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Abstract

The volumetric bsehavior of the methane - n butane - decane sys-
tem was experimentally investigeted at seven temperatures in the in-
terval 100° to LEOCF. at pressures up to 10,000 pounds per square
inch absolute. The apparatus and methods employed in the investiga-
tion are discussed.

The experimental data, which were taken at random pressures and
arbitrarily chosen compositiones of the system, were graphically inter-
polated to a uniform series of pressures and a systematic distribution
of compositions. The results are presented in tabular form expressing
the molal volume as a function of temperature, pressure, and compo-
sition for 1225 states of the system.

The partial molal volums of each component of the system was com-
puted by graphicel methods. The results are presented in tabular
form in which the partial molal volumes of methane, n butane, and
decane are expressed as functione of temperature, pressure, and com-
position for the same 122° states of the system employed in the
tabulation of molal volume.

A discussion of some applications of partial volumes in the

thermodynamic treatment of multicomponent systems is given.



Introduction

The production, processing, and merketing of fluid hydrocarbon
materials from naturally occurring deposits in underground reservoirs
constitute the primary activities of the petrolsum industry. To an
ever increasing extent each of these activities demands more accurate
and more detailed information concerning the properties of the raw
materials as they occur in nature and of the products at each stage
of the processing operations.

In 1927 the American Petroleum Institute initiated Project 37
entitled "The.Fundamentale of Hydrocarbon Behavior® under the direc-
tion of Prof. W. N. Lacey at first and later under the joint direction
of Professors Lacey and B, H. Sage of the Department of Chemical
Engineering at the California Inétitute of Technology. The purpose
of the Project is to supply the petroleum industry wifh bagic data
concerning the behavior of oil and gas ﬁ;der the conditions encoun-
tered in underground reservoirs.

In addition to studies of petroleum substances as they occur in
nature, the Project has conducted an extensive investigation of the
propérties of the pure hydrocarbon components of petroleum. Up to
the time of the present work the Project's studies of pure hydro-
carbons involved only single-component and two-component systems.

The results of these investigations are widely used as a basis for
predicting the behavior of multicomponent systems.

It is realized that the extension of information obtained from

the study of simple systems to predict the properties of more complex



systems involves assumptions which should be experimentally tested.
On March 1, 1941 an investigation was begun of the volumetric prop-
erties of a three-component system composed of methane, n butanse,
and decane. One of the primary objectives of this investigation is
to determine, if possible, some empirical principles by which infor-
mation concerning two-component systems might be used to predict the

bshavior of a three-component system.

Apparatus and Procedures

Detalls concerning the construction and operation of the experi-
montal equipment used in this work have been publiehed,1 g0 only a
brief discussion of the principal features will be included here.
Figure (1) represents a schematic diagram of the apparatus.

Stainless steel chambers A and B indicated in Figure (1))w1th
inside dlameters of 2.5 inches and volumes of about 50 cubic inches
each, are designed to contain fluids at pressures up to 20,000
pounds per square inch. The material to be studied is confined in
A, the volume of space occupied by the material being varied by
the injection or withdrawal of mercury into or from the chamber.
The contents of A are stirred by a "squirrel cage" agitator inside
the chamber and magnstically coupled to a fotating field generated
outside the chamber. Chamber B serves as a volumetric reservoir
for the mercury used to vary the effective volume of A. Energy
for the displacement of mercury from B to A is obtained from com-
pressed air. An elsctric probe C, actuated so as to move in a ver-
tical direction by means of a motor-driven worm gear, permits the

determination of the position of the mercury level in B. Chambers

P

1 References are at the end of the paper.
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A and B are immersed in separate thermostatically controlled oil baths.
The temperature of the oil bath for A, which may be set at any value
in the interval 100° to S500°F., is measured by a platinum resistance
thermometer D in conjunction with a MMellef bridge, a modification of
the familiar Wheatstons bridge. The tempsrature of ths oil bath for

B is automatically controlled within 0.1° of 120°F., an arbitrarily
chosen temperature which can be maintained with little expenditure of
power.

The pressure prevailing in B is transmitted by an oil-filled
tube to the pressure balance, which consists of a beam balance pro-
vided with suitable weight hangers on knife edges so as to permit
the measurement of the thrust exerted by a piston and cylinder arrangs-
ment actuated by the pressure transmitted from B.

The greatly differing volatilities of the three substances
studied in this investigation nscessitated the development of different
techniques in handling each substance in’order to prepare guantita-
tively the desired mixtures. The materials to be studied are trans-
ferred to chamber A in the order of incrsasing volatility.

Liquid decane, which has a vapor pressure somewhat less than
that of water, 1s drawn through the sample port into the evacuated
chamber A from a glass ampoule. The chamber valve is then closed
and residual decane left in the connscting lines is drawn back by
chilling the ampoule. The difference in weights of the ampoule
before and after transferring the sample of decane represents the
amount transferred.

n Butane, which has a vapor pressure of about 40 pounds per

-3.



square inch at room temperature, is vaporized into A from a steel bomb
connected to the sample port. After closing the valvé to A, the
regidual n butene in the connecting lines is condensed back into the
steel bomb by chilling it with liquid air. The bomb is weighed be-
fore and after this process to determine the amount of n butane trans-
ferred to A.

Methane ie a gas of such low density (about one-half thet of eir
at room temperature and pressure) that a fairly high pressure and,
congequently, a rather heavily constructed bomb would be reguired to
contain a reasonably large quantity of the substence in a velums small
onough to be weighed with convenience by an ordinary analytical bal-
ance. Moreover, methane is sufficiently volatile to make difficult a
satisfactorily quantitative recovery of residual methene in the con-
necting lines by chilling the primary conteiner in the manner enm-
ployed with decane and n butans. Becauge of these properties of
methane, an isochoric gas burette designed to operate at pressures
up to 5000 pounds per square 1nc£ is used to messure the qudﬁtity of
methane injected into A. The.connecting line Joihing the buretts
to A consists of two concentric tubes with rapidly flowing oil in
the annular space between the tubes. The-circulating oil is obtained
from the thermostatically controlled oil bath in which the gas
burette ia imﬁersed._ The amount of methene trensferred from the
burette to the volumetric chember A is determined from measurements
of the total pressure of the gas in the burette before and after
the transfer. The relation between the change in the amount of
methane in the burette and the change of gas pressure in the burette
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wes obtained from a step-wise calibration of the burette by using a
steel bomb to weigh relatively small samples of methene withdrawn
through the sample port and noting the change in burette pressure
agsociated with each withdrawal.
Materials

Vacuum technigues are used throughout in preparing the pure
materiels and thelr mixtures., The sources and purity of the ma-
terials used are described in several of the reprints of papers
describing the work leading up to the present investigetion (see
appendix at the end of this peper). It is believed that the methane
and n butane used in the present work did not contain more than 0.05
mole per cent hydrocerbon impurity. However, measurements of
specific gravity, refractive index, and opticel dispersion indicate
that the decane used in this work coneisted of a mixture of paraffinic
hydrocarbon isomers comprising ten carbon atoms per molecule with
n decane predominating.

Experimental Accuracy

The experimental operations are,in principle,directed foward
the measurement of four fundamental quantities: weight, temperature,
pressure, and volume.

All measurements of weight eare referred directly or as nearly
directly as poessible to a set of stainless steel weights which have
been calibrated in terme of a l-gram gold weight and & 100-gram gold
weight, both of the latter having been certified by the National
Bureau of Standards at Washington, D. C. The buoyant effects of the

atmosphere were teken into account when performing the calibration.
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A Christian Becker analyticel balance with a capacity of about two
kilograms and & sensitivity of about 1.0 milligrem per scele division
is used in weighing ampoules and bombs containing samples. The
method of substitution is employed in all weighings. That is, the
calibrated weights and the object to be weighed eare placed upon the
same pan of the balance while an ordinary set of laborasbory weights
gerves as a tarcweight on the other pan. Changes through addition
or withdrawal of material in the sample containers are measured by
compensating adjustments with the calibrated weights leaving the
tare weights undisturbed. This method of weighing eliminstes errors
arising from inequalities in the arms of the balance and from changes
in the "rest point™ of the balance as a consequence of variable load.
In general,thﬂ wolght of material used in the volumetric apparatus
lies within the range of 10 to 100 grams. It is estimated that the
weighing and transfer techniques permit the qusntitative injection
of material into the volumetric chamber ¥with less then 10 milligrams
uncertainty in the weight. Hence, it is believed that the tqtal
weight of a mixture is known with an uncertalnty less than 0;1 per
cent, and the welght fraction of a component of a mixture is known
with an uncertainty less than 0.001. It is of interest to note
that when these uncertainties are expressed in molal units the uni-
form uncertainties in the weights of the components result, in some
instances, in an almost ten-fold greater uncertainty in the mole
fraction of methans compared to the uncertainty in the mole fraction
of decane.

The elecﬁrical resistance of pure platinum has been accurately
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measured as a function of temperature, and the Callendar formmla“,

an empirical relation between the temperature and the electrical
resistance of pure platinum, was adopted in 1927 as the basis for

the International Temperature Scale throughout the intervel of tem-
perature from 0° to 660°C. A platinum resistance thermometer, con-
8isting of a resistance element constructed of highest purity, hard
drawn, annealed platinum wire 0.004 inch in diamster sealed in a
pyrex glass tube filled with helium,is used to measure the tempera-
ture of the oil bathlin which the volumetric chamber A is immersed.

A similar instrument certified by the National Bureau of Standards
vas used to calibrate the laboratory thermometer at 1000, 220°, 340°,
and 460°F. By using the Callendar formula as an interpolation func-
tion the resistance of the laboratory thermometer at any temperature
within the range of the calibration is obtained. A change of 0.02 ohm
in the resistance of the thermometer corresponds approximateb!to a
change of 1.0°F. in its temperature. The Mueller bridge and galvano-
meter used to measure the reeisténce of the thermometer are ggpable

of detecting a change of 0.0001 ohm., The electrical current passing
through the resistance element of the thermometer is of the order of
0.2 milliamperes. Since the total resistance of the thermometer is
only about 10 ohms, the electrical energy dissipated in the resistanée
element may be assumed to have a negligle effect upon its temperature.,
The sensitivity of the thermometric apperatus exceeds that of the
automatic thermal control equipmeﬁt. Hence, although the instantane-
ous local temperaturée in the oil bath may be measurable within a few
hundredths of a degree, it is estimated that the uncertainty in the

mesan temperature of the entire oil bath is of the order of 0.1° "
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A carefully constructed piston and eylinder combined with a suite-
ablg force measuring device, such as a balanced beam with knife edges
supéorting adjustable decades of weights, provides a very satisfactory
means for measuring high pressures., Piston pressure balances are free
from some of the defects characteristic of Bourdon pressure guages,

3made an ex=

i.es, non=linearity, hysteresis, and "ereep", Bridgeman
tensive study of piston pressure balances and verified that they can

.be made to perform with a linear response with less than 0,01 per cent
uncertainty at pressures ranging from less than atmospheric to several
hundred times greatef than atmogpheric pressure,

The piston of the pressure balance used in the present work has a
dismeter of ebout 0,125 inch and was ground and polished to a radial
clearance of about 0,00005 inch with respect to the cylinder in which
works, A light machine oil (No, 10 S.A.E,) is used as a pressure trans-
mitting fluid and lubricant in the cylinder. At a pressure of 10,000
pounds per square inch the seepage of oii between the piston and the
cylinder is about one drop per miﬁute. A small electric moter with a
worm=reduction gear slowly rotates the cylinder of the pressure bal-
ance while it is in operation thus eliminating static friction between
the piston and the cylinder. The decades of weights used in connec=
tion with the beam balance for measuring the thrust of the piston were
carefully constructed to be within 0,01 per cent of the correct
weight ratios. The calibrated stainless steel weights, mentioned pre-
viously in regard to sample weighing, were employed in adjusting the
weights used with the pressure balance,

Although it is feasible to compute an absolute calibration of the
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pressure balance on the basis of the dimensions and weights of its
parts, it is much simpler to calibrate it empirically using a mer-
cury manometer for pressures up to 3 or 4 atmospheres and using
Bridgeman's 3 accurate evaluation of the vapor pressure of pure
carbon dioxide at 0°C, (505.56 1b./sq.in. abs) as a fixed refer-
ence point in the higher pressure range,

" The absolute pressure of a fluid at the input to the pressure

balance is given by the following simple relationship:

P=Dp ¢+ as + b (1)
where

p = absolute pressure

B = barometric pressure of the atmosphere

8 = scale reading of the pressure balance

a,b = empirically evaluated constants of the
pressure balance,

The barometric pressure enters into equaiion (1) because the exterior
surface of the pressure-balance piston is exposed to the atmosphere,
The pressure in the volumetric chamber A (Figure 1) is félated in
a rather complicated manner to the pressure indicated by the pressure
balance, so that a numbér of terms must be added to equation (1) to
obtain the correct pressure in A, First, éhere is an appreciable
difference in elevation and, consequently, a difference in pressure
between the ends of the oil-filled tube connecting the pressure bal-
ance to chamber B, Second, at elevated pressures the density of air
becomes sufficient to produce a significant vertical pressure gradient
above the mercury surface in B, Third, account must be taken of the

.



difference in elevation and density of mercury in A and B, Fourth,
the fugacity of mercury at the higher temperatures and pressures
(Poynting effect 4) becomes sufficiently great to require correcting
the pressure in A for the effective vapor pressure of mercury., This
last correction is applied with the assumption that mercury and hydro-
carbons are not appreciably miscible within the ranges of temperature
and pressure involved in this work and that, therefore, the effective
vapor pressure of mercury exerts its influence independently of the
nature of the hydrocarbons present. Equation (1) then takes the
following form:

p= p,+ as+ b+te+d+e-f (2)
in which the first four symbols on the right have the seme meanings
as in equation (1) while the additional terms are

¢ = pressure difference between ends of oil line
from pressure balance to chamber B,

d = pressure difference due.to gravitational pressure
gradient in the compressed air above the mercury
surface in B,

e = pressure difference due to difference in dehsity
and elevation of mercury in A and B,

f = vepor pressure of mercury in A,

The evaluation of the additional terms in-equation (2) is straight-
forward but tedious. The result is intended to represent the pressure
exerted by the hydrocarbon sample at the mercury-hydrocarbon interface
in A, No account is taken of the gravitational pressure gradient in
the sample of hydroécarbon being studied.

