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Introduction

Hydrocarbons as they occur in nature are 1ln general
very complex mixtures. If one wishes to discover the
basic relations governing their physical behavior, it is
obviously best to study firet the simple and work throush
to the complex. However, even a study of all the individ-
ual chemical components in natural hydrocarbon mixtures
bould be inadequate, 1f one's aim is to use the results
of such studies in aiding the petroleum industry. Know-
ledge of the behavior of mixtures is desired. Consecuently,
in the American Petroleum Institute Project No. 37, those
mixtures have been studied which would yleld results
capable of immediste application and also useful in more
fundamental investigations of hydrocarbon behavior.

The type of work which is reported here represents
one phase of those studles., The speclflic heat data are
only a part of those required to make up a complete
picture of the thermodynemic behavior of given mixtures,
However, specific heat values for substances, apart from
any other thermodynamic considerations, are of direct
value. Consequently, an examination of them may be of
interest. It 18 the purpose of this thesis to set forth
the experimental methods and results of studies on a few

comperatively simple mixtures. Only the specific heat of
the 1iguid phase is determined by the method here discussed.

In the work of Project No. 37, emphasis is placed on

studies of mixtures of oil and gas under various conditions



of pressure and temperature, The pressures go as high as
3000 pounds per gquare inch., In a specific heat calor-
imeter, then, the bomb to hold the sample must be able to
withstand this pressure.

Farlier work had been done using a calorimeter now
discarded. It consisted of a steel bomb on a heat-insu-
lating mounting whiech could be rotated( for agitating the
contents)-= gll contained in a double-walled jacket,
having cireculating oil in the walls which was kept auto-
nmatically at the same temperature as that of the surface
of the bomb. After considerable work on developing the
technioue of operation of this apparatus, the error in
resulte was reduced to, zt best, 1.5 % and generally about
5 to 8 4. The main source of inaccuracy lay in the fact
that the heat capacity of the bomb was about five times
that of the contents, Thus, the specific heat capacity
of the contents was calculated from the difference of two
large quantities. Also the osclllation of the bondb to
agitate the contents caused forced convection of the air in
the Jjacket, and any 911ght inequality of temperature of
Jacket and bomb caused an appreciable heat transfer.

On the basis of experience obtailned in the operation
of this first calorimeter, a new one was desSigned ard built.
The essential changes made were to make a new bomb of high
strength and low heat capacity, and to enclose this bomb in
a highlyAevacuated chanber., Also a different type of insu-
lating mounting for the bomb was used. The former mounting
consisted essentially of a micarta collar holding the bomb,
Supported by trunnions going through the walls of the jacket.



The steel backing for the micarta had considerable heat
capacity, and the surface of'micarta in contact with the
bomd was excessive., A8 a result, there was s slow flow
of hest which made the time to reach constant temperature
80 long that other errors became appreciable. The new bomb
is supported in wire-wheel fashion by three palrs of fine
planc wires in a light steel ring which is carried on the
trunnions. It is designed for working pressures up to
about 600 pununds per square inch, and its heat capacity is
about one fifth to one half that of the contents. Since
1ts working pressure limit 1s only 600 pounds, the range of
substances and mixtures studied was correspondingly limited.
In view of the succesg in the use of special steel alloys
in the construction of the new light bomb, it seems feasible
to bulld one to withstand 3000 pounds per sSquare inch, amd
thus to extend the range of study.

Tith the present instrument an accuracy of 1 to 1.5%
is obtained for the specific heats of most systems. A
cons iderable number of system® have been studied, but, for

reasons given below, only two are reported here.

Mixtures Chosen for Study

Two series of mixtures have beén chosen as subjects
for this report. The first is a sSeries of ligquid nmixtures
of propane and ecrystal oil, the latter being a heavy,
highly-refined, stable hydrocarbon oll. The sSecond series
consists of ligquid mixtures of n—bﬁtane and crystal oil.

These two were chosen for two reasons., First, the pressure



range for these systems 1is sultable for the 1light bonmb.
Second, there have been determined previously in this
laboratory all the necessary supplementary isothermal data
for converting the observed values of Specific heat at

constant volume to specific heat at constant pressure.

