P-V-T



apparatus described by Young (2), Bahlke and Kay (3), and Cummings,
Stones and Volante (4), The second type is the steel P-V-T apparatus
such as described by Sage, Webster and Iacey (5). The latter apparatus
with a few minor changes was employed in the present study.

The advantages of the Steel P-V.T apparatus as compared with glase
apparatus 1lie in the facts that a much larger preseure range may be
employed and a larger sample permits more accurate dstermination of the
conposition of the system.

On the other hand the disadvantages lie in the fact that the
sample cannot be visually observed to determine the phase boundaries
as can be done with the glass apparatus. Purther, the cost of larvge
sanmples of a valvable hydrocarbon is a drawbagk,

The methane here used was obiained from the Buttonwillow fisld in
California and originally contained O.1 per cent ethane and heavier
hydrocarbons and 0.3 per gent carbon dioxide. The amount of nitrogen
and other non-gondensable gases contained was negligible as indicated
by a careful combustion analysis on the samples. The methane wasg
- further purified before additlion to the system by passing through
calelum chloride, activated characal, ascarite and sodium hydroxide at
& pressure of 400-500 1bs. per sq. in. The methane thus prepared was
"eelievéd to contain less than 0.2 per cent impurities.

The dacaﬁs was purchased as chemically pure n-decane from the
Bastman Kodak Company. It was further purified in & fractionating column
and then distilled inte a steel bowb for storage.

A diagram of the purification apparatue is shown in Figure 1.

The glaes fractionating columm, {(?), was surrounded by a silvered
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vacuum jacket, (C). Around the jacket was wound a 100 watt heater and
the whole jacket was then covered with 85% magnesia heat insulatien.

The flask, (A), containing the decane to be purified, was attached %o
the column by & ground glass Joint, (B)s To insure a vacuum tight seal,
mercury was poured into a2 cup surrounding the seal. Arovnd the tube,
{D), leading from the top of the column a 100 watt heater was wound and
the tube was insulated with 85% magnesia. The heater on tube, (B}, served
to prevent the decane from condensing until it reached the total condenser,
(E). ¥From here the condensed material dropped through drip indicators,
{#) and (G), and returned to the top of the column to supply the reflux,
Volatile impurities were pumped off at the drip indicator, (F). Pressure
in the system was indicated by manometer, (L), and the rate at which non-
condensables were drawn off was indicated by the rate of fall of the
mereury level in manometer (M) when stopcoak (8) was closeds The

vacoum header, (P), was attached to a mercury vapor pump and a Cenco
Hivac punmp. Traps (N) and (K') were immersed in solid carben dioxzide
and acetone to condense out heavy materials in the gas pumped off and
thus protect the vacuwm pumps. The storage bomb was atiached at the
brass block (X), into which the tube from the drip indicator, (H), was
sealed with sedium silicate. After refluxing for a sufficient time, the
1iquid decane was drawn into the evaguated bomb by opening stopcock ().
The bomb was immersed in a solid carbon dloxide-acetone mixture dwring
this time. Reflux was maintained in the columm during this peried at a
ratio of about U parts of reflux to 1 part of product. After the

middle fraction had been distilled over, the stopcock, (J), was closed
and while the contents of the bomb remalned frozen it was evacuated

for a period of 20 minutes.
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Figs 1. Diagram of the decane purification apparatus.



Por purifying decane the apparatvs was operated at a pressure of
about 3-6 mm of mercury. The main impurities removed were air and
methane. Any heavier hydrocarbons contained by the decane remained
in flask (A).

The decane obtained from the purification colum exhibited a
density of 0.7213 grams per cc. at 100°F. This value differs
appreciably from that of 0.7166 given by Doss (6). It possessed a
“viscosity of 6:59 millipoises at 100°F. as compared with 7.83 milli-
poises for n-decane given by Doss. A8 several isomeric decanes possess
density values greater than that for the present materisl, it was

decided that the material was a mixture of isomeric decanes rather than

pure n-~decane,

The apparatus hae been described by Sage, Webster and Lacsy (%),
3owever. it 1 desirable to describe it briefly again in connection
with this work.