The sensitivity of the pressure balance is such as to permit the
detection of pressure changes smaller than 0,1 pound per square inch

= O



in the volumetric chamber A, and it is estimated that the absolute
pressure is indicated with an uncertainty of about 0,05 per cent at
pressures above 200 pounds per square inch and with an uncertainty
less than 0,1 pound per square inch at pressures below 200 pounds
per square inch,

Experience has shown that the precise measurement of volume at
high pressures is the most difficult operation to perform with the
apparatus shown in Eigure l. The motor=driven microﬁeter probe C
enters the chamber Bthrough a high-pressure packing gland and ter=
minates in a sharp=-pointed electric contact. The electric contact
is comnected to the grid of a vacuum tube electronic valve, the
cathode side of the electronic valve being connected to the chamber B,
The electronic valve actuates a magnetic relay which operates an in-
dicator light. The electrical characteristics of the grid circuit
of the electronic valve are adjustable, and it was found that an
open=circuit potential difference of 70 ;olts between the electric
contact and the mercury surface éhd a closed=-circuit current of about
0,2 milliamperes provides satisfactorily reproducible performance of
the electric contact,

The driving motor for the probe is equipped with a revolution
counter which serves to indicate the position of the probe, One
revolution of the motor shaft corresponds to a vertical motion of
about 0,001 inch in the probe., The range of the probe is about 5
inches, the power to the driving motor being automatically disconnected
at the extreme ends of the range so as to prevent damage to the equip=
ment, In the viecinity of the mercury surface the motor shaft is
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turned by hand, Vibrations from the agitator motors distributed

about the apparatus produce small ripples on the mercury surface which
cause the indicator light of the probe to flicker rapidly on and off
when the electric contact is within a few thousandths of an inch of
the mercury surface, An experienced operator can judge the character
of the clicks emitted by the magnetic relay actuating the flickering
indicator light so as to obtain reproducible settings of the probe
with an ﬁncertainty of gbout 0,0003 inch, that is, with an uncertainty
of about one=third of a revolution of the motor shaft which drives

the probe., Backlash in the driving mechanism -of the probe is taken
into account by making all measurements, including the calibration

of the volumetric apparatus, with the probe moving downward.

In general, the minimﬁﬁ volume occupied in A by a sample of
material under investigation corresponds approximately to a one-inch
displacement of the mercury level in B, From the foregoing information
it might be inferred that, provided prop;; account is made of the
thermo= and piezo-volumetric propé}ties of the chambers A and B and
the mercury therein, it should be possible to measure the volume of
the material under consideration with an uncertainty of about 0,03
per cent, However, in practice such has not been the case, The
chemical action of compressed air on the mercury in B results in a
gradual change in the surface properties of the mercury so that the
surface film which elings to the walls of the chamber becomes suffie-
thick after about two or three weeks to require cleaning up the
chamber and repurifying the mercury. For this reason the epparatus
is periodically overhauled with a frequency which is estimated to
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avoid errors greater thean 0.5 per cent in the measurement of the mini-
mm volume of a sample. The use of a relatively inert gas, such as
nitrogen, has been proposed in place of air in order to reduce the
troublesome deterioration of the mercury surface in B, but the
requisite man-hours for revamping the compressor system to this pur-
pose have not, at the present writing, become available.

The principle employed in the measurement of volume consists in
using chamber B to measure the amount of mercury displaced from chem-
ber A by the material under investigation.

The volumetric calibration of the apparatus proceeds as follows.
Chamber B is isolated from chamber A by freezing with dry ice a solid
plug of mercury in a short length of the tube connecting the two
chambers. Using known increments of mercury (weighed with the afore-
mentioned calibrated stainless steel weightse), the readings of the
revolution counter on the motor shaft which drives the electric probe
are correlated with the amount of mercury in chamber B. This cali-
bration is repeated for a number of pressures covering thelrggge of
experimental interest. Hence, the amount of mercury in B 1s'known
as an empirical function of the revolution counter reading and the
pressure. The frozen plug of mercury in the tube connecting the
two chambers is then permitted to thaw and the volumetric properties :
of chamber A are determined by completely filling it with mercury
from B and noting the revoiution counter readings as a function of
pressure.- These measurements are repeated with chamber A at various
temperatures covering the range of experimental interest. These
measurements establish the "no sample®, or "zero volume" behavior of
the apparatus. The volume occupied by a sample of material in
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chamber A may then be determined by difference from the "no sample®
characteristics of the apperatus.

In computing the volume of mercury displaced by a sample of
material in chamber A at the temperature and pressure preveiling in
A, the Smithsonian Tables for the specific volume of mercury as a func-
tion of temperature at atmospheric pressure and the data of Smith and
Keyes > concerning the compressibility of mercury are used.

As a consequence of the foregoing considerations, the expression
for the specific volume of the material under investigation takes the

following form:

\/
V= E"’Ec,@-ﬂo)+ k, Np+k,p+ k,/] (3)
in which kl’ ka, k3, and kh are empirically determined constants of

the apparatus and
V = specific volume of sample.

V,. = specific volume of mercury at the pressure and tem-
perature in chamber A.

m = weight of sample.‘

L]

no

N = revolution counter reading with sample in A.
No= revolution counter reading with no sample in A.
P = pressure in chamber B.

As was mentioned earlier, volume is the most difficulty and
without a doubt the least accurately measured of the four quantities
(weight, temperature, pressure, and volume) determined by the apparatus
and procedures which have been described. It is believed that by con-
scientiously adhering to a routine maintenance schedule involving fre-
Quent overhauling of the volumetric equipment,the uncerteinty in the

volume measurements were kept for the most part to within 0.2 per cent,

-1k



and only rarely did the uncertainty become as great as 0.5 per cent.

The Investigation of the Methane - n Butane - Decane System

Before proceeding further with this dissertation it might be well
to point out that the word system is here used in two difference senses.,
In thermodynamice the term system is applied to the contents of a region
of space enclosed by suitably defined boundaries, the contents of the
enclosed region being treated in e manner which regards them as dis-
tinguished from everything which mey be present in the space exterior
to that region. In this paper, system is also used to designate a
group of substances which are studlied with the objective of deter-
mining the synthetic and analytic properties of the group. However,
go far as the writer is aware, the use of system in two different
senses involves no serious ambiguities in practice.

The methane - n butane - decane system was selscted for study
because it is, perhaps, the simplest syspfm of relatively pure sub-
stances which might be expected to exhibit properties resembling thoss
observed in naturally occurring oil and gas mixtures. A rough
correspondence can be made between the components of the methane -

n butane - decane system and some of the familiar constituents of
petrolsum. Methene is the principal ingredient of natural gas.

n Butene is an important part of the "rock gas" commonly used in
rural districts for heating and cooking. Decane resembles to some
degree a rather thin fuel oll which is the resldue left after the
more volatile fuel constituents and the heavier lubricant fractions
have been removed.

In approaching the study of the methane - n butane - decane
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system 1t was declided at the outset that graph%cal methods would be
employed to correlate the data. This decision was made because no
equation of state 1s known which, in the present case, would be
satisfactory in regard either to accuracy or computational convenience
in representing the date throughout the ranges of the variables in-
volved in thie work. An alternative technique based wupon the con-
struction of numerical difference tables was investigated and
rejocted because it requires for satisfactory results experimental
data whose distribution with respect to temperature and composition
is too dense to bs economically feasible of attainment.

The adoption of graphical methods to correlate the data places
a definite restriction upon the laboratory procedure in gathering
the experimental data. For the purpose of this work the construction
of graphs involves the determination of lines on two-dimensionel sur-
faces, If one dimension of a surface is used to repreasent values of
a dependent variable, we are lsft with orfly one dimension for
representing variations of the independent variables. It is,“there-
fore, desirable to restrict the experimental observations on ﬁhe
behavior of the system in such a way as to permit the simmltaneous
variation of only two variables, all others'being fixed at conatant
values during measurements of a series of equilibrium states dis-
tributed in such a way as to establish the yelation between the two
chosen variables., This process 1s repeated in a systematic fashion
for a series of vélues of each "fixed" variable. The equilibrium
behavior of the system 1s then graphically described by families of
curves which may be regarded as contour maps of a surface representing
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the locus of equilibrium states in a thermodynamic "phase space"”.
In the present work it is convenient to regard volume as the
dependent variable while pressure, temperature, and ﬁhe mole
fractions of any two of the components of the system are treated
as independent variables. The "fixed™ variable are chosen to be
those regquiring the most time and effort to change and re-establish
equilibrium in the system. Thus, a change in the composition of
the system reguires about one man-day for each component which is
changed. A large variation in temperature entails a walt of about
three hours to regain equilibriuwm. Only 20 mimates are required
for the attainment of equilibrium in the system after changing the
volume and pressure. Hence, the primary data from the laboratory
consist of isothermal measurements on mixtures of fixed composition,
the observed states of the system being chosen so as to establish
the pressure-volume relationship at each temperature and composition
studied. x «

The volumetric propsrties of pure methane 6

8

and n butane | as
well as‘of mixtures of these substances ~ have been exparimanﬁally
investigated throughout the ranges of pressure and temperature.of
interest to the present work. The volumetric behavior of decane
was determined in connection with a study of the methans - decane
system 9. Corresponding data concerning the n butane - decane
system have recently been published 10, The investigation of three-
component mixtures of these substéncae is still in process, and up

to the present writing 13 mixtures have been studied. Data con-

n
coerning 5 of the mixtures have been published.
Figure 2 represents a three-component molal composition diagram

in which the distribution of experimentally studied three-component
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Three-component molal composition diagram showing the distribution of
experimentally studied mixtures,



mixtures 1s shown. It will be noted that the experimental points in
the diagram lie on straight lines radiating from the apex of the
triangle. The points were chosen to lie in that manner as a con-
cession to the previously discussed limitations of graphical methods
for correlating data. By so choosing the experimental points, it is
a simple matter graphically to correlate the 1sothéia1, isobaric
volumetric bshavior as functions of the mole fraction of methane for
the series of mixtures. The lines radiating from the apex of the
triangle represent loci of constant molal ratio of n butane to decane,
Four such lines were arbitrarily chosen for investigation. Their
terminal points on the n butans - decane border pf the dlagram
correspond in composition to 0.1787, 0.4631, 0.6617, and 0.8358 mole
fraction n butans, respectively.

Although the experimental investigation of these series of
mixtures is not yet completed, it is believed that sufficient data
have been gathered to psrmit a reasonably» satlisfactory treatment
of the single-phase region at the higher pressures. For the most
part the area in which the data are sparse involves the two-pﬁﬁsa
region, and it is proposed to avoid the consideration of the two-
phase region in this papser.

The first objective of this thesis is to obtain by graphical
interpolation of the experimsntal data the volumstric behavior of
the system for a systematic distribution of mixtures covering in a
more or less uniform fashion the entire area of the three-component
molal composition diagram. In Figure 3 the distribution of the
graphically interpolated mixtures is shown. Five straight lines
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METHANE

DECANE : " n BUTANE
Figure 3

Three-component molal composition diagram showing the distribution
of mixtures obtained by graphical interpolation of the experimental
results, The points, a b ¢ d e, along the baseline of the triangle
are chosen to be at 10, 25, 50, 75, and 90 mole per cent n butane,
respectively, A similar spacing holds for the indicated points
along the sides of the triangle, The interpolations were carried
out so as to obtain the volumetric behavior of those mixtures
corresponding to each concurrence of three lines in the above
diagram,



radiating from each corner of the diagram are drawn so as to terminste
at the 10, 25, 50, 75, and 90 mole per cent po;nts on each side of the
triangle. The concurrsnt intersections of three lines locates an
interpolated thres-component mixturs. The composition of these inter-
polated mixtures are recorded in Table I under the heading "Three-
component Systems®.

In order to facilitate the identification of a mixture the follow-
ing nomenclature is used, The lines which terminete on the n butane -
decane border of the diagram in Figurs 2 are labeled with lower case
lotters a, b, ¢, 4, and e. Arabic numerals 1, 2, 3, 4, and 5 designate
those lines termineting on the methane - n butane border of the diagram
while Roman numerals I, IT, IIT, IV, and V indicate the remaining group
of lines which terminate on the methane - decane border. Aun interpolated
point in the interlor of the diagram is identified by the three lines
concurrent at that point. Thus, for sxample, we have the point a I 3
in the lower left corner of the diagram, or the point ¢ III 3 in the
middle of the diagram.

The kind of pattern chosen for distributing the interpolated com-
positions was dictated»by the second objective of this thesis, which
is to evaluate the partial molal volumelof each component of the
syste. However, discuésion of this topic will be deferred to a laterv
section of this paper.

The graphical procedures by which the experimental date were in-
terpolated to the desired compositions of the system are straight
forward and uninspiring. Iarge scale plots (50 x .75 cm.) on milli-

meter cross section graph paper were prepared describing the isothermal,
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isobaric relations between the molal volume and the mole fraction of
methane for various constant mole ratios of n butane and decane. From
these plots, others were made showing the isothermal, isobaric relations
between molal volume and mole fraction n butene for fixed mole retios

of methane and decane. Corresponding plote relating molal volume and
mole fraction decene for constant mole ratios of methane and n butane
were also constructed. Plots were thus prepered for each of the 3
components at 5 pressures and 7 temporatures of the system. Hence,

105 plote were involved in the interpolation of the volumetric data to the
desired distribution of compositions shown in Figure 3.

Strictly speaking, only one-third of the plots were essential to the
determination of the required volumetric data, because the plots with
respect to the mole fraction of any one of the components could have been
ugsed to determine the molal volumes for all of fhe interpolated three-
component mixtures. This is apparent from the fact that the lines radia-
ting from any one corner of the compositidn diagram (Figure 3) pess through
all of the points representing interpolated three-component mi;tures.
However, by having prepared the plots in the manner indicated; the
internal consistency of the interpolated data is greatly increased
beceuse the relations between molal volume gnd compoéition are
"smoothed™ with respect to mole fraction of each of the three componeﬂts.
The probable accuracy of the results is correspondingly increased.
Moreover, it was known in regard to the subsequent evaluation of the
partial volumes of the components of this system that all of the plots
which hed been prepared would be of value.