Materials
The propane used was obtained from the Philgas
Company. They made a special analysis of this 1ot of
propane and reported:

Ethane None
Propane 100%
Isobutane None

The normal butane was obtained from the same Source, A

speelal analysis of it showed:

Isobutane 0.18%
N-butane 99.21
Isopentane 0.61

The crystal oil is a highly refinced witer-white oil. It
was chosen for this and other studies because 1t fulfilled
the desired conditions of a iiquid of rather high viseosity
with a narrow range of poiling point znd composition. It
is stable with respect to time and temperature, that is,
measurements of its properties are reproducible in spite of
heating within the experimental range and in spite of long
standing., Also, its vapor pressure i8 not appreclable
within the range studled. Some of ite properties are as

followss
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Sp. gr. (100°/39.2° F) 0.8665

Gravity °A.P.I. (60°F) 29,1

Viscosity at 200° ¥ 40.5. millipoises
Aver. YMolecular weight 337.5

Method =nd Apparatus

The general method of measurement is conventional. A
welghed sample of the substance to be studied is placed in
s bomb., The bomb is shaken until its temperature is uni-
form. A known amount of heat is added electrically, and
the corresponding rise in temperature i8 observed. From
these data a value of the specific heat at constant volunme
may be calculated.

In figure 1 is shown a diagramatic cross section of
the calorimeter. The bomb (B) i1s supported by three fine
steel plano wires fastened to the ring (A). This ring is
ecarried on trunnion bearings (D, H), allowing the whole
bomb assembly to be oscillated through about 900. The
space surrounding the bomb, within the jacket (F) is pumped
down to & vacuum of 10~2 to 107~ mm of mercury. The
oscillétion of the bomb is effected by means of the extended
shaft (H). On the end of this shaft is fastened a steel
bar or armature. It is free to rotate with the shaft
within the flat cylindrical chamber shown. This latter
chamber is evacuated also. Outside of this chamber is
mounted an oScillating electromagnet (3). With the aid of
the magnetic coupling between the magnet and the steel

armature, one i8 enable to get mechanleal agitation in the



6

bomb, without any direct coupling throﬁgh packing glands
which would make difficult the attalinment cof hirh vacuun.
The interior of the jacket is chromium plated, and the
surface of the bomb is nickel plated in ordér to minimize
fadiation heat transfer due to momentary differences in
tenperature. By maintaining the vacuunm at or telow 10"3
nn of mercury, heat transfer by conduction and conveetion
is reduced to the pogition of a minow factor. The whole
jacket (T) is surrourded by circulating oil kept automat-
ically at the proper temperature. The oil bath consists of
g double welled can in which baffles are provided so a8 to
giveg symmetrical flow of o0il over the whole outer surface
of the jacket (F).‘ The electrie heater for this oil is
located within the ecirculating pump, so that no local "hot
spots" oceur in the bath. The temperature of this bath is
so regulated that the inner surface of the jacket (F) is

gt all times during the run within about 0.02% of the
surface of the bomb. ¥Vhen thig condition existed, the
conventional calorimeter curves were not drawn, for it was
found that the temperature of the bomb would neither rise
nor fall by more than 0.02°F in an hour. This automatic
control of surface temperatures devenied upon a thermo-
couple deviee, One thermocouple Junction was placed on the
outer surface of the jacket (¥), and the other in series
with it was placed on the outer surface of the bonmk. The
two leads from this coup{gﬁie a high-sensitivity salvanometer,
the light-beam of which actuated a photo-electric cell, It

was this cell which, through relays, controlled the heaters
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in the 01l bath. Thus, whenever the temperature of the
bomb wag rising during the measured enercy input, the

'thermoceuple control would ecause the oil bath to heat

at exactly the same rate as the bomb. Vhen the energy
input ceased, the bath temperature would become constant as

gsoon as did that of the bomb.