Pigure 2 is a schematic diagram of the apparatus employeds The
steel variable volume cell, A, had an inside dlameter of 2 inches and
an inside height of 11 inches. The volume of the cell which was
occupied by the sample could be varied by additien or withdrawal of
mercory through valve, B, in the bottom of the cells The volume of the
space above the mercury sample was detsrmined by the height of ithe
mercury surface, This was measured by means of an electrical contact, B,
mounted on a hellow rod, €, vwhich extended wup through the mercury. The
rod, §, entered the cell through a packing zland, D, in the botiom of
the cell. Rod, €, was threaded and engaged a nut, ¥, which was driven

Yy & worm gear, G. A counter was mounted on the wot'm gear and it was
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thus possible to determine the height of the mercury by the counter ”
reading. The top of the cell was removable. The seal was made with a
thin copper gasket so that the top of the cell could be removed and
replaced without éhanging the volume of the cell.

The cell was bored and lapped to a true cylinder whose diameter
varied by less than 0.0002 inch. )

On the bottom of the contact rod was mounted a plunger, H, of the
same diameter as rod, G. The plunger moved in a cylinder filled with
mercury and acted as a compensator S0 that a change in volume cansed
by withdrawal of the contact rod from the cell was exactly compensated
for by injeétion of mergury from the compensator.

The cell was calibrated at a given counter reading by removing the
top of the vell and weighing in crystal oil wtil the oil level came
very ¢lose to the top ;f the cell. The crystal oil wsed was a mixture
of hydrocarbons refined from a non-waxy orude. It had a narrow boiling
point range and exhibited an avérage molecular weight of about 340,

The top was then replaced and a curve of pressure versus counter reading
determined, The amount of air which was trapped in the top of the sell
was estimated to be 1 or 2 ce. By golng to high pressures the air was
forced into solution in the crystal oil. Since the amount of air

{0,002 g.) was small compared with the amount of crystal oil (40 g. or
larger) and the partisl specific volume of air in crystal oil is small,
the effect of the dissolved air was negligible. The isotherm of pressure
versus counter reading was extrapolated to atmoepheric pressure at which
pressure the specific volume of the crystal oil was known. Thus the
volume of the cell at a given meroury height was determined., ZXnowing
the pitch of the accurately machined thread on the rod, ¢, it was then

possible to calculate the volume of the cell as s linear function of the
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counter reading. It was found that the position of the mercury surface
could be determined with an accuracy of better than 0,001 inch, This
gorresponds to a volume of 0,003 cubic inch in volumes from 3 to 30
cubie inches,

The effect of pressure upon the calilration of the instrument was
determined by maintaining the mercury surface at a fixed height as
measured Wy an slectrical contact fastened to the top of the cell and
noting the change in counter reading with incrsase in pressure. It was
foud that the maximum presswure gorrection was less than 0.05¢ in going
from atmospheric to 3000 1b. per sgs, in. at the maximum volume of the
apparatus,.

The effect of temperature upon the volume of the cell, 4, was
taken into account by calibration at 4ifferent temperatures, The
maximum error in vulu_me determination for the samples is believed to
be less than 0.2 per cent.

the pressure was measured by means of a specially designed fluid
presgure balance which used oil as a workiang fluid. The pressure was
transmited through the mercwry~oil trap indicated in Figure 2. The
trap was provided with an eleetrical contact so that the mercuryw-oil
inaex?face cowld be maintained at a consisnt height.

The balance was equipped with two rotating plungers. Using the
small plunger, pressures from Q to 6000 1bs. per sg. in, covld be
measured by O.11b. per #q. in. steps. Using the large plunger, pressures
from O to 1be, per £q. in by 0.01 1b. per sq. in, steps could be
meagured. The balance was equipped with a lifting mechanism similar
to that found in the better grades of analytical balances. The force

from the plungers was transmitted through a series of knife edges to a
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beam at the end of which could be suspended a series of weights,
The balance beams were designed to p?sw% a maximum deflection of
less than 0.001 inch in a length af'l’-% inches.

The balance was sensitive %o pressure changes of 0,05 1h.
per 8q. in. at a pressure of 3000 lbs. per sg. in. It was calibrated
against the vapor pressure of carbon dioxide at 329F. using a technique
similar $o that of Bridgeman (7). At 329%. the vapor pressure of
carbon dioxide was taken as 505.50 lbe. per sq. in,

In calevwlating pressures from the measurements made, correction
for the oil and mercury heads in the connecting lines and cell was
made. For these reasons it is believed that the pressure measurements
reported were accurate within 1 1b. per sq. ins

The temperature of the cell was maintained by an oil bath which
could be controlled by a thermostat at a predetermined value. The bath
was heated by an external continuous heater, a differential heater
where the cell block passed out of the thermostat bath and a small
intermittent heater which maintained the temperature on the control
point. The oil bath temperature was measured by a Mueller bridge
¢ircuit vsing a platinum resistance thermometer in the bath. The
thermometer was calibrated against a Bureau of Standards platinum
resistance thermometer. The thermostat control circuit consisted of
a Mueller shunted ¥Wheatstone bridge using a nickel resistance
thermometer in the bath. A high sensitivity galvanometer in the cire
cuit actuated a photo electric relsy circuit which controllsed the
intermittent heater. |

The temperature of the cell was measured by means of a thermo-

couple inserted in & hole drilled in the cell blocks The thermocouple
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was calibrated in place against a Bureau of Standards platinum
resistance thermometer. A White potentiometer was used to' Heasure
the thermocouple potentials.