The results of the volumetric interpolation are recorded in
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Teble II. Each page of the table corresponds to a different pressure of
the system; 1.e., to 2000, 4000, 6000, 8000, and 10,000 pounds per
square lnch, absolute. The data are tabulated in seven colume, one
colunn for each experimentally studied temperature. The data are also
arranged in groups corresponding to systems of one, two, and three
components. The blank spaces which occur in the tabulations at 2000
and 4000 pounds per square inch correspond to states of the system which
fall in the two-phase region. The meximum two-phase pressure of this
system lies between 5000 and 6000 pounds per square inch.
The data concerning the one-component and two-component systems do
not represent essentially new information, fbr these deta mey be ob-
"tained from the previously mentioned publications, & slight amount of
effort being required to interpolate the published data to the particu-
lar states chosen for this paper. The information concerning the one-
and two-component systems is included here as & matter of convenience
to those who mey find epplicetions for these data, and because but little
extra effort is required to preeeﬁf them since these data were
necessarily obtained in carrying out the interpolations in regardAto the
three-component systems.
The tabulations concerning the three-component systems represent
new informetion not obtainsble from current publications. |
The accuracy of the results recorded in Table II is estimated
to be comparable to the accuracy of the experimental data from which
the results were derived. In the discussion of experimental accuracy
it was indicated that the measurement of volume involved the greatest
sources of error, the estimated uncertainty being about 0.2 per cent,
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for the most part, with a possible occasional error of 0.5 per cent for
the states of meximum compression of the system. The graphical pro-
cedures employed in performing the interpolation of the deste are believed
to have been carried out with sufficient care to have avoided the intro-
.duction of additional uncertainties greater than 0.1l per cent into the
results. In fact, the graphical interpolations involved a process of
"smoothing™ the data so as to improve the coneistency of the veriations
of volume with respect to pressufe, temperature, and composition. It
therefore seems likely that the graphical operations avgmented rather
than decreased the probable accuracy of the results. Contrary to the
accepted practice in scientific literature in which the reported num-
ber of significant figures is customarily restricted to that which 1s
Just sufficient to represent the data within the estimated accuracy of
the final results, the data in Table II are recorded in the greater
part with one more significant figure than is warranted by the esti-
mated accuracy of the results. This proéédure in recording the data

is in accord with the usual enginbering practice of carryingzqut
absurdly precise calculations based uwpon very bad data, and then
applying & suitable "safety factor™ to the result. The writer hastens
to add that he does not wish to imply that the data herein presented
are very bad. |

As an ald to the reader who may wish a general picture of the

behavior of the methane - n butane - decane system, several diagrams
have been prepared illustrating the effects of varying composition

and pressure upon the volumetric and phase behavior of the system at
220°F. Figure 4 is a three-component molal composition diagram show-
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Figure /

Three=component molal composition diagram showing isobaric loci of
bubble-point states at 220°F,



ing iscbaric loci of bubble-point states of the system for 1000 pound-
per-square-inch intervals of pressure at 220°F. It will be noticed
that at the lower pressures the mole fraction of methane, i.e., the
"solubility"™ of methane, in the bubtble-point liquid tends to remain
relatively constant as the relative prbportions of n butane and
decane are varied. The curves at 2000 pounds per square inch and
higher turn up and back so as to terminate at both ends on the
methane - decane border of the diagram. The curves shown in the
diagram are incomplete. The portions of the curves not shown
represent dew-point loci at constent pressure and temperature. At
the present writing, dete for the establishment of the dew-point
loci are still in process of being gathered by the laboratory.
Figures 5, 6, and 7 represent "cross section™ views of the
system at 220°F. teken along the three median lines of the triangular
composition diagram. In sach of these figures the iscbaric
variation of the molal volume is shown as*a function of the mole
fraction of one component, the other two components being fixed
in equimolal proportions to each other. Since the median linés
intersect at the midpoint of the triangle, we find that the three
disgrams in Figures 5, 6, and 7 have one set of points in common,
namely those points at a mole fraction of 0.333 will be found in
each diagram to have the same values for the molal volume at
corresponding pressures. The boundaries of the two-phase region
and the iscbaric curves crossing the two-phaselfegion, shown as
dashed lines, should be regarded as being only qualitatively
established.
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Isobaric relations between molal volume and mole fraction methane at
220°F, for mixtures represented by the line from point ¢ to the angle
apex designated as methane in Figure 3, These mixtures contain
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cate information not yet well established by the available experi-
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Figure 6

Isobaric relations between molal volume and mole fraction n butane at
220°F, for mixtures represented by the line from point IIT to the angle
apex designated as n butane in Figure 3, These mixtures contain equi=
molal proportions of methane and decane, The bubble-point locus is not
yet well determined by the available experimental data,



3.2

2.8

CU.FT./LB. MOLE

2.4

2,0

MOLAL VOLUME

TWO - PHASE ’

\

N\

N
N\

REGION /7

\\\\

P

//
_/V

O,

o7
/

N

2N

TN

0,2 0.4 ' 0.6 0.8 1.0

MOLE FRACTION DECANE

Figure 7

Isobaric relations between molal volume and mole fraction decane at
220°F, for mixtures represented by the line from point 3 to the angle
apex designated as decane in Figure 3, These mixtures contain equi-
molal proportions of methane and n butane, The bubble=point locus
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The Partial Molal Volumes of Methane, n Butane, and Decane

G. N, Lewis 12 pas defined a thermodynamic concept which is of
great value in the treatment of multicomponent systems., It is the
concept of a partial molal quantity, defined in the following way:

- _[J¢&

Gy = ( T, (4)

) pyTymg
where

G = any extensive property of the system,

m; — number of moles of component k,

Subseripts p,T,m; signify that pressure, temperature,

and the mole numbers of all the components except

component k are constant,
The symbol Ei represents the partial molal value of the property G
for component k, Although the property G is extensive in char#cter,
its partiasl molal values for the various components of a system are
intensive properties of the system, For a definition of extensive
and intensive properties of a sysfem, see R, C, Tolman, Phys, Rev, 9,
234 (1917).

Several methods for evaluating partial molal quantities are
described in Lewis and Randall "Thermodynamics™, the most useful of
which, so far as graphical techniques are concerned, is the method
of intercepts 13, (see the appendix of this thesis for a discussion
of the method of intercepts,)

A straight hairline groove about 0,001 inch in width and about
30 inches long was ruled on a strip of clear lucite, a methyl
methacrylete polymer which is dimensionally stable to a high degree,
2 |



The lucite. strip is about one-sighth inch thick, 4 inches wide, and
36 inches long. With the ruled side of the strip turned face down-
ward and obliquely illuminated, a well defined black line is clearly
visible. This device provides a convenient means of setting a tan-
gent line at any desired point of a curve drawn on graph paper and
theredby permitting the intercepts of that tangent with the coordinate
lines of the graph to be read.

With the use of the above described device the partial molal
volumes of the components of the methane - n butane - decane system
were evaluated by applying the method of tangent intercepts to each
of the previously mentioned 105 plots of the isobaric, isothermal
variation of molal volume with respect to the mole fraction of each
component. The "raw" data obtained from the tangent intercepts are
likely to be rather rough because, in those cases for which the
point of tangency to the curve 1s far removed from the point of
intersection of the tangent with the coordinate #xis, a relatively
minor irregularity in the curve will produce a very large uncertainty
In the position of the intercept. It is estimated that, in ééneral,
the uncertainty in the partial molal volume for a component of a
mixture is linearly proportional to the total mole fraction of the
other components in that mixture. Thus, fér example, the uncertainty
in the partisl molal volume of methane in mixtures containing more
than 90 mole per cent methane is of the same magnitude as the une
certainty in the primary volumetric data and may be of the order of
0.002 cubic foot per pound mole. On the other hand, the uncertainty
in the partial molal volume of methane in mixtures containing less
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than 10 mole per cent methane may be from 10 to 100 times larger than
that for the above example, the magnitude of the uncertainty being
largely dependent upon the sharpness of curvature in the isobarice,
isothermal relation between molal volume and mole fraction methane

in the region under comnsideration,

In order to improve the internal consistency of the data and,
possibly, to increase fheir probable accuracy, the results of the
foregoing graphical computations were plotted and graphically correlated
with respect to vériations in the pressure, temperature, and composition
of the system, The results obtained from this process of "smoothing"
the data are recorded in Tables III, IV, and V, which present,
respectively, the partial molal volumes of methane, n butane, and
decane for the same states of the systems recorded in Tables I and II,
Partisl molal volumes for a few of the states at 2000 pounds per
square inch have been omitted from the tabulations even though
volumetric data for these states are give;. These data are omitted
because the graphical uncertaintiés in their evaluation were
obviously so large as to make the information almost worthless,

Several tests may be applied to evaluate the internal consistency
of fhe data, The most direct test which may be gpplied is to re-
verse the process of deriving the partial molal volumes by recom-
bining them in their respective mole fractional proportions and to
compare the result with the molal volume of the system at the particular

state in question, The following relationship should hold:

vV = nlvl + n4V4 + nlovlo (5)



The operation indicated by equation (5) was applied to the data in
Tables III, IV, and V and the results were compared with the molal
volumes recorded in Table II. In more than 90 per cent of the
cases the agreement is within 0,005 cubic foot per pound mole while
the majority of the remaining cases agree within 0,010 cubic foot
per pound mole, Isolated instances in which the diserepancies
are larger were investigated by referring back to the graphs from
which the data were derived., In the more extreme instances of dis-
agreement, attempts were made to adjust the values of the partial
molal volumes, the graphs of the primary data being used as guildes
in estimating the permissible limits of adjustment., However, the
available time remaining before the formal presentation of this
work did not permit a very thorough "working over" of the data.
Another test of the consistency of the data which might have

been applied is that corresponding to the Gibbs - Duhem equation:

*

) ¥ 2%, . 2Ty
Tt Tm T 0T, = O )

This equation, however, requires the evaluation of partial derivatives
of the partial molal volumes, a time consuming and difficult task to
perform with reasonsble accuracy. Moreover, the interpretation of the
results of applying equation (6) is not so obvious as that of
equation (5). The writer has employed the Gibbs - Duhem equation to
check the internal consistency of partial volumetric data for a two=-
component system 14. He does not feel that the test is entirely
satisfactory because difficulties are encountered in deciding whether
DT



those discrepancies which are observed are attridutable to inconsistencies
in the primary data or to uncertainties in the process of differentiating
the partial volumes. The foregoing reasons are considered sufficient to
Justify rejecting the application of equation (6) as a test of the data
herein presented.

The expression of the probable error or uncertainty in terms of
percentages is not always meaningful in the case of partial
volumes because in some instances the partial volume of a component may
vary continuously from positive to negative values so that at some
atate of the system that component will have a zero partial volume
(See Table V, 2000 1b./sq.in, 460°F., system e.V 3). The per cent
uncertainty in a zero-valued partial volume is infinite, and a state-
ment to that effect gives no useful information whatsoever concerning
the absolute accuracy of the datum. Keeping in mind the comments in
a previous paragraph concerning the variable character of the uncertain-
tles associated with partial volumes, it «is estimated that the
probable error in the reported values of partial molal volumes in
Tables III, IV, and V ranges from 0.002 to 0.200 cublc foot p;r pound
mole, the largest uncertainties being associated with those mixtures
containing the least amount of the component in question.

The general behavior of the partial molal volumes of methane,
n butane, and decane as functions of the composition of the gystem
is shown in Figures 8 to 16, inclusive. The same temperature, 220°F.,
and the same median lines crossing the three-component composition
diagram are used for these figures as were used in Figures 5, 6, and
7 when describing the molal volume of the system. The order in which
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Isobaric relations at 220°F, between the partisl molal volume of
methane and the mole fraction of methane for mixtures represented
by the line from point ¢ to the angle apex designated as methane in
Figure 3, The bubble-point locus is not yet well established by
the available experimental data,
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Isobaric relations at 220°F, between the partial molal volume of
methane and the mole fraction of n butane for mixtures represented
by the line from point III to the angle apex designated as n butane
in Figure 3,
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Isobaric relations at 220°F, between the partial molal volume of
methane and the mole fraction of decane for mixtures represented
by the line from point 3 to the angle apex designated as decane

in Figure 3,
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Isobaric relations at 220°F, between the partial molal volume of
n butane and the mole fraction of methane for mixtures represented

by the line from point ¢ to the angle apex designated as methane
in Figure 3,
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Isobaric relations at 220°F, between the partial molal volume of

n butane and the mole fraction of n butane for mixtures represented
by the line from point III to the angle apex designated as n butane
in Figure 3, ; :
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Figure 13

Isobaric relations at 22C°F. betwéen the partial molal volume of
n butane and the mole fraction of decane for mixtures represented
by the line from point 3 to the angle apex designated as decane

in Figure 3,
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Isobaric relations at 220°F, between the partisl molal volume of
decane and the mole fraction of methane for mixtures represented
by the line from point ¢ to the angle apex designated as methane

in Figure 3,
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Isobaric relations at 220°F, between the partial molal volume of
decane and the mole fraction of n butane.for mixtures represented
by the line from point III to the angle apex designated as n butane

in Figure 3,
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Isobaric relations at 220°F, between the partial molal volume of
decane and the mole fraction of decane for mixtures represented
by the line from point 3 to the angle apex designated as decane
in Figure 3,
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Figures 8 to 16 are presented is as follows. The first three figures
depict the partial molal volume of methene as isobaric, isothermal
functions of the mole fractions of methane, n butane, and decanse,
respectively. The next three figures present corresponding informe-
tion with regard to the partial molal volume of n butane, and in a
similar manner the last three flgures describe the partial molal
volumetric behavior of decane. Information concerning the two-phase
reéion and bubble-point states of the system has been established
only qualitatively at the present writing.

It will be noticed in Figure 8 that the slope of the curves is
zero as they terminate at the right hand border of the diagram. This
behavior is in accord with the requiremsnts of the Gibbs - Duhem
equation. The right hand border of the diagram corresponds to a
value of unity for the mole fraction of methane and zero for the
other two components. Referring to equation (6) we see that under
these conditions the derivative of ¥V, with respect to m) must be
zero provided the derivatives of ?h and 710 with respect to ny are
finite. Similar conclusions regarding the curves in Figureslle and
16 also hold. |

In Figures 8, 12, and 16 the left hand border of each diagram
represents the state of zero concentration for the component whose
partial volume is shown. The terminal points of the curves, as they
approach this border, represent the limit.values of the partial
volume of the component as the concentration of that component
approaches zero. It may be said (with a smile) that the points of
intersection of the curves with the left boundary in each of these

diagrams represents the partial volumetric behavior of a component
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when there isn't any of that component present.

In general, the partial volume decreases with increasing
pressure in a manner analogous to the behavior of volume. However,
in Figures 11, 14, and 16 we see that in relatively large regions the
partial volume increases as the pressure is increased.