As g final sid in maintalining temperature stability,
the whole calorimeter wse set in sn air thermostat which
was kept within 3° of the bomb temperature. This gave the
control system a chanee to regulate over a much narrower
varistion range.

A detail dlagram of the bomb i8 shown in Tigure 2. The
two bell ends (A&, B) and the cylinirical body (C) were
ground from bar stock of a snecial high tensile strength
steel alloy (90,000 1bs/ sg. in. tensile strength). Then
finally ready for assenbly, the threads of the thiree parits
were tinned, and during assembly, the whole was swrated
together. In order to aveld leaks, no electrical leads were
bushed through the walls of the bomb. The electric heater
for giving the measured enersy input to the bonb was
encloged in a spiral of stainless steel tubing (P), anmd
this went through the wall at a soldered Joint. The
thernocouple for the accurate measurement of the temper-
ature of bomb and contents 8as cncased in the deep well (F),
which extended into the bomb about a third of its length,
The sanples of o0il and gas were introluced through the
connection and diaphram valve shown at the top. The whole

bonb assenbly weighed aboul 250 grams, having a volume of



about 160 ce. The mass of Sample was obtained by
weiching the bomb before and after filling. Because of
the lightness of the bomb, errors in this operatlion were
inappreclable.

As mentioned above, the temperature of the bomb was
measured by thermocouple. This w28 a copper-constantin
couple, and , to eliminate stray e.m.f.'s, the constantin
wire was all one plece from hot to cold junction. The cold
junection was in sn agitated ice bath, The couple was
calibrated by lmmersing a calibrated mercury thermometer
in the surrounding o0il bath, and measuring the thermo-
couple e.m.f. after the system had been steady for a con-
giderable time. This method assumed that the bomb and bath
were at the same temperature, and this assumption seemed to
be born out by observation, At any rate, any given point
on the calibration curve Should be accurate to about O.O#OF,
and a smooth curve drawn through all the points should allow
one to calculate temperature rises somewhat more accurately.
The usual temperature rise was about lOOF, and so the
error in this measurement may be about 0.2%. The potent-
iometer used in this work w=s sSimilar to the "olfe type
instrument, and it had been calibrated against a Bureau of
Standards instrument. One couvld measure temperature
variations easily down to G.OOBQF with the cold junction at
32%F,

The energy imput to the bomb was determined by mea-
suring power input and time of input. The time of input was

standardized at 20 minutes and w28 nmessured by a counter
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run by a synchronous clock motor. The wattage was
determined several times during a run by measuring the
direct current voltage at the terminals of the bomb andthe
current flowing. A devicé was arranged so that the watts
input was essentially constant during the 20 minutes, and
80 no integration was necessary to arrive at a total
energy value. These voltase and current values were
determined by the use of a Leeds and Northrop 3tudent
Potentiometer and were probably accurate to about 0.1%.

The heat capacity calibration of the bomb itself was
carried out with the bomb filled wilth hydrosen st one
atmosphere, Here some difficulty was experienced in
attalning equllibrium between the main mass of the bomd
and the thermocouple. After Several tries, a satigfactory
calibration éurve wes obtained, To check it, however, a
run was made on the specific heat of water, The results
of this run are shown in Figure 3. The eslibration that
was finally used in subsequent calculations may be in error
by a8 much 8 3%. The resultant effect on the specific
heat calculated for the contents, was an error of 1.5 to
0.6%.

Thus , the factor which contributes most to the
experimental errors is the uncertainty in the heat
capacity of the bomb. This error would make all the values
wrong by some absolute amount. If there were no other
appreclable errors, the experimental data would still lie on
smooth curves, Since they do not, it is evident that there
nust be other contributing factors, They probably arise

from the technicue of operation. After the bhomb has been
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standing at equilibrium for half an hour, with the photo-
electric control working verfectly, one suldenly turned on
the heat to the bomb. The sudden flow of heat to the
surface caused the control to hunt, and because of the
natural lag in flow of o0ll 1o the control junction, the
hunting was sometimes disastrous., The same trouble arose
when the heat input was cut off. Various methods of oper-
ation were tried to overcome this difficulty, anil by care
it could larsely be eliminated. However, it is nearly
certain that this was the chief cause of scattering error in
the earlier runs,