The temperature of the cell could be measured by this methed
within O,029F., The temperature gradients in the oil bath were less
than 0,.059F, Thus it is believed that the temperature measurements
were in error by less than O.1°F.

Agitation to hasten the attainment of equilibrium within the bomd
was suppiied by four uwniform vertical rods mowmted on a ring and driven
by a bevel gear on a shaft which extended through a packing gland in
the side of the cell, It was Judged that squilibrium wasattained when
changes of volume with time at constant temperature and pressure were
no longer measurable.

The bomb could be evacuated by means of a mercury vapor pump and a
Cenco Hivac pump in series,

The decane was added to the evacuated cell by foreing the decaﬁe
from the heated sample bomb through valve P, in the top of the cell.
The amount of decane added was determined by measwring the volume of
the ligquid at 100°¥. as function of pressure and extrapolating to
atmospheric pressure. From the known densiiy of the decane at atmospheric
pressure, the weight of decane added could be determined.

The methane was added through a second valve (8) in the top of the
cell. Comnected to the valve by a steam jacketed line was a thermostated
reservoir. The steam jJacketed line was always maintained at the same
steanm pressure. Methane was pumped into the reserveoir until the
reservoir pressure was higher than the cell presswre and then the
connecting valve was opened allowing methane to flow into the cell,

The weight of methane added for a given change in pressure in the
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reservoir was determined by running a calibration in which the methane
at a given initial pressure was run over inte the evasuated eguilibrium
cell where an isotherm was run on the methane. Thus the welight of
methane added could be calculated from a knowledge of the P-v-7
relations for methane. From a knowledge of the initial and final
pressures for each addition, the calibration was complete. The
reservoir had previously been calibrated by withdrawal into a thermo-
stated mercury buret.

It is believed that composition as determined by the above methods

of addition was acourate within 0.2%.

XPERIN RESULTS

Isotherms at TJO°F., 100°F.,, 160°F,, 220°F., and 250°F. were
obtained with a range in pressure of 0 to 4500 1lbs. per sq. in.
for seven mixtures of methane and decane ranging in composition from
0 to 1% welght per cent methane. Specific volumes were calculated at
these temperatures for the liguid region and for the two-phase regien
for values up to about four times the bubble point specific volume.
The results are shown in Table I.

the partial specific volumes for methane and decane in the liquid
phase were determined from isothermal plots of specific volume versus
composition according to the method of Lewis and Randall (8). fThe
partial volumes are represented by the intercepts, on the axes of
ordinates, of the tangent t¢ the specific volume curve at any given
composition. They were smoothed against pressure, combustlon and
temperature until consistent within 0.3%. The smoothed partial volumes

are given in Tables II and III. It 18 believed thewme valuveg are
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accurate within 0.5% . Equilibrium constants were calculated for
the methane in the bubble point liguid on the assumption that the

I
gas phase present was pure methane. Thus X, = ‘i; = ¢

%
The results are shown in Table III. '

In order to aid in the visualization of the behavior of the system,
several dimgrams have been prepared. Figure 3 showg the isothermal
pressure~volume curves for a mixture containing 12.18 weight per cent
of methane. The bubble point curve shows a reversal of slope at a
pressure of about 7060 1bs. per #q, in. This is the point of maXimum
pressure at which two phases can exist for a system of this composition.
Becavse of the great difference in the molecular weight between methane
and decane, the critical state was not reached for the compositions in
the range of pressures and temperatures here given.

In Figure U are represented isothermsl curves of bubble peint
composition versus pressure. The rapid increase in curvature of the
saturated ligquid lines at higher pressures is expected as the ¢ritical
region is approached.

Pigure 5 shows apecific volume of the system as a function of
composition at 160°F, TFigure 6 presents the isothermal relation hetween
the efquilibrivm constant and pressure. The systems observed dld not
reach the critical state. This iz evident since at the ar;ﬁi_eal point
for any system XP = P (or in other words the equilibrium constant equals
one) and both phases become continuously identical. KP was plotted
instead of K since it reduces the variation in the quantities plotted.