All the foregoing diagrams depicting the partial volumetric be-
havior of the system are conflined to one temperature, 220°F, To give
an indication of the manner in which partial volumes behave with reapect
to changes in temperature, Figures 17, 18, and 19 are presented. Three
points (b I 2, pIV5, and e V 3), widely spaced from one another in
respect to composition, wers arbltrarily chosen, end the isobaric
relations to variations in temperature are shown with regard to the
partial molal volumes of methane, n butane, and decane.for the three
respective points. That the behaviorsof these partial volumes are
not simple is apparent, for in some ceses the partial volume increases
and in other cases decreases with rising temperature. In fact, in
Figure 19 we sec the partial volume of decane behaving in a menner
completely opposite to that encountered in the case qf volume; l.e.,
the partial volume 1increasses with increasing pressure and decreases
with increasing temperature.

It will be noted in the tabulations of the partial volumes that
in some instances the partial volums of é component may assume negative
values. This revresents a rather curious behavior of the system. The
total volume of a‘mixture is expressed in terms of the mole numbers

and partial molal volumes of the components by the following equation:
Y = mlvl + m454~# mIOViO (7)
«30=
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Influence of temperature and pressure upon the partial molal volume
of methane for the mixture corresponding to system b I 2, the mole
fractions of the components in this mixture being 0,0769 methane,
0,2308 n butane, and 0,6923 decane,
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Figure 18

Influence of temperature and pressure upon the partial molal volume
of n butane for the mixture corresponding to system b IV 5, the
mole fractions of the components of this mixture being 0,6923
methane, 0,0769 n butane, and 0,2308 decane,
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Figure 19

Influence of temperature and pressure upon the partial molal volume
of decane for the mixture corresponding to system e V 3, the mole
fractions of the components of this mixture being 0.4737 methane,
0,4737 n butane, and 0,0562 decane,



It is apparent from the above equation that, if the partial volume
of any component is negative, the total volume of the mixture will
decrease at constant pressure and temperature when the emount of
that component is increased while holding the amounts of the other
components fixed, An anslogous statement holds also for the case
in which two of the components have negative partial volumes., It
is, of course, impossible for all of the components simultaneously

to have negative partial volumes,

Applications of Partisl Molsel Volumes
To the petroleum production technologist the most important

practical application of partial volumetric data is indicated by
equation (7)., Given sufficient information concerning the partial
volumetric behavior of the components of petroleum under the con=-
ditions encountered in practice, the petroleum engineer may use
these data to compute the volumetric propgfties of oil and gas
mixtures at the temperatures and preésures characteristic of
natural petroleum reservoirs, Sucﬁ information is of great vaiﬁe
in estimating the magnitudes of subsurface oil reserves, the
relative amounts éf the liquid and gas phases which may be present,
the size and nature of the surface installations (pumping plants,
refineries and other processing plants, storage and distribution
facilities) required efficiently to exploit the reserves, and the
duration of economic productivity to be anticipated,

In addition to being a function of pressure and temperature,

the partial volumetric behavior of a substance depends also upon
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the relative amounts and kinds of other substances present, From
this it might be inferred that nothing is gained in actuality by
resorting to the complicated subterfuge of analyzing the volumetric
properties of mixtures in terms of the partial volumes of the
components, since all possible mixtures of substances would have
to be experimentally studied before completely reliable information
regarding partial volumes could be obtained. Rigorously speaking,
this discouraging inference is true., However, from a practical
viewpoint, the situation is not so bad, The concept of partial
volumes permits, in effect, the quantitative evaluation of the
individual contribution of each component to the total volumetriec
properties of a mixture. By experimentally investigating the
volumetric behavior of a finite number of systems comprising
representative examples of the various kinds of situations en=-
countered in practice, it is postulated that the mass of data so
obtained, if resolved into fhe partial volgmetric behaviors of the
components of the systems involved,lwill permit the development:of
the general behavior of the individuael components so that the
volumetric properties of any system composed of these components
may be computed with satisfactory accuracy for all states falling:
within the range of practical interest.

A certain amount of partial volumetric data is already aveilable
in the published literature 4, 15, 16, 17, these data being obtained
almost entirely from studies of two-component systems, The present
investigation, so far as the writer is aware, represents the first
reasonably comprehensive volumetric study of a three=component system
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throughout relatively large ranges of pressure and temperature, It
is hoped that the results herein presented will materially assist
in the extension and improvement of the practical applications of
partial volumes to the treatment of multicomponent systems,

To the petroleum refinery technologist the applications of
partial volumetric data assume more erudite and complex forms
than that which was discussed in connection with production
engineering., One of the more important economic factors which
must be considered in the development of refinery processes is the
efficient use of thermasl energy in bringing about the desired
physical and chemical changes in the materials handled, It is
desirable, therefore, in performing detailed thermodynamic analyses
of processes, that the enthalpy change associsted with a change in
the state of a component be subject to precise calculation, As an
illustration of the use of partial volumes to this purpose, a genersl
procedure for computing the enthalpy'chang; associated with the trans-
fer of a component from the liquid bhase to the gas phase of a .-
heterogeneous multicomponent system at equilibrium will be demonstrated.

The condition of thermodynamic equilibrium in a heterogeneous
system requires that the fugacity of any component of the system be

the same in all phases. Thus, for component®,

éijy = ;;( (8)

For an infinitesimal equilibrium change in the state of the system,
A fag = 4ty (9)
Regarding temperature, pressure, and the mole numbers of the components

as independent variasbles, we may express any infinitesimal change in
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the fugacity of a component in an r-component system as follows:

(a €7 (f;l‘?‘)rf? f 3 (D ao)

i = Pm
However, .f =
B 0(> - /‘/tx - /'/a(
( 3T /p,m fe g 7= (11)

and, by definition -
<‘éLff> = Jﬁa .léﬁ
AP Am eT - (12)

Moreover, with the restraint on the partial derivatives implied by the

subscript my, it may be shown that

(()‘F&) dmy (\‘V‘ka ) c’vk

d S E 7‘7’2 (13)

Hence, equation (10) becomes

Mo L3t e Lo (§E) dnn

27‘2 ,er_/ LA (14)

Substitution of equation (14) into equation (9) with a rearrangement

of the terms yields

Hag = Hae - / ETZZ"J (Zf) %

st aKT)P,'at.
- - ® d
RT Z(\m(h”;‘;‘i}qf
fa( Bt T, 0 X<

(15)

Equation (15) is a perfectly general expression relating the desired
enthalpy change for component ol with measurable or calculable quantities,

provided the partial volumetric properties of component & are known.
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We are free to choose in any manner we please the path of

equilibrium changes of state along which to evaluate the differ-
5 . d d dxy, s 3 N -
tial ratios &P, %Yk, and XK in equation (15). It is possible to

enti los ETk’ T q (15) p
choose paths which simplify the calculationse. For example, suppose
we choose a path for changes in the state of the system such that
the composition of the liquid phase is fixed. The second
summation in equation (15) then vanishes and we are left with

Ay = e = 7V Gue)/L] . pr fé[

ot e a’r &2 z‘(///:) Ix  (16)
/“ nRy

Similarly, we may choose to fix the composition of the gas phase,

in which case we have

/e?oy e = 7 (Vhg - Vae /«7/ 272,(’“)(”“ [df&]& (17)

In the case of a one-component system, equation (15) reduces to
7
oot =TGR O (18)

whi¢h is the familiar Clapeyron equation.

In the foregoing discussion it is assumed that the fugacity of
component Xis known or can be calculateds A method of computing
the fugacity of a substance will be described. The fugacity of a

component of a mixture may be considered as defined by the following

expression:
e/ 247&) ( -
) Jf 7y 737 (19)
with the auxiliary condition that in the gaseous state,
A fE Y. -
/J*—éo \/70(/0 (20)



The integration of equation (19) with respect to pressure at constant

temperature yields

RT A

N &
X S — ' v
Kok S _ * _ ,
= RmEr s [ i (2
« P :
Between finite, non-zero limits of integration equation (21) is well

behaved., However, as the lower limit of integration p* approaches
I

ma— -

Zero, gﬁ, ~F¥%, and V. all tend toward infinity. The resolution

of this difficulty in equation (21) is accomplished by applyimg the
condition (20) and by transforming the integrend in equation (21) in
the following manner, Let the partial residual volume of a component

be defined as follows:

s 7T =
Y= T (22)

Both from theoretical considerations (Van der Waals equation and the
Beattie - Bridgeman equation of state) and from experimental obser-

vations it is known thet ix remains finite as the pressure approaches

e

zero., Substitution of equation (22) into equation (21) yields

P
_ o, A, LA
R7T M 5 = = ) 7. dp (23)
zi e ok
Suppose, now, the lower 1limit of integration approaches zero., Then,

by the condition (20), we have

i*l = Dy
]
Hence P ,./a
A 7‘ K // :-- é
e 7 R = — // / L’// /0



This is the desired relationship which, froem a knowledge of the partisl
volumetric behavior of a substance, permits the fugacity of that sub-

stance to be computed.
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Nomenclature

£ fugacity
G any molal property of a system
H molal enthalpy

m mole number

n mole fraction

p absolute pressure

R  wuniversal gas constant

T absolute temperature

V  molal volume

V  residual molal volume

x molal composition of the liquid phase

y molal composition of the gas phase
Subscripts & Superscripts

1 indicates methane

4 indicates n butane

10 indicates decane

A indicates any component

g indicates the gas phase

i indicates all components except component k.
k indicates component k

/ indicates the liquid phase

* indicates a highly attenuated (low pressure) state at which the perfect

gas equation and the lews of ideal mixtures may be assumed to hold to
any desired degree of accuracy.
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Nomenclature (Cont,)

Notes:

A bar under a symbol indicates the total value of an extensive
property.

A bsr over a symbol indicates the partial molal value of a
property.

Subscripts on parentheses designate quantities held constant
during partial differentiation.



1,
2,
3.
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12.
13.
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System

Methane
n Butane
Decane

e 2Q oM

II1

W N 42

©

I3
IT 4
i1l 5

o ™

12
1T 3
IIT &4
IV 5

oo o

11
IT 2
I11 3
vk
A

o000

i1 1
IIT 2
Iv 3

> =0~ =

i & e 2
Iv 2

Q@

TABLE I COMPOSITION

Mole
Fraction
Msethane

One-component

1.000

Two-component

0.1000
0.2500
0.5000
0.7500
0.9000

0.1000
0.2500
0.5000
0.7500
0.9000

Three-component Sygtems

0.0909
0.2308

0.4737

0.0769
0,2000
0.4285
0.6923

0.0526
0.1428
0.3334
0.6000
0.8182

0,0769
0.2000
0.4285
0.6923

0.0909
0.2308
0.h737

Mole
Fraction
n Butane

Systems

1.000

Systems

0.1000
0.2500
0.5000
0.7500
0.9000

0.9000
0.7500
0.5000
0.2500
0.1000

0.0909
0.0769
0.0526

0.2308
0.2000
0.1%29
0.0769

0.4737
0.4286

0.3333
0.2000

0.0909

0.6923
0.6000
0.4286
0.2308

0.8182
0.6923
0.4737

Mole
Fraction
Dscane

0.9000
0.7500
0.5000
0.2500
0.1000

0.9000
0.7500
0.5000
0.2500
0.1000

[ I R N |

0.8182
0.6923
0.4737

0.6923
0.6000
0.4286
0.2308

0.4737
0.4286
0.3333
0.2000
0.0909

0.2308
0.2000
0.1%29
0.0769

0.0909
0.0769
0.0526

Averags
Molecular
Weight

16.042
58.12
142.28

133,86
121.24
100,20
79.16
66.5%

129.65
110.72
79.16
47.60
28.67

53.91
47.60
37.08
26.56
20.25

123.15
106.67
78.05

113.15
100.20
76.15
48.41

95.7T7
88.18
72.15
49.71
31.34

74.31
66.54
52.11
35,46

61.95
54.88
42,62



System

Methane
n Butane
Decane

(OB =" I - g ]

- IIT
Iv

U WO

o

I3
IT &
IIT 5

o o

Ie
IT 3
IIT 4
¥ 5

oo oo

I1
a2
IIT %
IV L
V>

(e 2o B < B e M e]

i i |
IIT 2
IV 3
vk

(=T =T~ T =

11T X
Iv a2
V3

o 00

100°F

2.561
1.601
3.122

- 2.966

2.735
2.350
1.980
1.757

2.890
2.552

1.540
1.458

1.381

10697
2,190

2.771

2.477

2.588
2.357
1.938

2.272
2.141
1.868

1.895
1,766
1.552

1.680

1.573
1.435

TABLE IT MOIAL VOLUME ‘*

2000 1b./sq.in. abs.
160°F 220°F 280°F
One-component Systems

3,029 3 .6k 3.87h
1.703 1.825 1.984
3,222 3.329 3, 4h6

Two-component Systems

3,060 3,162 3,281
2.822 2,920 3.040
2,441 2.536 2.652
2,072 2.176 2,297
1.851 1.966 2.105

2.997 3.102 3,212
2.659 2,765 2.876

61 0 ON

1.650 1.787 1.968
1.588 1.765 2,037
1.624 2,007 2.523
2.231 2.800 3,334
2.740 5253 3.686

Three-component Systems

2.867 2.971 3.087
2.57h 2.683 2.802

2,677 2.777 2.898
2.450 2.557 2.682

2.362 2,461 2.577
2.229 2.33h 2.457
1.967 2,086 2.239

1.988 2,097 2,223
1.862 1.980 2,125
1.681 1.848 2,096

1.780 1.900 2.052
1.684 1.833 2.035
1.606 1.905 2.335

X‘Elﬁm;nc:{ as Ccu;fl. /M. male

3400F

k.270
2.200

3.580

3.416
3.180
2.800
2,454
2.288

3.345
3.017

2.235
2.419
3,116
3.828
4,119

3eX7

2.941

3.035
2.823

2.726

2,605

2.431

2.390
2,324
2.488

2.265
2.320
2,842

LooOF

L60OF

5.022

. 2.938

3.905

3.746
3511
3.156
2.896
2.850

3.671
3.350

665

3,150
3.535
4,215
4,709
4,911



TABLE II (cont.) MOLAL VOLUME
4000 1b./sq.in. abs.
100°F 160°F 2200F 2800F 3400F 400%F L60°F
System One-component Systems
Methane 1.360 1.585 1.808 2,023 2.233% 2.435 2.631
n Bgtane 1.557 1.637 1.727 1.829 1.947 2,090 2.253
Decane 3.083 3,169 3,265 3.370 3,482 3,601 3:.733