One other effect which should be notel concerns the
nature of the contents of the bomb. TFor very fluid sub-
gstances such a8 licuid propane, after o given heat invut
had been completed,the bombt and contents reached theilr final
equilibrium temperature very quickly, S8zy within six
minutes. On the other hand, for viscous substances, like
the crystal o0il used here, the tempersture would approach
its final value in o slow, asymptotic manner, scmetimes
taking 28 long 28 forty minutes to reach a satisfactory
steady state. Since the viscosity of these mixtures
decreascd congiderably with temperature, one might expeet
greater consistency of values at the higher temperatures.
Fxnerimentally this was found generally to be the case,

As a2 matter of standari technique, however, the bomb was
alloved to stond for about forty aminutes after the twenty
minutes heating. This gave more complcte assurance of

the attainment of equilibrium.



0.7

0.6

0.5

0,7

0.6

0.5

P
2
o
o

]
N-BUTANE IN CRYSTAL OIL

140 180

o
\3
Q@

olo
)
O

3/
o
/ ) m ot pROPANE
2 13:
TaL O%

A-»/ bR‘ls

PROPANE IN CRYSTAL OIL

100 140 180
TEMPERATURE ©°F

DIRECT EXPERIMENTAL DATA
SPECIFIC HEAT AT CONSTANT VOLUME

FIGURE 4




1

Resulis

The specific heast as calculated directly from the
above measurements 18 a sSpecific heat at constant volume.
However, it is not C; for the liquid in the bomb. In a
bomb of this type there must always be Some zas sSpace, and
consequently two phases in equilibrium. Thus, whenever the
bomb 18 heated, some of the more volstlile comeonent will
vass out of the liquid phase, and the heat absSorbed 1n this
vaporization will apvear to increase the specific heat of
the contents, The larger the gas sSpaece present, the greater
will be the mognitude of this effeet. Thus, for every
different sample, C, as nmeasured will be different. For
this resson, no direct ex-erimental data have been tabu-
lated. An idea of the accuracy of the measurezcnts may be
gained from an examinatlion of Figure 4. TFrom the Smoothed
curves shown, values have becen taken and converted to
gpeciflc heats for the 1iquid in the ccndénSed region, at
.a pressure only infinitesimally greater than that at which
the first trace of gac is liberated from the liquid phase
(the bubhle point).

It 18 the purpose of this sectlon to indicate the
operations by which these conversions were made. A1l the
date for them were obtained from pressure-volume-temper-
ature data Tor the substence in guestion.

Tirst let us consider the casc 8f a2 pure compound,
such a8 butane, gince its treatment i8 somewhat different
from that of a mixture. Tor the heat absorbed by vapor-

. (1)
ization, the following correction 18 made :
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K4 _’f x
0470y~ 22 71 Lx) (1)
AT ¥ (T“ mean |
Cy 18 Cy in the two phase reglon but corrected for

vaporization
L is the latent heat of vaporization
X 18 the quality or fraction of mass in the gas phase
AT is the rise in temperature of the run in question

1 end 2 vefer to values at Ty and Tp, the initial and .
final temperatures for the run

L may be calculated from vapor pressure data and the
Clapeyron equation. X, the quality, may be evaluated from
a consideration of the specifiec volumes of the two phases
and the specific volume of the system in the bomb. For
this it may shown from a simple balance of masses and

volumes that

Ve~V
vy is the sp. vol. of the system in the bomb

x= (11)
vy is the sp. vol. of the liquid
Vg is the sp. vol. of the vapor
£11 these and the following corrections are best made by
calculating a few correction terms and plotting them
against temperature and using the curve for correcting
all values aeross the temperature range for that particular
subs tance.