The isobaric relation in the ligyuvid phase between partial specific
volume and composition for methane and for decane for a temperature
of 1609F, is shown in Figure 7. Figure & indicates the relation in the

liguid phass between the partial specific volume of decane and pressure
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for systems of constant composition at a teuperature of 160°F. The
wrstem exhlibite a positive isothermal compressibility in the bubble

point region for the higher compositions of methane,

It is of Interest to ascertain the effect of chemical nature of
the other component wupon the partial specific volume of methane in
the liguid phase for binary systems ofmethane and another paraffin
hydrocarbon., Pigure 9 represents a plot of partial specific volume
of methane in the liquid phase at '1°!L'.~ and a pressure of 3000 lbe.
per sq. in. versus molecular weight of the other paraffin hydraearben‘
in binary systems ‘af meéhan:a and sthane, propane, n~-butane, n-pentane, '
n~hexane and decane. For the pure methane system and the methane-
ethane system the points taken were sbove the critical temperatures of
the system so that the phase present is merely a matter of definition.
This fact is indicated by dotied lines wp to the molecular weight of
propane,

The data for methane and the methane-ethane system were obtained
from a system studied in this laboratory but as yet unpublisheds The
data for the other binary systems were cbtained from studies by Sage,
Hicks and Lacey (9)« It was decided that the curves for constant
weight per cent methane should run through the polnts sorresponding to
the molecular weights of ethane, n-butane, n-pentane and decane. Thess
dats were more precise than those for propane and n-hexane. The data
for propane were given 10 two significant figures and represented work
on a variable mass, variable ¢anmesitmn&*systm; The data for n-hexane

did not represent as complete a study as did the rest of the data.



«14-

Figure 10 represents a correlation of the eguilibrium constants
for methane in a binary system versus molecular weight of the 1%3
volatile paraffinic hydrocarbon, Data for the methane were ﬁbﬁ&nuﬂ
from a similar correlation by Sage and Lacey (10). The data agree
rather well with those predicted in the paper. Significant deviations
from the points cccur at pressures above 1000 lbs. per sq. in. in the
region of the molecular welight of hexane. |

At the higher pressures it was decided to draw the curves under
the points corresponding to the molecular weight of decane as the
pressures are approaching the critical pressures of the system vwhere the
equilibrivm constant for decene is 1 instead of O. Hence it is believed
that the constants for methane ¢aleoulated on the agsumption that the

decane in the gas phase is negligible are too high in this region,
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TABLE II. PARTIAL SPECIFIC VOLUMES OF MRTHANE IN THE LIQUID PHASE OF THE
METHANE-DECANE SYSTEM