Two-component Systems

a 2.926 3.005 3,096 3.198 3,314 3.437 3.567
b 2.695 2.773 2.854 2.952 3.065 3.191 3.322
c 2,31k 2.388 2.471 2.567 2.677 2.796 2,926
d 1.936 2,014 2,101 2.198 2.309 2.431 2.557
e 1.709 1.790 1.876 1.977 2.093 2.22h 2,365
I 2.850 2,932 3.028 3130 3.240 34359 3.476
II 2.509 2.590 2.680 2.780 2.885 2.993 3,10k
i85 8 1.951 2.035 2127 2.230 2.350 2.483 2.627
Iv - - - - - 2,200 2.405
v - - - - 2,096 2.295 2.k92
: | 1.492 1.575 1.669 1.778 1.906 2.055 2.225
2 1.398 1.485 1.591 1.715 1.862 2.032 2.221
3 1.263 1.377 - 1.517 1.685 1.880 2.095 2.317
b 1,216 . 1.389 1.501 1.810 2.036 2,260 2.483
5 1.260 1.482 1,708 1.933 2.154 2.370 3.578

Three-component Systems

I3 2.730 2.812 2.902 '3.002 ¥+112 3.232 3353
IT & 2.430 2.515 2.603 2.698 2.807 2.920 3.035
IIT 5 1.927 2.009 2.100 2.205 2.319 2,453 2,604

® ®w

»PI2 2.552 2,627 2.712 2.807 2.917 3,039 3,162
PII3 2.315 2.396 2,483 2.576 2.683 2.805 2,927
b IIT & 1.888 1.972 2,06k 2.163 2.276 2,407 2.568
PIVS 1.451 1.547 1.665 1.806 1.970 2.161 2,392
cI1l 2.231 2,311 2.395 2.489 2.598 2.718 - 2.853
¢ ITI 2 2,092 2.176 2.261 2.357 2,466 2.590 2,732
c ITI 3 1.816 1.898 1.991 2,092 2,207 2.338 2.506
cIVL 1.460 1.550 1.656 1.780 1.932 2.127 2.371
c V5 1.274 1.445 1.625 1.824 2.028 2,24k 2,463
d IT 1 1.849 1.930 2.020 2,120 . 2,232 2.36L 2,498
a IIT 2 1.T16 1.800 1.893 1.998 2.117 2.260 2.413
aIvs 1.488 1.572 1.678 1.805 1.949 2.113 2,330
avh 1.280 1.k16 1.568 1.7h7 1.955 2,173 2.410
e IIT 1 1.631 1.71% 1.805 1.910 2,031 2.170 2,323
e IV 2 1.521 1.603 1.700 1.815 1.95h 2,111 2,282
evVs3 1.343 1.h41 1.565 1.71% 1.883 2.080 2,305



System

Methane
n Butane
Decane

)

I3
IT &
III 5

o o

12
ITI 3
III &
Ivs

oo

I1i
Ir 2
IIT 3
IV &
A\

Q00QOQ0

ITI 1
11 2
Ivs

oo

e IIT 1
e IV 2

TABIE II (cont.) MOLAL VOLUME

100°F

1.069
1.523
3,048

2.89%
2.663
2.279
1.900
1.675

2.813
2.470
1.916
1.389
1,141

1.454
1552
1.200
1.090
10061"

2,694

2.394
1 0890

2.511
2.275
1.850
1.397

2.200
20063
1.776
1.409
1.158

1.816
1.682
1.435
10198

1.598
1.k480
1.282

6000 1b./sq.in. abs.

160°F 2200F 280°F
One-component Systems

1.202 1.337 1.h73
1.590 1.663 1.7hh
3.127 3,214 3.306

Two-component Systems

2.966 3.043 3.134
2.725 2.801 2.890
2.345 2.420 2,50k
1.968 2,047 2,132
1.741 1.819 1.902

2.891 2.973 3.061
2,54k 2,624 2,710
1.988 2,064 2.147
1.465 1.550 1.650
1.246 1.363 1.487

1.520 1.600 1.682
1.hk2h 1.505 1.592
1.283 1.375 1.478
1.193 1.310 1.438
1.182 1.311 1.449

Three-component Systems

e

2.770 2,848 2.936
2.468 2.548 2.632
1.960 2,040 2.123

2,582 2.656 2,741
2.346 2,425 2,505
1.920 2.000 2,086
1.469 1.555 1.646

2,267 2,340 2,422
2.128 2,202 2,284
1.848 1.924 2.010
1.480 1.560 1.650
1.256 1.364 1.480

1.882 1.957 2,042
1.7k 1.819 1.90k
1.508 1.588 1.678
1.285 1.386 1.495

1.663 1.739 1.824
1.548 1.622 1.709

1.359 1.bh7 1.543

3400F

1.610
1.830
3.403

3.233
2.988
2,592
2,220

1.987

3.160
2.801
2.240
1.760
1.618

1.77k
1.692

- 1.595

1.570
1.586

3.030
2.722
2,21k

2.836
2,598
2.175
1.750

2,510
2.375
2.103
1.750
1.609

2,130
2.000

1.776
1.616

1.91k
1.807
1.653

L0OOF

1 07’43
1.929
3.507

3.335
3.086
2.691
2,311
2,082

3.260
2,900
2,338
10876
1.751

1.872
1.797
1.720
1.708
1.72h

3.127
2.817
2,312

2.933
2,69k
2.274
1.870

2,607
2.469
2.200
1.870
1 o7h8

2,226
2.098
10891
1.748

2.012
1.908
1.773

4L60°F

1.876
2,041
3,620

3 Ohh’?
3,193
2.785
2.40h
2,182

3.365
2.998
2. 444
1,998
10890

1.981
1.910
1.846
1.845
1.861

3.227
2.913
2.418

3.034
2,791
2,378
2,002

. 2,708

2,373
2.305
2,008
10885

2.325
2.205
2,017
1.885

2,117
2.021
1.901



TABLE II (cont.) MOILAL VOIUME
8000 1b./sq.in. abs.
100°F 1600F 2200F 280°r 450°F LoooF L60°F
Systen One-component Systems

Methane 0.943 1.033 1.127 1,223 1.321 1.419 1.517
n Butane 1.497 1.552 1.616 1.683 1.755 1.833 1.918
Decane 3.015 3.091 3.170 3.251 3.336 3.431 3.532

Two-component Systems

a 2.861 2.931 3,004 3,081 3.163 3255 3.360
b 2.631 2.695 2,761 2.837 2.919 3.007 3.106
c 2.250 2.310 2,376 2,452 2.532 2.613 2.695
d 1.872 1.934 2,007 2.075 2.151 2.225 2.307
e 1.649 1.710 1.776 1.843 1.915 1.990 2.076

I 2.784 2.855 2,930 3.011 3,09k 3.183 3.278
II 2,442 2,510 2.580 2.657 2,736 2,821 2,910
IIT 1.886 1.950 2,016 2,088 2,166 2.246 2,330
Iv 1.349 1.411 1,482 1.559 1.635 1.720 1.811
v 1.068 1.146 1.228 1.315 1.406 1.498 1.591

1 1.425 1.483 1.547 1.618 1.690 1.767 1.850
2 1.319 1.380 1.4h7 1.520 1.593 1.675 1.755
3 1,158 1.224 1.298 1.374 1.k57 1.543 1.635
[ 1.023 1.098 1.183 1.272 1.365 1.460 1.560
5 0.965 1.049 1.140 1.235 1.330 1.430 1.530

Three-component Systems

I3 2.665 2.735 2.805 .2.882 2.962 3.052 3.145
IT & 2.365 2.430 2,501 2.579 2.656 2,738 2.825
IIT 5 1.863 1.926 1.991 2.064 2,139 2.217 2.305

o m®

PI2 2,480 2,546 2.616 2,690 2,769 2.85% 2,948
P II3 2,243 2,312 2,383 2,457 2.55% 2.613 2,700
b IIT & 1.823 1.885 1.952 2,025 2,098 2,180 2,268
PIVS - 1.357 1.417 1.486 1.558 1.637 1.722 1.813
cIl 2,167 2.230 2,298 2.373 2.451 2,534 2.615
cII 2 2,028 2,092 2,163 2,236 2,313 2.396 2,477
c IIT 3 1.746 1.810 1.877 1.952 2.025 2,106 2.191
c IV h 1.371 1.432 1.500 1.571 1.649 1.732 1.818
e V5 1.098 1.170 1.250 1.333 1.420 1.512 1.607
aIIl 1.783 1.846 1.916 1.986 2,062 2,143 2,225
a ITI 2 1.646 1.710 1.775 1.850 1.927 2.007 2,085
aIvs3 1.401 1.465 1.530 1.610 1.688 1.769 1.848
avh 1.148 1.215 1.290 1.372 1.457 1.548 1.640
e IV 2 1.hhlk 1.507 1.572 1.645 1.723 1.800 1.878

V3 1.245 1.311 1.381 1.456 1.534 1.619 1.707

[}
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TABLE II (cont.) MOLAL VOLUME
10,000 1b./sq.in. abs.
100°F 160°F 220°F 280°F 3400F 4o0oF 460°F
System One-component System
Methane 0.869 0.936 1.008 1.082 1.158 1.234 1.312
n Butane 1.473 1.523 1.579 1.636 1.696 1.763 1.835
Decanse 2.985 3.056 3.127 3,201 3,281 3,368 3.463

Two-component Systems

a8 2.833 2,900 2.965 3,040 3.11% 3.196 3,287
b 2.603 2.665 2,728 2.796 2.869 2.948 3.032
c 2,223 2,283 2,345 2.410 2.475 2.550 2.625
a 1.848 1.90k 1.969 2,034 2,100 2.166 2.23%
I 2.756 2.823 2,892 2.966 3.041 3.122 3,200
II 2.415 2.k76 2.545 2,615 2.686 2,759 2.827
111 1.856 1.9  1.975 2.041 2,110 - 2.178 2.2h1
v 1.312 1.369 1.h2% 1.485 1.552 1.627 1.705
\ 1.017 1.081 1.147 1.215 = 1,283 1.355 1.431
1 1.398 1.453 1.506 1.564 1.626 1.691 1.761
2 1.292 1.348 1.405 1.6k . 1.526 1.588 1.657
3 1.157 1.183 1.245 1.306 1.370 1.439 1.511
b 0.976 1.039 1.10% 1.173 1.246 1.318 1.392
5 0.904 0.970 1.040 1.113 1.186 1.260 1.338

Thres-component Systems

al3 2.636 2,703 2.772 * 2.840 2.913 2,991 3073
a Il & 2,341 2,400 2,470 2.539 2.610 2,682 2.752
a IIT 5 1.832 1.891 . 1,953 2.019 2,086 2.153 2,218

bI2 2,458 2,517 2,582 2.651 2.720 2,798 2.878
b II 3 2,225 2,282 2.348 2,117 2,487 2.558 2,632
b ITI & 1.792 1.853 1.917 1.983 2,047 2.112 2.181
»IVS 1.318 1.378 1.437 1.500 1.56% 1.63k 1.708
cIl 2,14k - 2,202 2,263 2,326 2,393 2,468 . 2.547
¢ II 2 2,008 2,065 2,127 2,190 2,255 2,328 2.1405
¢ TIT 3 1.718 1.778 1.840 1.902 1.967 2,036 2,107
c IV h 1.336 1.395 1,450 1.518 1,580 1.648 1,722
cV5 1.050 1.112 1177 1,246 1.310 1.381 1.460
aII1l 1.755 1.814 1.877 1.941 2,010 2.077 2.145
d ITI 2 1.625 1.675 1.737 1.800 1.867 1.933 2.002
aiIvs3 1,378  1.430 1,487 1.550 1.613 1.680 1,750
avh 1.108 1.168 1.230 1.29% 1.359 1.428 1.509
e IIT 1 1,54k 1.593 1.655 1.717 1.780 1.845 1.915

IV 2 1.h22 1.471 1.532 1.592 1.653 1.720 1.790

eV3 1,220 1.272 1.332 1.395 1,454 1.522 1.600



System

Methane

n Butane

Decane

® P

oo oo

P 00000

(O ()

I3
IT &
IIT 5

I2
I1 3
IIT &
Iv5

Il
I 2
IIT 3
IV h
V5

II 1
IIT 2
IV 3
vV

I1Y 1
Iv 2
¥

TABLE III PARTTAL MOLAL VOLUME OF METHANE

100°F.

2.561
1.000
0.828

0.829
0.830
0.845

0.875

0.951

0.841
0.872

1.020
1.080
1.430
2,386
2.550

0.850
0.866
0.935

-

0.900
0.945
1.085

0.956
1,013

1.272

2000 1b./sq.in. abs.
1600F . 2209F . 280°F

One-component Systems

3.029 3.464 3.874
1.150 1.415 1.820
0.902 1.000 1.110

Two-component Systems

0.905 1.003 1.120
0.910 1.017 1.147
0.932 1.050 1.200
0.980 1.129 1.340
1.05% 1.245 1.560

0.922 1.025 1.147
0.971 1.090 1.239

1.190 1.500 2.030
1.336 1.791 2.710
2,105 3,148 k.130

3,120 3.627 4.025
3,045 3.487 3.887

Three-component Systems

0.923 1.022 .1.150
0.977 1.108 1.274

0.928 1.033 1.159
0.983 1.141 1.315

0.942 1.068 1.223

0.975 1.110 1.295
1.09k 1.317 1.663

1.003 1.165 1.h02
1.070 1.288 1.628
1.343 1.860 2,500

1.100 1.330 ~  1.706
1,205 1.570 2.126
1.674 3.000 3.707

P’ 5;(/af[,.r.feo/ as ea.//f//é, nale.

*

3400F

2.460
1.230

1.250
1.291
1.378

1.630.