Next the heat capacity of the gas phase must be con~-
gldered. Vhen vaporization has been accounted for, we may

write for the specific heat of the two phase systenm
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C = €ux + €3 (1-x)

&

c —— C-CQX
= lex (III)

vhere x is quélity.
Yhen the bomb 18 nearly full, x is very low, and the
correction is almost negliglible. A very rough guess at
the value for Cy,,the specific hest of the gas, will
suffice. ”

. Uhen this corrvection has been applied, we have the
speecific heat of the liguid under saturation, usually
written Cg. Thls quantity is described simply as
(1/%)(85/47) undcr bubble point conditions when in infini-
tesinmal but qanstant amount of gas phase 1s nresent. To
convert from this to G for the liguid j?g§ above bubble
point pressure, we wlll use the relation '

o B3) - =% o

Cp = G+ BT/ v, A{1v)
where L is the latent heat of vaporization
v, is the 8p. vol, of the vapor

v is the sp. vol. of the liquid,

1
The partial derivative is the thermal expansion of the
l1iquid as constant pressure, andl may be evaluated by
taking s8lopes on the eurve of saturation velume ve T for
the saturated liquid. This conversion term is of quite
appreciaoble magnitude, snd care 18 necessary in evaluating
it.

Ar idea of the size of these corrections nay be gained

Trom PFirure 5, In it are shown for the case of »nropsnes

(1) ¢,, specific heat at constant volume as cxporimentally
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determined, before any correction terms have been applie&;
It is}to be noted that this is neot the Gy for the ligquid
at the bubble point. (2) Cg, the specific hest of the
liquid at the bubble point as defined above. (3)° Cp. the
specific heat at constant pressure for the condended liquid
at a pressure just asbove bubble point pressure, The fact
the the G ard Cq, curves ¢ross each other is uﬁﬁsual,vbut
is readlly expialned. Ordinarily, by reason of vapori-
zation, the aprarent specific heat €, is greatcr than the
specific hest under saturation conditions,C.. "However,
with provare, in the upner temperature range, thelliquid
is expanding so Past with rise in tempersture thot the vapor
spoce 18 actually decreasing. A calculation of the aquality |
X by the equation (II) given above for it, would Show that
the quality was decreasing with temperature rise in this
range. This mesns that with this rise, some propane is
condensed, Heat evolution attends this procesg, and so the
goparent specifie heat Oy is lower than Cg, meaning that
the curves rmust cross somewhere in the higher temperature
range.

The reason for the increasing correction for Cplmay
be seen from Tquation (IV) used above, written in @
different form: |

Cp = O *+ T(“)T;'f”)v (‘T?“‘@ | (v)
& sat

As the eritical »noint of propane is'approached{ the
derivative (3 v/ T)p for the ligquid is approaching in-

finity, ard sSo (Cp - GS) is likewise approaching infinity.
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At first glance. also, it may sSeem strange that Cy
ig grester than Cp in the lower temperature range. -It
is not correct, however, to make this comparison, The
Cy shown, it will be remembered, is the experimental value
Tor the system in a different state than that for which
Cp 1s shown. Trom an inspection of Fquation (VITI) given
below, it may be seen that Cy, the sSvecific heat of the
liquid on the single vhase silde of the bubble point, is
a curve lying continuously below Cg by an cnmount equal to
T( dp/ oT), (dv/aT)
liguid on the =2ingle phase gide of the bublle mai nt. This

agtn » Where the { o p/é“f} is for the
tern Tor condensed 1liquids at constant volume 18, of course,
cuite large as compared with the came derivative in the two
rhase region, and the correcction would prohably throw the
Cy curve considerably below the T, curve., At all events,

v

the three curves (Cp, O, and Oy) for the single phase system

k!
k:

at bubble point would lic one above the other with no

crogsing over.

For mixtures, the calculation is slightly different.
To take care of the two phase corrections, we may uae the

convenient equation:

gg‘)T = T (__é_i_g)v (vi) (&)

By its use we may convert the observel C; to the Uy vhen
only an infinitesimal amourt of gas vhase is pfa"cnt For
most of the mixtures studied, the volume of gas Space in

the bomb was comparatively small, and the fraction of the
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gaseous comporent which w&s in the gas phasSe was also

small, Consequently, the composition of the liguid phase
differs only very slightly from that of the system as a
whole, A consecquence of this 18 that the pressure exist-
ing in the bomb was only slightly less than the bubble
voint nressure for that mixture. Now, Since the pressure
remains essentially constant as the volume is changed, thelr
derivetives agalinst temperature will also be constant.