~—— Veight Per Cent Methane as Pollows ————

Temp. Pressure 0 4 8 10 12,5 * 15
°F. Lb./sq.in.
Absolute
70 Bubble Point 0.0502% 0.0519 0.0533 0.0539 0.0546 0.0554
500 0.0495 - - - - & %
1000 0.0488 0.0518 -- -- o s & =
1500 0.0482 0.0508 -- - - - & -
2000 0.0477 0.0499 0.0529 - e _—
2500 0.0472 0.0492 0.0517 0.0532 - .
3000 0.0468 0.0486 0.0506 0.0519 0.0536 & %
3500 0.0464 0.0479 0.0497 0.0508 0.0522 - 0.0538
4000 0.0460 0.0473 0.0489 0.0498 0.0509 0.0520
4500 0.0456 0.0468 0.0482 0.0488 0.0496 0.0503
100 Bubble Point 0.0524 0.0547 0.0569 0.0579 0.0592 0.0603
500 0.0617 - - - - = - -
1000 0.0510 - - ® S 3 .
1500 ) 0.0503 0.0535 - =i CR sl
2000 0.0497 0.0524 0.0568 -- - —
2500 0.0491 0.0515 0.0548 0.0572 5 N
3000 0,0485 0,0807 0,0531 0,0881 0,05R4 .
3500 0.0479 0.0499 0.0519 0.0534 0,0855 0.0587
4000 0.0473 0.0491 0.0509 0.0521 0.0536 0.0560
4500 0.0467 0.0484 0.0501 0,0510 0.0521 0.0536
160 Bubble Point 0.0575 0.0598 0.0626 0.0650 0.0685 0.0724
500 0.0563 . - - - - ~ - I
1000 0.0552 -- - _ = W -
1500 0.0541 0.0589 - - - 5%
2000 0.0531 0,0574 = = - o - -
2500 0.0521 0.0561 0.0610 - & 5w
3000 0.0512 0.0548 0.0592 0.0626 0.06;34 - -
3500 0.0504 0.0536 0.0575 0. 0605 0. 0649 0.0706
4000 0.0497 0.05:5 .0860 1.0582 0.0617 0.0662
4500 0,0490 ).0618 0.0545 0.0562 ).0587 0.0621
220 Bubble Point 0.0621 0,0657 0.0700 0.0728 0.0765 0.0835
500 0.0607 -- -- o i _ -
1000 0.0595 -- -- =g - - -
1500 0.0584 U.0650 -- - - S
2000 ~0.0871 0.0634 = i & & =
2500 0.0559 0.0616 0.0686 ks oot 2
3000 6.0548 0.0601 71,0663 0.0703 - _——
3500 0.0537 0.0585 0.0640 0.0675 0,075 0.0834
4000 0.0526 0.0570 0.0618 0.0650 0.0702 0.0770
4500 0.0516 0.0556 0.0598 0.0627 0.0672 0.0725
250 Bubble Point 0.0647 0.0679 0.0732 0.0763 0.0815 0.0898
500 0.0632 . - i, k- "
1000 0.0618 = = & o - —
1500 0.,0605 6.0673 -- S i 5
2000 0,059 (.0655 o —_— B _—
2500 0.0580 0.0637 0.0722 =i s P
3000 0.0568 0.0619 0,0697 0.0745 = _
3500 0.0555 0.0602 0.0673 0.0718 0,0784 0.0896
4000 0.0542 ©.0586 0.,0680 0.0690 0;0'549 0.0830
4500 0.0529 ().0571 0.0627 0.0663  0.0713 0.0770

" partial specific volume, cubic feet ver pound.



TABLE III. PARTIAL SPECIFIC VOLUMES OF DECANE IN THE LIQUID PHASE OF THE
METHANE -DECANE SYSTEM

~~—— VWeight Per Cent Methane as Follows e e

Temp. Pressure 4 8 10 12,5 15
°op., Lb./sq.in.
Absolute
70 Bubble Point 0.02153% 0.02121 0.02104 0.02082 0.02045
500 -- -- -- - - - -
1000 0.02153 -- - - - —_—
1500 0.02146 -- - - - - - -
2000 0.02139 0.02120 -- - - = =
2500 0.02134 0.02118 0.02104 - - - -
3000 0.02129 0.02115 0.02104 0.02087 --
3600 0.02124 0.02112 0.02103 0.02090 0.020857
4000 0.02119 0.02107 0.02099 0.02089 0.02067
4500 0.02114 0.02101 0.02094 0.02084 0.02069
100 Bubble Point 0.02192 0.02157 0.02137 0.02098 0.02029
500 -- - - -- -- --
1000 -- - - o i - - --
1500 0.02186 -- -- - - -
2000 - 0.02179 0.02157 -- -- =
2600 0.02172 0.02156 0.02138 -- e
3000 0.02164 0.02153 0.02140 0.02104 o
3500 0.02158 0.02150 0.02140 0.02118 0.02069
4000 0.02153 0.02146 0.02140 0.02124 0.02097
4500 0.02148 0.02142 0.02138 0.02126 0.02102
160 Bubble Point 0.02262 0.02214 0.02180 0.02120 0.01984
500 -- -- -- -- --
1000 -- - - ) i - - - -
1500 0.02257 - - -- - - "~ e
2000 © 0,02249 - - - - - - p__—y
2500 0.02241 0.02213 - - - - -
3000 0.02232 0.02210 0.02182 0.02120 --
3500 0,02224 0.02205 0.02183 0.0214$ 0.01997
4000 0.02216 0,02198 0.02181 0.02154 0.02085
4500 0.02207 0.02189 0.02177 0.02156 0.02104
220 Bubble Point 0.02342 0.02270 0,02215 0.02123 0, 02004
500 - - - - - - - - - -
1000 - - - - - - --
1500 0.02337 - - -- -- - -
2000 0.02326 -- -- -- - -
2500 0.02315 0.02269 - - - - --
3000 0.02303 0,02267 0,02227 -- - -
3500 0.02290 0.02262 0.02228 0.02149 --
4000 0.02282 0.02256 0.02224 0.02168 0.02066
4500 0,02275 0.02249 0,02220 0.,02177 0.02083
a

Partial specific volume, cubic feet per pound.
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