2.020

1.282
1.413

2.847
3.82L
4.697
k,390
4,281

1.300
1.7

1.300
1.516

1.405
1.508
2.180

1.740
2.098
3.650

2.295
3.0k0
k.600

4LO0°F

h¢650
3.500
1.360

1.392
1.458
1.625
2 0065
2,690

1.k
1.628

3,982
4.903
5.100
.750
4.658

1.480
1.732

1.472
1.764

1.680
1.860
2.910

2,290
2.900
L .k00

3,100
1.010
5.200

L60°F

5,022
1.800
1.510

1.556
1.652
1.950
2,720
3.645

1.625
10870

5.232
5.625
5.439
5.100
5.030

1.690
2.050

1.700
2.143

- 2.079

2.h42
3.875

3.075
3.875
5.298

4,200
5.250
5.525



TABLE ITI (Cont.) PARTTAL MOLAL VOIUME OF METHANE
4000 1v./sq.in. ebs.
100°F, 160°F . 220°F 280°F 3400F 4O0OF L6oor,
System One-component Systems
Methane 1.360 1.585 1.808 2.023 2,233 2.435 2,631
n Butane 0.895 0.995 1.134 1.310 1.511 1.712 1.884
Decane 0.75% 0.815 0.887 0.973 1.079 1.143 0.978

Two-component Systems

8 0.768 0.829 0.898 0.989 1.085 1.162 1.085
b 0.793 0.856 0.925 1.020 1.110 1.210 1.260
c 0.840 0.907 0.982 1,082 1.188 1.337 1.552
d 0.870 0.948 1.052 1.185 1.347 1.550 1.800
8 0.885 0.973 1.097 1.255 1.450 1.668 1,865
I 0.775 0.840 0.912 1.000 1,100 1.183 1.138
iT 0.812 0.880 0.960 1.058 1.170 1.300 1.407
III 0.876 0.958 1.063 1.207 1.404 1.563 1.880
v - - - - - 2.139 2.388
v % - - - 2.200 2.403 2.609
: § 0.900 1.002 1.154 1.340 1.570 1.815 2.050
2 0.931 1.050 1.221 1.448 1.721 2.020 2.310
3 1.065 1.249 1.485 1.778 2.076 2.362 2.610
4 1.239 1.500 1.754 1.997 2.230 2.448 2,648
5 1.320 1.567 1.800 2.018 2.235 2.438 2,636
Three-component Sys?ems
al3 0.782 0.848 0.923 1.020 1.121 1.208 1.188

IT & 0.813 0.880 0.965 1.073 1.184 1.300 1:365
IIT 5 0.870 0.938 1.035 1.177 1.344 1.540 1.750

® o

»I2 0.795 0.860 0.935 1.029 1.129 1.242 1.325
b IT 3 0.808 0.875 0.958 1.058 1.174 1.322 1.478
b ITI & 0.850 0.925 1.032 1.180 1.360 1.580 1.86%
b IV S 1.000 1.205 1.%20 1.650 1.895 2.150 2.407
cI1l 0.843 0.910 0.988 1.093 1.198 1.352 1.570
c IT 2 0.850 0.918 1.000 1.112 1.228 1.392 1.620
c I1I 3 0.878 0.960 1.067 1.190 1.352 1.564 1.840
c IV L 0.990 1.134 1.303 1.518 1.782 2.090 2.396
c V5 1.207 1.470 1.730 1.975 2,215 2.h25 2.619
aII1l 0.870 0.949 1.054 1.192 1,362 1.570 1.835
d ITI 2 0.877 0.960 1.080 1.230 1.415 1.640 1.920
aiIvs3 0.938 1.060 1.216 1.420 1.660 1.927  2.210
avh 1.134 1.368 1.610 1.875 2,150 2.395 2.596
e TIT 1 0.890 0.981 1.105 1.268 1.470 1.70L 1.955
e IV 2 0.922 1.015 1.152 1.335 1.560 1.831 2,144

@

V3 1.003 1.180 1.392 1.636 1.912 2.206 2.493



TABLE IIT (Cont.) PARTIAL MOLAL VOLUME OF METHANE
6000 1b.sq.in. abs.
1000F.  160°F.  220°F.  280°F.  340°F.  4oO®F.  L460O°F.
System One-component Systéms
Methane 1.069 1.202 1.337 1.473 1.610 1.743 1.876
n Butane 0.827 0.920 1.035 1.152 1.270 1.363 1.426
Decane 0.704 0.760 0.822 0.896 0.968 1.013 0.902

Two-component Systems

a 0.730 0.793 0.861 0.933 1.002 1.048 0.990
b 0.752 0.813 0.880 0.549 1.02% 1.095 1.123
c 0.790 0.857 0.925 0.997 1.080 1.172 1.292
d 0.810 0.864 0.932 1.016 1.117 1.231 1.359
e 0.824 0.891 0.970 1.069 1.180 1.307 1.435
2 0.736 0.781 0.842 0.912 0.989 1.051 1.028
IT 0.770 0.822 0.885 0.960 1.0k8 1.138 1.223
111 0.832 0.900 0.980 1.040 1.178 1.307 1.450
Iv 0.892 0.988 1.100 1.224 1.368 1.522 1.668
v 1.028 1.162 1,304 1.447 1.586 1,725 1.865

1 0.830 0.928 1.028 1.1hh 1.272 1.385 1.488
2 0.846 0.9%1 1,048 1.161 1.310 1.458 1.605
3 0.935 1.0hk LD 1.321 1.478 1.63h 1.798
b 1.018 1.146 1.284 1.434 1.580 1.722 1.867
5 1.058 1.188 1,328 1,466 1.603 1.740 1.873

Three-component Systems

als3 0.749 0.807 0.871 0.943 1.018 1.080 1.078
a IT L 0.771 0.833% 0.906 0.99% 1.082 1.160 1.213
a IIT 5 0.821 0.873 0,956 1.05% 1,178 1.310 1.439
»I2 0.759 0.821 0.892 0,968 1.040 1.105 1.153
P II 3 0.763 0.830 0.907 0.992 1.087 1.175 1.248
b IIT & 0.815 0.867 0.945 1.039 1.153 1,282 1.428
b IVS 0.900 1.000 1.118 1.24% 1,385 1.540 1.680
cIl 0.800 0.856 0.920 0.996 1.079 1.179 - 1.294
¢ IT 2 0.80% 0.870 0.939 1.018 1.100 1.198 1.324
e III 3 0.830 0.883 0.970 1.061 1.167 1.288 1.4513
c IV L 0.89% 0.981 1,085 1.200 1.337 1.490 1.671
e V5 1.000 1,130 1.274 1.420 1.56k 1.700 1.833
aTrl 0.818 0.856 0.909 0.98% 1.088 1.228 1.k405
a III 2 0.812 0.872 0.948 1,0k 1.159 1.298 1.k45
a1Ivs3 0.850 0.948 1.052 1.172 1.300 1.k43 1.608
avh 0.965 1.082 1.221 1.368 1.520 1.669 1.818
e III 1 0.828 0.883% 0.96k4 1.066 1.189 1.331 1.480
e IV 2 0.859 0.913 0.998 1.107 1,240 1.390 1.546

@

V3 0.900 1.000 1.119 1.254 1.396 1.548 1.712



TABLE III (Cont.) PARTIAL MOIAL VOIUME OF METHANE
8000 1b./sq.in. abs.
100°F.  160°F.  220°F.  280°F.  340°F.  Lkoo®F.  L60CF.
System One-component Systems

Methane 0.943 1.033 1.126 1.223 1.321 1.119 1.517
n Butane 0.780 0.861 0.943 1.036 1,11k 1:183% 1.233
Decane 0.682 0.732 0.791 0.857 0.913 0.938 0.929

Two-component Systems

a 0.700 0.760 0.823 0.889 0.950 0.981 0.930
b 0.721 0.781 0.847 0.911 0.975 1.026 1.030
c 0.741 0.801 0.869 0.936 1.00k 1.080 1.162
a 0.747 0.792 0.8k7 0.911 0.990 1.084 1.190
e 0.7%1 0.811 0.880 0.962 1.056 1.152 1.240

E 0.71k 0.753 0.803 0.870 0.93h 0.978 0.9%6
IT 0.740 0.790 0.8k} 0.907 0.968 1.027 1.079
1Y 0.791 0.850 0.912 0.979 1.054 1.138 1.227
Iv 0.829 0.898 0.978 1.066 1.158 1.250 1.341
v 0.916 1.00k 1.099 1.196 1.295 1.392 1.507

1 0.781 0.863 0.94k 1.037 1.120 1.198 1.245
2 0.803 0.875 0.951 1.040 1.123 1.219 1.308
3 0.859 0.943 1.0353 1.119 1.229 1.331 1.kh1
b 0.903 0.993 1.095 1.195 1.29% 1.400 1.500
5 0.937 1.026 1.120 1.217 1.315 1.h17 1.515

Three-component Systems

e

al3 0.720 0.769 0.825 0.889 0.953 1.011 1.016
e IT L 0.738 0.797 0.865 0.935 1.007 1.068 1.095
a III 5 0.780 0.829 0.891 0.968 1.047 1.132 1.215
PI2 0.720 0.784 0.853 0.920 0.986 1.047 1.080
PII 3 0.726 0.794 0.863 0,941 1.013 1.082 1.13%9
Y IIT & 0.770 0.82k 0.884 0.953 1.029 1.112 1.203
P IVS 0.838 0.905 0.988 1.075 1.172 1.270 1.360
eIl 0.759 0.810 0.868 0.932 1.002 1.076  1.152
cII 2 0.760 0.81k4 0.875 0.939 1.010 1.084 1.170
c IIT 3 0.778 0.831 0.893 0.968 1.042 1.129 1.221
c IVl 0.824 0.895 0.972 1.058 1.150 1.2k5 1.345
c V5 0.907 0.99L4 1.083 1.183 1.28L 1.383 1474
aIrl 0.775 0.810 0.859 0.920 0.994 1.083 1.187
a 11T 2 0.766 0.821 0.888 0.961 1.0k 1.137 1.231
a1Ivs3 0.810 0.880 0.950 1.026 1.109 1.197 1.292
avh 0.887 0.968 1.059 1.158 1.262 1.36k 1.463
e IIT 1 0.790 0.840 0.900 0.968 1.049 1.141 1.238
e IV 2 0.806 0.857 0.921 0.998 1.080 1.171 1.262

®

\ 0.8k0 0.913 0.992 1.081 1.179 1.28k 1.395



TABLE III (Cont.) PARTIAL MOIAL VOLUME OF METHANE
10,000 1b./sq.in.abs.
100°F. 160°F. 220°F . 280°F, 340°F. 400°F. L60°F .
Systenm One-component Systems
Methane 0.869 0.936 1.008 1.082 1.158 1.23h 1.312
n Butane 0.740 0.809 0.878 0.9%3 1.000 1.054 1.098
Decene 0.661 0.710 0.762 0.827 0.886 0.903 0.800

Two-component Systems

a 0.675 0.730 0.790 0.851 0.906 0.935 0.880
b 0.693 0.754 0.815 0.872 0.925 0.966 0,954
c 0.701 0.763 0.822 0.878 0.935 0.987 1.03%8
a 0.695 0.732 0.783 0.841 0.906 0.976 1.040
® 0.700 0.758 0.816 0.877 0.943 1.008 1.067
I 0.704 0.735 0.782 0.8k6 0.899 0.925 0.879
II 0.712 0,764 0.818 0.868 0.922 0.970 1.003
I1I 0.753 0.801 0.856 0.915 0.980 1.043 1.116°
v 0.782 0.840 0.900 0.961 1.032 1.113 1.198
v 0.847 0.917 0.990 1.065 1.134 1.208 1,282
1 0.739 0.816 0.883 0.952 1.017 1.068 1.117
2 0.773 0.825 0.898 0.960 1.023 1.098 1.160
3 0.805 0.865 0.934 1.010 1.089 1.185 1.252
b 0.83%9 0.910 0.987 1.060 1.181 1.209 1.285
5 0.865 0.929 1.003 1.077 1.156 1.230 1.308

Three-component Systems

al3 0.700 0.747 0.797 0.854 0.912 0.962 0.966
a Il b 0.710 0.762 0.825 0.889 0.946 0.984 0.995
a ITI 5 0.740 0.783 0.837 0.896 0.960 1.03% 1.102
PI2 0.691 0.751 0.814 0.877 0.941 0.994 1.019
b IT 3 0.696 0.760 0.823 0.887 0.947 0.997 1.029
b IIT L 10,733 0.782 0.833 0.80k 0.959 1.028 1.102
b IV S 0.790 0.84k 0.909 0.977 1.051 1.130 1.200
¢, I1 0.709 0.768 0.825 0.885 0.940 0.995 - 1.055
c IT 2 0.719 0.772 0.829 0.888 0.946 1.001 1.060
¢ III 3 0.736 0.780 0.834 0.892 0.957 1.025 1.096
c IV & 0,786 0.8%0 0.901 0.96k 1.032 1.105 1.175
c VS 0.837 0.909 0.978 1.052 1.124 1.200 1.279
dII1l 0.730 0.763 0.807 0.860  0.919 0.986 1.052
da IIT 2 0.738 0.781 0.832 0.888 0.947 1.007 1.076
d41Ivs3 0.77k 0.835 0.892 0.950 1.008 1.067 1.128
avi 0.818 0.884 0.953 1.026 1.103 1.186 1.255
e IIT 1 0.758 0.798 0.847 0.898 0.958 1.020 1.085
e IV 2 0.763 0.811 0.861 0.916 0.977 1.043 1.118
eV3 0.79% 0.852 0.918 0.983 1.054 1.132 1.218



TABLE IV PARTTAL MOIAL VOIUME OF n BUTANE

100°F.
System
Methane -1.253%
n Butane 1.601
Decane 1.561
a 1.570
b 1.580
c 1.592
d 1.600
e 1.601
T 1.53%0
iI 1.458
I1I -
Iv -
v -
1 1.600
2 1.584
3 1.335
h . =0.346
5 -1.034
al3 1.540
allk 1.478
a ITTI 5 -
bI?Z2 1.560
P IT 3 1.532
b IIT b4 1.450
b IV 5 -
cI1l 1.597
c IT 2 1.600
c I1T 3 1.580
cIVy -
c VS -
dII1l 1,600
a IITI 2 1.600
a IV 3 1.520
avhk -
e IIT 1 1.601
e IV 2 1.597
e V3 1.h7h

2000 1b./eq.in. abs.
160°F . 2200F

One-component Systems

0.316 1.305 2.240
1.703 1.825 1.98k
1.616 1.696 1.805

Two-component Systems

1.630 1.711 1.825
1.643 1.730 1.847
1.684 1.791 1.910
1.702 1,821 1.969
1.703 1.823 1.982
1.610 1.710 1.820
1.570 1.700 1.850
1.698 1.816 1.959
1.668 1.755 1.812
1.143 0.865 0.917
-0.4k4o 0.318 1.297
-0.100 0.880 1.884

Three-component Systems

L

1.622 1.720 1.835
1.590 1.715 1.861
1.649 1.7hk 1.858
1.622 1.740 1.880
1.690 1.793 1.913
1.685 1.795 1.928
1.682 1.797 1.965
1.700 1.825 1.970
1.702 1.825 1.984
1.625 L.TTS 1.950
1.703 1.825 1.984
1.695 1.820 1.980
1.060 0.950 1.088

¥ Expresced as  cu, //,‘//é, mole,

280°F.,

3400F,

2.920
2.200
1.9%9

1.970
1.992
2.067
2.150
2.190

1.970
2,020

2.170
1.950
1.536
2.100
2.600

400°F.