Also (j?b/lwt‘)v will be closely equal to (aép/aTQ)satn.
From a plot of bubble point pressures against temperature,
for the given nlxture, one obtaing the first derivative
(dp/aT)s&ta end from a plot of this against temperature,
one obtains the deslred second derivative, Now, since
this derivative does nbt change avncreciabley with volume,

we nay write the equation as

‘ a2 s :
ac,> TEG—%2) gatn  AQv.

Since the volume 1s being deereascd fyrom bomb volume to
bubtle point volume, Gv for the liquid Just on the two
phase side of the bubble point will be smaller than the
observed C_.

CHaving obtalined CV for the ligqulid Just on the two
phase side of the bubble point, we may use two thermody-
namle relations to convert to Cp for the liguid just on the

one phase side,

T.(2¥ . dv .
¢y = Gy - Q‘z"'f)p (a‘“‘f)gam (viI)

Be = &, 4 T(ai [ av
. v ?%)v (% atn (VIIT)
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Since we are now dealing with the system still in two
phases, with only a minute amount of gas phase, 1t is
quite closely true that

(24), - (3)

P satn

end ‘gl» = (dn)

With thece equallities holding, we may eliminate Gy and

write

p M dt satj{j ﬁ Satn

The volume derivatives may be obitained from S8lones on a
plot of bubble point liquid volumes ve temperature for
the nmixture., The dregsure derivative 18 lirewise obtained
from & ubble noint pressure vs temperature nlot

One must be watchful in the use of cquations such a8
these to make a2 clear distinction between properties on
the one vnhace 8ide and one the two phase 8ide of the

o ard Gy
and these derivatives, undergo discontinmiities as the

bubble point. Tiost of the properties, such =8

C

boundary is crossed. However, Oy is a property which has

lgnificance only on the boundary, but the cohcépt is 8111l

6]

valid a2t infinitesimzl distonces on elther side of the
boundary. It is Ffor this reasson that specific heats were

converted from Cy for the two phase system througzh Cs to
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C, for the liouid one the one phase side of the boundary.
A numeriecal example, carrying thege eslculations out

for one specific case, is given in an appendix.

In Figures 6 and 7 are shown the results of the
gstudies on the systems prapane-cryStél 0il and n-butane-
crystel oil respectively. The experimental points arve
not shown, ¢ince all the points 1sy on the smocoth-lrawn
curves shown for the butane system, and likewlse for the
propene system with one exception. The mixture contalning
13,419 propane was Systematically low by 1 to 3%. This
seems almost evident from a rousgh inspection of the plot
of the original data (figure 4). However, in spite of
this one poor set of data, the remsining material is com-
plete enough so that a very satisfactory curve sgainst
composition may be drawn, In Tables 1 and 2 are recorded
values tsken from these smooth curves. The wvalue for pure
propane at 190°F is not shown because experimental data
4414 not exterd to this temperature, nor near enousgh to it
to make an extrapolation wasrranted,

The final oversgll maximum error in thene figures is

estimated to be 1.5%,



Talble 1 Propane-Crystal oil System

SPFCIFIC HFAT AT CONSTANT PRVSSURY
¥OR THFY BUBBLE POINT L'QUID

i'ass percent of Propane in the mixture

Teup °F A 20% 0%  60% 809  100%
70 0.442 0.467 0.500 0.536 0.575 0.617
100 0.462 0.489 0.526 0,567 0.612 0.661
130 0.482 0.512 0.560 0.617 0.679 O0.T46
160 0,502 0.,5%8% 0,602 0.689 0.785 0.886
190 0.523 0.576 0.667 0,815 == ==

Tablie 2 IN-butane--Crystal 0il Systenm

SPECIPIC HEAT AT CONSTANT PRESIURE
FOR THE BUBBLF POTNT LIGTID

Hesg wercent of Butane ine the nixture

Temp °F 0% 207% K% 607 8077 1004
70 0.542 0,461 0,483 0,505 0,530 0.564
100 0.462  0.479 0,498 0,518 0.550 - 0,601
130 0.482 0,498 0,517 0.538 0.57% 0,647
160 0.502 0,521 0.541 0.564 0.605 0.699

190 0.523 0,545 0.567 0,595 0.645 0,758



Discusslon

It 18 evident from Figures € and 7 that the specific
heats of the components cannot be congidered as additive.
If they vwere, these curves would be straight lines across
the whole range of composition., At the lower temperatures
they seen to aporoach this condition, but the depsriure
is rapid Tor any eppreciable rise above 701, Theéy are,
ﬁeverthelesg, regular in their behaviocr, To lnvestigate
the possibilities of this regularity, reeourse is nade to
g oguantity called the partial specific heat capacityké)

This heatlt capacity is a property of a component

in a mixture which plays a role thermodynsnmically ident-

icel with the corresponding heat capacity of the same
component when in the oure state. It is defined by the

relation

(1) = (x)

d WL -V
This says that the partial sSneciflc heot capacitv'ﬂi of
component 1 in a nmixture 1s defined as the vate of
increase of he~t capacity of the mixture with the addition
of component 1, the amounts of the comﬁonenté being, for
the purpote of this work, considered on a mass baslis,
Therif:orreSponding cxpressions for the other componcnts of
the mixture., These derivatlves, in the case of the nix-
tures gstudied here, nay be obtained directly Trom the
composition digprams, Tigures 6 and T, The method used is

c2lled the "method of intercepts' and is described else-
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(4)

where . The‘reSults of a determination of such partiasl
heat capacities for the propane and the butane mixtures
are shown in Figures 8 and 9. The lower family of curves
in each figure gives the partial specifie heats of crystal
01l, while the upper family is for propane and butane
respectively.

Sinee hydrocarbons are relatively nonpolar substances,
we might see how these quantities compare with those for the
case when the mixtures behave ag perfeet solutions. 1In the
latter case, the heat capacities would be strietly"additive,
and the derivative given above would be constant across
the whole composition range, merely by definition of the
additivity of »roperties. It will be noted that in the
butene crystal oll system, the partial specific hests of
both butane and crystal oll are practically constant up to
about Tifty msss percent butane, This means that within
this range and for a given temperature, the specifiec heats
of all the possible mixtures might be calculated a value for
the constant partial for butane and one for erystal oil.

Such is not the case for the propane-crystal oil
system., The partial specific heats are changing even in
rather dilute concentrations of vropane. For wpropane,
hovever, the regularity lies on the other side of the
diagram. Here the partial specific heat for propane is
qulte constant from 100% down to 50%, while the corres-
ponding quantities for crystal oil increase by about 2 to
47 in this range.

Stnce these mixtures behave a8 perfect solutions

within certain ranges, with respect to the property of
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heat capacity, one might suspect that perhaps they also
obeyed the laws of perfect soclutions with respect to other
properties, There is some evidence, based on data obtained
in this laboratory, that the partiasl specifie volumes for
£he butane~crystal oil system show the same characteristics
28 have been pointed out for the partial specific heats for
this system.

In order to see whether these curves fulfill certain
conditions required of all partial quantities, one may

use the relation

( )(DN?) -~ (XT) (&)

where N; and N, are mass fractions of the components 1

2
and 2 respectively. In very dilute solutions of com-
ponent 2, N, approaches zero. Then the ratio No/N; alsoe
approaches zero. This means that elther the derivative
(9Ty/0N,) is approaching zero, or that the other deriv-
ative 18 approaching infinity. TFor the case of heat
capacities, the former holds. That this derivative 18
aprroaching zero means that in mixtures with hiesh concen-
tration of component 1, the change in the nartial specifiec
heat of comronent 1 with chsnge in concentration is
approaching zero, l.e., the curve comes in to zero concen-
tration horizontally. This is clearly the case for mix-
tures low in butane, where the partiszl for crystal oil is

quite flat. Also for propane mixtureg low in crystal oil
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the partial for propane is quite flat, For mixtures low
in propane, the crystal oil partial is reasonably flat
near zero, but for the last case--mixtures high in butane,
this is go far from true that one is led to SuSpeét.that the
abeolute values for butane specifie heat are a little too
hiéh.. If such is the c¢case, then a re<construction of
curves ,using slightly lower values for butane, would
change -the slopes so much that the range in which the
partials are constant would probably be extended eonsid-
erably beyond fifty percent.