PRl 00000

System

Methane

n Butane

Dsecane

OO oD

III

W WD 432

M o®

oo oo

o 00

I3
IT b
IIT 5

I2
II 3
IIT b
Iv 5

I1
II 2
IIT 3
IV .
V5

IL 1
III &
v 3
vk

1L 1
Iv e
V3

TABLE IV (Cont.) PARTIAL MOIAL VOLUME OF n BUTANE

loooF L

0.500
1.557
1.519

1.528
1.538
1.552
1.555
1.557

1.520
1.510
1,160

1.555
1.553
1.460
1.147
0.728

1552
1.515
1.500

1.548
1.531
1.545
1.440

1.556
1.552
1.575
1.535
1.238

1.557
1.567
1.565
1.393

1.560
1.559
1.527

4000 1b./sg.in. abs.
160°F. 220°F . 280°F.

One~-component Systems

0.530 0.750 1.130
1.637 1.727 1.828
1.569 1.638 1.720

Two-component Systems

1.581 1.652 1
1,602 1.678 2
1.628 1.713 1.808
1.636 1.726 I
1.637 1.727 1

1.570 1.640 1.730
1.570 1.650 1,750
1.555 1.668 1.785

1.635 1.723 1.826
1.629 1.708 1.804
1.505 1.506  1.594
1.090 1.125 1.2k0
0.713 0.87k4 1.163

Three-component Systems

1.585 1.659 1.752
1.585 1.679 1.76k
1.585 1.680 1.790

1.610 1.688 1.781
1.612 1.695 1.790
1.620 1.711 1.812
1.380 1.425 1.559

1.631 1.720 1.818
1.635 1.725 1.825
1.652 1.746 1.836
1.580 1.650 1.735
1.150 1.090 1.175

1.638 1.730 1.830
1.651 1.738 1.842
1.635 1.7%0 1.870
1.354 1.388 1.458

1.638 L1.T27 1.835
1.638 1.726 1.827
1.568 1.641 1.734

3400F.

400°F .

1.9%0
2.090
1.9%0

1.956
1.980
2.030
2.072
2.088

1.970
2.011
2.060
2.020

1.972

2.080
2.038
1.827
1.700
1.752

1.986
2.025
2,050

2.015
2,050
2.070
1.930

2.048
2.080
2.125
2.000
1.750

2.090
2.129
2.120
1.800

2.093
2.098
1.95%

460°F .,

2.390
2.253
2.073

2,089
2.111
2,160
2.21%
2.245

2.125
2.188
2.218
2.260
2.315

2.242
2.188
2.021
1.988
2.046

2.143
2.216
2.220

2,171
2.240
2.240
2.160

2.184
2.245
2.280
2.200
2.166

2,250
2.260
2.225
2.075

2.252

2.235
2.117



TABIE IV (Cont.) PARTIAL MOLAL VOIUME OF n BUTANE
6000 1bfsq.in.abs.
100°F.  160°F.  220°F.,  280°F.  340°F.  L4OO°F.  L460%F.

Systems One-component Systems

Methane 0.948 0.9%0 1.030 1.180 1.360 1.562 1.789
n Butane 1.523 1.590 1.663 1.7hk 1.830 1.928 2.041
Decane 1.482 1.528 1.591 1.660 1.7%0 1.825 1.92h

Two-component Systems

a 1.ko1 1.542 1.606 1.679 1.758 1.843 1.941
b 1.503 1.561 1.629 1.702 1.783 1.871 1.966
c 1.518 1.58% 1.656 1.731 1.815 1.910 2.004
a 1.523 1.590 1.663 1.743 1.829 1.926 2.032
e 1.523 1.590 1.663 1.74k 1.830 1.928 2.038
I 1.482 1.530 1.597 1.668 1.750 1.835 1.935
P ¥ 1.480 1.535 1.603 1.679 1.762 1.851 1.949
III 1.470 1.538 1.612 1.690 1.777 1.880 1.968
Iv 1.h27 1.484% 1.547 1.620 1.717 1.858 1.978
v 1.298 1.552 1.372 1.h61 1.480 1.737 1.91k

1 1.523 1.588 1.662 1.742 1.828 1,926 2,037
2 1.520 1.585 1.657 1.735 1,823 1.914 2.012
3 1.Lh6k 1.519 1.57% 1.634 1.710 1.80k 1.895
b 1.303 1.331 1.386 1.447 1.540 1.665 1.784
5 1.+315 1.125 1.182 1.292 1.429 1,588 1.754

Thres-component Systems N
I3 1.508 1.548 1.603 * 1.672 1.753 1.848 1.960

a

alIllb 1.496 1.561 1.630 1.704% 1.786 1.882 2.007
a IIT 5 1.473 1.543 1.620 1.702 1.790 1.883 1.980
PI2 1.518 1.572 1.633 1.705 1.78% 1.873 1.973
b II 3 1.525 1.580 1.643 1.720 1.808 1.906 2,022
b ITT & 1.503 1.570 1.647 1.736 1.828 1.932 2,042
»IVS 1.47h 1.519 1.580 1.662 1.768 1.898 2.040
c Il 1.515 1.587 1.668 1.755 1.841 1.930 2,016
¢ IT 2 1.531 1.595 1.667 1.748 1.833 1.930 = 2.034
c III 3 1.535 1.601 1.676 1.758 1.850 1.948 2.052
cIVL 1.508 1.559 1.626 1.709 1.810 1.923 2.0k6
c V5 1.363 1.397 1.447 1.515 1.607 1.733 1.900
aIIl 1.527 1.599 1.676 1.760 1.846 1.940 2.039
d III 2 1.540 1.597 1.671 1.753 1.847 1.945 2.051
aIvs3 1.5%0 1.59k 1.662 1.750 1.851 1.948 2.035
avh 1.4%0 1.479 1.528 1.589 1.669 1.766 1.896
e IIT 1 1.528 1.595 1.670 1.751 1.836 1.934 2.045
e IV 2 1.530 1.59% 1.670 1.750 1.842 1.938 2,035

V3 1.50k 1.552 1.61k4 1.689 1.773 1.865 1.958

@



TABIE IV (Cont.) PARTIAL MOLAL VOLUME OF n BUTANE
8000 1b./sq.in.abs.
100°F, 160°F, 220°F, 280°F, 340°F, Looor, L60°F,

Systems One-component Systems

Methane 1.161 1.156 1,224 1.316 1.422 1.533 1.636
n Butane 1.497 1.552 1.616 1.683 1.755 1.833 1.918
Decane 1.450 1.49k4 1.548 1.608 1.675 1,74k 1.824

Two-component Systems

a 1.460 1.509 1.565 1.626 1.69% 1.76k4 1.845
b 1.475 1.529 1.588 1.651 1.720 1.793 1.875
c 1.491 1.548 1.611 1.677 1.749 1.826 1.910
da 1.497 1.552 1.616 1.683 1.755 1.833 1.918
e 1.497 1.552 1.616 1.683 1.755 1.833 1.918
I 1.466 1.507 1.558 1.613 1.668 14753 1.842
II 1.482 1.522 1.570 1.621 1.688 1.768 1.865
I1T 1.500 1:535 1.578 1.626 1.691 1.778 1.882
Iv 1.476 1.508 1.547 1.595 1.660 1.741 1.850
v 1.390 1.113 1.450 1.500 1.571 1.660 1.773
1l 1.496 1.551 1.614 1.682 1.753 1.830 1.916
2 1.490 1.548 1.611 1.681 1.751 1.826 1.903
3 1.452 1.505 1.562 1.622 1.684 1.755 1.828
b 1.378 1.415 1.hh7 1.502 1.576 1.640 1.732
5 1.220 1.260 1.320 1.397 1.470 1.562 1.658
Three-component Systems
al3 1.489 1.525 1.569 1.623 1.689 1.764 1.848
a Il h 1.%75 1.532 1.593 1.655 1.721 1.791 1.873

o

III 5 1.k55 1.517 1.582 1.650 1.721 1.793 1.868

bI2 1.489 1557 1.592 1.650 1.716 1.792 1.875
PII3 1.488 1.539 1.596 1.660 1.733 1.817 1.913
b III & 1.h72 1.537 1.600 1.676 1.755 1.837 1.921
b IVS 1.467 1.512 1.568 1.634 1.705 1.782 1.860
cIl 1.491 1.553 1.624 1,696 1.772 1.843 1.910
c IT 2 1.50k 1.561 1.62h 1.690 1.765 1.8h45 '1.928
c IIT 3 1.505 1.562 1.627 1.698 1.775 1.856 1.937
cIVh 1.486 1.537 1.598 1.667 1.748 1.840 1.925
cV>5 1.400 1.b41 1.491 1.550 1.623 1.707 1.806
a7IIl 1.500 1.563 1.632 1.702 1.773 1.845 1.917
4 IIT 2 1.513 1.566 1.626 1.695 1.769 1.850 1.932
aIvs 1.502 1.554 1.616 1.690 1.770 1.851 1.923
avh 1.448 1.494 1.546 1,60k 1.672 1.747 1.825

I1I 1 1,498 1.557 1.623 1.691 1.763 1.838 1.919
Ivz2 1.500 1.559 1.623 1.691 1.762 1.836 1.912
v3 1.478 1.528 1.590 1.657 1.729 1.803 1.876

o Qo0



TABLE IV (Cont.) PARTIAL MOILAL VOLUME OF n BUTANE
10,000 1b./sq.in.abs.
100°F . 160°F. 2200F . 280°F. 340°F, 400°F. 460°F.
Systems One-component Systems
Methane 1.202 1.231 1.297 1.365 1.hh1 1.517 1.572
n Butane 1.473 1.523 1.579 1.636 1.696 1.763 1.835
Decane 1.423 1.464 1.510 1.56L 1.619 1.679 1.748

Two-component Systems

a 1.435 1.480 1.528 1.585 1,643 1.703 1.772
b 1.451 1.501 1.552 1.612 1.670 1.733 1.801
c 1.467 1.520 1.575 1.63k 1.693 1.759 1.829
a 1.k72 1.523 1.579 1.636 1.696 1.763 1.835
e 1.473 1.523 1.579 1.636 1.696 1.763 1.835
8 1.432 1.476 1.528 1.583 1.638 1.699 1.767
Il 1.449 1.495 1.550 1.610 1.662 1.724 1.790
11T 1.461 1.51% 1.57h 1.633 1.687 1.746 1.806
Iv 1.h27 1.481 1.540 1.600 1.653 1.712 1.769
v 1.332 1.373 1.436 1.500 1.562 1.623 1.678

i 1.475 1.523 1.575 1.635 1.693 1.760 1.832
2 . 1.k70 1.522 1.573 1.632 1.692 1.757 1.823
3 1.hh2 1.500 1.541 1.593 1.650 1.708 1.769
L 1.k00 1.h27 1.463 1.513 1.575 1,640 1.710
5 1.255 1.327 1.380 1.430 1.491 1.5k 1.605

Three-component Systems

e

al3 1.473 1.506 1.548 1.596 1.654 1.721 1.797
a Il bk 1.460 1.512 1.566 1.622 1.683 1.748 1.823
a IIT 5 1.440 1.495 1.553 1.613 1.677 1.742 1.810
PI2 1.465 1.507 1.555 1.611 1.671 1.739 1.818
P II3 1.460 1.506 1.558 1.613 1.679 1.750 1.831
b IIT L 1.448 1.508 1.569 1.635 1.700 1.770 1.838
»IVS 1.452 1.495 1.548 1.603 1.662 1.727 1.788
cI1l 1.470 1.524 1.582 1.646 1.713 1.775  1.834
c ITI 2 1.476 1.525 1.580 1.639 1.703 1.769 1.838
c IIT 3 1.475 1.525 1.580 1.639 1.705 1.77h 1.846
c IV h 1.465 1.512 1.565 1.626 1.691 1.759 1.825
cV5 1.405 1.449 1.502 1.557 1.621 1.691 1.772
41Tl 1.471 1.528 1.589 1.654 1.719 1.783 1.84%
a IIT 2 . 1.489 1.538 1.593 1.653 1.720 1.787 1.852
dIvs 1.478 1.522 1.577 1.640 1. 712 1.783 1.847
avh 1.434 1.476 1.52k 1.576 1.635 1.697 1.763

I 1 1.473 1.527 1.587 1.648 1.708 1.770 1.840
Iv 2 1.473 1.526 1.583 1.642 1.70k 1.769 1.834
V3 1.459 1.507 1.562 1.624 1.687 1.7k 1.798

@ o 0



Systenm

Methane

n Butane

Decane

»

I35 .
IT &
II1 5

M ®

I2
IT 3
IIT &
Iv 5

vy oYy o

Il
IT 2
IIX 5
Iv &
V>

IT1
111 2
Ivs3
Vb

IIT 1
Ivae2
V3

AP RERE QO OO0

® 00

TABLE V PARTIAL MOLAL VOLUME OF DECANE *

100°F.

-10.5

3.267
3.122

3.422
3.120
3.110
3.075
3.124

3121
3.120

3.160
2.940
2.220

3.118
3.113

3.115
3.107
3.073

3.107
3.092
3.048

3,078
3.053
2.850

3,090
2.983
2.513%

2000 1b./sq.in. abs.

160°F.

220°F.

280°F.

One-component Systems

-9.00
- 3,272

Y22

-6.00
3.272
3.329

"3000
3,224
3,446

Two-component Systems

3,222
3,218
3.190
3,158
3.187

3.221
3.220

3.150
2.750
0.825

3,328
3,322
3,288
3,240
3,231

3.327
3.320

3.020
2.380
-0.160

Three-component

3.220
3.210

3221
3.203

3.190
3.177
3.128

3.140
3.092
2.640

3.125
2.915
1.750

3.327
3.310

3.311
3.303

3.290
3.270
3.150

3.208

3.093
2,165

3.110
2.710
0.k460

3. hhh
3,438
3,402
3.318
3.248

3.h41
3.431

. 720
'65
02

N

]

Syqyems

3.438
3.413

3.h29 .

3.4k25

3.398
3.372
3,120

3.260
3.020
1.k00

3.012

2.330
-1.210

* Expressed as cu, F1 /16 mole,

340°F .

-0.k0
3.005
3.580

L] ° ° °
=W\ A
O\

N\ (S RV AW AU AN 1}
o ° L]

0 8\ T\n

LOO0°F . LEooF,

0.65 1.45
2.345 1.407
3.735 5.905

3730 3.900
3,721 3.898
3.670  3.795
3,448 3.420
2.945 2.590

3.713 3.875
3,680 3.812

1.250 -0.400
-0.830 -2.000
—10090 00600

3.725 3.900
3.671 3.770

3,707 3,867
3,646 3.728

3.630 3.T57
3.550 3540
2.850 2.430

3.240 3.069
2.625 2.151
0.250 -0.456

2.380 1.800
0.900 -0.400 .
-1.000 00000



TABLE V (Cont.) PARTTIAL MOLAL VOIUME OF DECANE

100°F,
System
Methane -1.100
n Butane 3.147
Decane 3.083
a 3,083
b 3,081
c 3,069
a 3,045
e 3.079
I 3,078
IT 3.077
1§ 0 3,024
v -
v -
1l 3.102
2 3.000
3 2.600
1 1.840
5 0.870
alsj 3.080
e IT 4 3,082
a IIT 5 3.042
PIZ2 3,078
»II3 3.071
b III & 3,049
b IV S 2.750
cIl 3,064
cIT 2 3,062
c II1 3 3.041
c IV L 2,815
c V5 1.783
4 Il 3,05k
a IIT 2 3.042
a1V} 2.908
avh 2.27h
e IIT 1 3,067
e IV 2 3,018

eV 3 2.783

4000 1b./sq.in. abs.

160°F.

220°F

280°F.

One-component Systems

‘00260

3.217
3.168

0.120

3297
3.265

0.300
3.380
3.370

Two-component Systems

3.168
3.163
3.143
3.121
3.158

3,168
3,157
3.109

3.160
3.021
2.500
1.450
0.552

3.264
3.253
3.230
3.211
3.2k0

3.261

3.255
3 0180

3,242
3.038
2.538
0.874
0.350

Three-component

3.163
3,16k
3.120

3.158
3.156
3,122
2.597

3,136
2137
3,112
2.771
1.520

3,120
3,090
2.921
2.028

3.130
3.051
2.696

3,260
3,260
3.197

3,250
3,260
3.197
2.469

3,220
3,211
3,182
2,700
1.290

3.195
3.142
2.911

1.677

3,207
30082
2.576

3.368
3.360
3.322
3.300
3.322

3.368
3.360
3.251

3.319
3.043
2.062
0.538
0.300

Systems

3.367
3.357
3.277

3.348
3.358
3.273
2.37h

3,318
3.306
3.251
2.591
1.109

3.288
3,202
2.851
1.300

3.290
3.113
2.418

340°F,

0.510
3.429
3.482

3.479
3.470
3.431
3.388
3.398

3.480
3.466
3.310

1.i50

3360
3.040
1.691
0.627
0.500

3.476
3.459
3.357

3.468
3.468
3.352
2.321

3.420
3.3%4
3.308
2.450
1.027

3.380
3.260
2.750
1.150

3.359
3.132
2.217

uoooE‘ °

0.930
3.409
3.601

3,600
3.592
3.558
3.480
3.435

3.598
3.570
3.362
2.386
1.382

3.350
3,024
1.473
0.996
0.910

3.592
3.560
3.419

3.592
3.568
3.430
2.325

3.5h4
3.493
3.348
2.360
1.100

3.463
3.319
2.701
1.329

3.390
3.150
2.048

460°F,

1.490
3.308
3.734

3.733
3.730
3.697
3.576
3.420

3.723
3.666
3.372
2.456
1.876

3250
3.000
1.898
1.400
1.%00

3.718
3.663
3.403

3.732
3.646
3.431
2.400

3.668
3.608
3.357
2.468
1.570

3.952
3.371
2,768
1.740

3.365
3,152
2.270



System

Methane

n Butane

Decane

o0 TP

IT

I

Iv

N WO

® P

oo

P 0000 a

> OO

I3
IT &
IIT 5

I2
I1 3
IIT &
IV 5

Il
IT 2
I1I 3
v bk
V5

IT 1
IIT 2
Iv 3
vh

IIT 1
v 2
V3

100°F.

1.500
3,086
3.048

3,046
3.043
3.032
3.007
3.033

3,04k
3.038
2.998
2,925
2.165

3,050
2.980
2.768
2,282
1.845

3,043
3,040
3,007

2.043
3,032
3,022
2.865

3.035 .

3.027
3.000
2.868
2,442

3,012
3,010
20951
2,608

3,028
3,002
2.825

6000 1b./sq.in. abs.

160°F,

220°F,

280°F.

One-component Systems

1.342
3.178
3.127

1.325
3.278
3.21k

1.400
3,382
3,306

Two-component Systems

3.125
3.121
3.102
3.084
3.117

3.124
3.118
3.075
2,919
1.996

3.131
3.029
2.712
2.151
1.692

3.207
3,197
3.176
3.163
3.20h

3,209
3.203
3.152
2.919
1.900

3.219
2.981
2.657
2,050
1.629

Three-component

3.124
3.118
30081

3.116
3.110
3.092
2.863

3.100
3.092
3.070
2.885
2.290

3,083
3.066
2,960
2.543

3.087
3.055
2.838

3.207
3.201

3.159

3.195
30191
50169
2.866

3.178
3.168
3.150
2.903
2,181

3.166
3.130
2.995
2.461

3.155
3.112
2.832

3.301
3.290
3.259
3.252
3.297

3.30%
3.297
3.232
2.923
1.870

3.308
3.138
2.622
2.009
1.640

Systems

3.295
3.289
3.2h3

3.287
3.282
3.2u4h
2.871

3.263
3.251
3.223
2.925
2,124

3.252
3.203
3.035
2.373

3.237
3.173
2.820

TABIE V (Cont.) PARTIAL MOIAL VOLUME OF DECANE

340°F,

1.537
3.477
3.403

3.398
3.386
3.35k
3.34h
3.388

3.400
3.396
3.310
2.935
1.908

3.394
3.195,
2,628
2.030
1.711

3.393
3.382
3.328

3.382
3.378
3.325
2.880

3.358
3.341
3.295
2.950
2.128

3,341
3,284
3,081
2.335

54323
3.239

12,815

LOO°F,

1.738
3.534
3.507

3.503

3,492
3.461
3,426
3,454

3,504
3.493
3.383
2.950
1.987

3,450
3.258
2.685
2,098
1.842

3.498
3.476
3.k01

3-""86
3.473

3.397
2.895

3.460
3.435
3.361
2.980
2.190

3.428
3 0366
3.128
2.405

3.410
3.300
2.860



TABLE V (Cont.) PARTIAL MOIAL VOIUME OF DECANE
8000 1b./sq.in. ebs.
100%.  160°F.  220%F.  280°%F.  340°F.  LOOOF.  L60°F.
Systenm One-componsnt Systems
Methane 1.947 1.879 1.860 1.878 1.922 2,000 2,093
n Butane 3.066 3.159 3.260 3,362 3,454 3.509 3,499
Decene 3.015 3.091 3.170 3.251 3.336 3.431 3.532

Two-component Systems

a 3.013 3,088 3.166 3.245 3.328 3.427 3.528
b 3,010 3.082 3,15k 3.233 3+.315 3.415 3518
¢ 3.000 3.062 3.131 3,203 3.292 3.386 3.488
d 2,976 3,048 3.125 3.208 3,288 3.373 3.456
e 2,998 3,081 3,169 3,265 3,349 3.415 3,460
1 3,013 3.090 3,169 3.251 3.335 3.428 3,529
L 3,008 3,080 3.160 3.245 3353 3.423 3.506
TIT 2.978 3,047 3.121 3197 3.276 3.354 3.427
v 2,902 2.94Y 2.989 3.035 3,088 3.147 3.207
v 2.436 2,388 2,370 2.378 2 2.h40 2,497
1l 3.019 3,101 3,190 3.293 3,389 3,461 3.470
2 2,948 3,008 3.073 3.157 3,245 3+325 3.378
3 2,810 2.819 2.832 2.851 2.876 2,918 2,970
h 2.555 2,495 2.469 2.453 2,448 2. 45k 2,473
5 2,228 2,171 2.147 2,143 2.159 2,184 2,228
A Three-component Syqpems
alj3 3,018 3,087 3,161 3,241 3.328 3,422 3.518

IT & 5.010 3,085 3.160 3,240 L M 5 3.407 3.493
i1l 5 2.988 3.061 3,134 5.213 3.296 3.37h 3.440

o o

PI2 3,016 3,081 3,153 3,233 - 3,322 3,415 3.516
b IT 3 3,005 3,076 3,152 3,234 3.320 3,406 3,492
b ITT & 2.99h 3,063 3,136 3,214 3,204 3,365 3,425
b» IV S 2.895 2.918 2.950 2.989 3.037 3,092 3,162
cTI1l 3,009 3,069 3,136 3,211 3.298 3,391 3,490
¢ IT 2 3,002 3,065 3,135 3,212 3,292 3.377 3,471
c III 3 2,967 3,039 3.113 3,189 3,267 3,350 3,432
c IV 2,903 2,941 2.978 3.017 3,060 3,103 3,148
cV5 2.630 2,560 2.518 2.502 2,511 2,548 2,603
aIril 2.980 3,052 3,128 3,212 3,208 3.379 3,448
d IIT 2 2.985 3.049 3.116 3.191 3,270 3.350 ;.h33
4a1IVvs3 2.917 2.977 3.037 3,007 3,158 3,214 3,267
avh 2,74k 2.711 2.693 2.687 2.696 2,725 2,783
e IIT 1 3,000 3.063 3,135 3,213 3,296 3,382 3 46k
e IV 2 2,970 3,03k 3,105 3,183 3,269 3,352 3,405

e V3 2.863 2.877 2,892 2.923 2.972 3.058 3,186



System

Methane

n Butane

De

(OB =T e T - ]

H
-

\Jt &=\ O

o o®o®

OO0 0 06Q oo oo

-V VY

(OO O]

<44

cane

i~

I3
IT &
IIT 5

12
ITI 3
IIT &
Iv5

I1l
=X 2
IIT 3
Iv s
V5

II1l
I1I 2
IV 3
Vi

IIT 1
Iva
V3

100°F.

2.216
3.052
2.985

2,984
2.980
2.968
2,945
2.966

2,983
2.978
20956
2.882
2,563

2.992
2,940
2.887
2.649
2.409

2.992
2.983
2,965

2.987
2,987
2.961
2.906

2.986
2.988
2.945
2.875
2.698

2.953
2.966
2.889
2,840

2,978
2.948
2.892

220°F.

10,000 1b./sq.in. abs.

160°F. 280°F,

One-component Systems

2.189
3.142
3.056

2:175
3. 24}

3.127

2,175
3.348
3,201

Two-component Systems

3.054
3.050
3.027
3.013
3.050

3.054
3.045
3,020
2.950
2:501

3.082
3.00k
2.878
2.616
2.382

3.125
3.116
3 .ogh
3.087
3.136

3.125
3.120
3.093
3,016
2,550

3,179

3.072
2.872
2,584
2.361

Three-componant

3.055
3.050
3.035

3.047
3.050
3.030
2.941

3.043
3.040
30015
2.930
2.670

3,023
3,024
2.961
2.833

3,043
3.011
2.908

3.125
3.120

3,107

3.11k
3.117
3.101
2,982

3.103
3.103
3.087
2,990
2,660

3,096
3.088
3.033
2.835

3.115
3.078

2.928

3,198
3.190
3,165
3.165
3,234

3.202
3.195
3.166
3.079
2.561

3,271
3,146
2.881
2.569
2.349

Systems

3.198
34195
3.180

30188
3.190
3.178
3.030

3.173
3.172
3.162
3.053
2.670

3.176
3.159
3.103
2.848

3.191
3.150
2.961

TABIE V (Cont.) PARTTAL MOIAL VOIUME OF DECANE

33,0°F,

2.194

3.433
3.281

3,276
3,265
3,241
3,247
3,318

3.282
3.275
3.238
3.139
2.600

3.359
3.221
2.917
2.566
2.341

30276
3,272
3,256

3.268
3.269
3.255
3.089

3,248
3.248
3.239
3.119
2.700

3,258
3.234
3.171
2.873

3.277
3.231
3.019

3.365
3.348
3.320
3.329
3.392

3,366
3.352
3,312
3.195
2,668

3.420
3,298
3,009
2.605
2.368

5.359
3.355
3,320

3.355
3.351
3.325
3.155

3.332
3.330
3317
3.187
2.7h2

3+335
3.31h4
3.227
2,911

3.359
3.312
3.110



Appendix

Evaluation of Partial Mo Volumes by the Method of Tangent
Intercepts

The defining expression for the éartial molal value of a prop-
erty may be developed into a form which lends itself to a simple
geometrical interpretation and provides a convenient graphical

mode of evaluating partisl molal volumes. The procedure is as

follows:
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The geométrical interpretation of this last expression ig illustrated
in Figure 20 in which G is taken to be the molal volume of the system,
Let the curve ABC represent the isothermal, isobaric molal volume as
a function of the mole fraction of component k with the restriction
that the relative mole ratios of all the components except component
k are fixed, Let the straight line EBD represent the tangent to the
curve at point B, Then point D, the intercept of the tangent with the

ordinate corresponding to a mole fraction of unity for component k,

-G
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Figure 21

The Method of Intercepts in the Case of a Three~Component System



represents the partial molel volume of component k at the state
represented by point B on the curve., An elementary application of
analytical geometry suffices to demonstrate that;;ﬁlumetric value
represented by point D satisfies the requirements of equation (25),

In the case of a two-component system it is easily shown from
considerations of symmetry that point E of the diagram in Figure 20
represents the partial molal volume of the second component of the
system,

Figure 21 shows how the method of intercepts may be applied to
indicate simultaneously the partial molal volumes of all three of the
components of & three-component system., In this Figure the curved
surface ABC represents the isothermal, isobaric molal volume as a
function of the composition of the system., The plane surface DEF is
tangent to the curved surface at point P, The intercepts D, E, and
F of the tangent plane with the indicated coordinate lines represent
‘the partial molal volumes of methane, n butahe, and decane,
respectively., It is gpparent from a consideration of Figure 21 why
the kind of pattern used in distributing the interpolatéd three=
component mixtures shown in Figure 3 was chosen. The lines radiating
from the corners of the triangular composition diagram represent
variations in the composition of the system which exactly satisfy
the restraints with respect to composition imposed by the definition
of partial molal volumes, i.e.,, fixed mole ratios among all com=

ponents of the system with the exception of one component,