Corresponding to the case of simple additivity, the
equation in the case when partial quantlties are used 18

N3 Gy + BCp = C (X11)

where N indicates the mass fraction of the component; T
the appropriate partial specific hest; and C the re-
sultant specific heat of the mixture. By the use of this
equation and data such a8 presented in Figures 8 ard 9,
one 18 enabled to calculate the specifie heat of any
mixture in the system., Of course, the same thing ecould
be done by direct reading off of Figures 6 and 7, but for
the case of butane, the equation permits the evaluation of
specific heats for mixtures up to 50% butane without the
use of any graph at all. In the following Table 3 are
l1isted the partial Specifie heats of the components for
mixtures of butane and erystal oil, the values being those

which are constant for all mixtures up to 50% butane.
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Table 3
Partial Specific Heats

Temp °F N-butane Crystal oil
Cp Cp

70 0.44 0.54

100 0.46 0.555

130 0.48 0.57

160 0.5C 0.60

190 0.52 0,635

For any concentration with the ranse, mere substitution of
these values in the eguation (XII) will give the specific
heat of the mixture to within about 2%.

It is interesting to sneculate on the use of such
observaed partial quantities in other hydrocarbon mixtures,
For instance, it 18 quite wit in the realm of possibility
that the partisl specific heat of butane or pronane in
crystel oil 1is approximately the same as that when they
are dissolved in some other heavy hydrocarbon oil., The
possibility of such a generallzation would be interesting to
Investigate.

It shovld be 8aid that interpretstior of the:ze
partial speciflc heat dlagranms must be made with caution,
In diagrans 1ire Figurcg 6 and T, whenever the rate of
curvature is high, the tang@nts which are constructed on
them for evaluating the partial guantities are necessarily

rather 1lnaccursate. But, for the most part, the aceuracy is
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sufficient to warrant such conclusions as have Been
drawn here. ,

For the benefit of anyone who night Qish to use the
dats here presented, a final remar¥% should be made con-
cerning Gy, 1t was defined as the specific heat at con-
stant pressure for the 1liquid as a pnressure just above
bubdble point pressure. This reference state was chosSen
because it was conslidered as the least arbitrary of the
possible choices. Values of Cp calculated for this state
a2l8o have the advantage that they are usable as values of
Cp for the 1liquid in question at pressures a great deal
higher than the bubble point »ressure. The error made in
using the values at higher pressures may be corrected or

estimated by the ecuation

@’%”')T =7 T("’?:‘%*)p (XI171)

Thus, for propane, a rather hirhly expansive liquid, at
100°T an increase of 200 pounds per 8quare inch above the
vapor pressure decresses the specific heat from 0,661 to
0.65. This 18 an extreme case, however, and the general
difference for natural heavy hydrocarbon mixtures 1s much
lese, Tor n-butane, the next heavier memker, this in-
crease in pressure at 100%F will cause the specific heat
to drop only from 0.601 to 0.598. Consequently, it may
be seen that the values listed zore quite usable over a

wide range of pressurs above bubble roint pressure .
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Summary
The specific heats of two series of liquid hydro-

carbon mixtures have been determined. The components

of one series were propane and crystal, a heavy, highly
refined o0il. The components of the second sSerles were
n-butane and crystal oll. The measurements were made as
gnecific heats at constant volume for two phase mixtgres,
and these were converted to specific heats at constant
pressupre Tor the liguid. The results show that the
gspeeific heats of the cémponents are not additive in the
mixtures. However, by the use of the concept of partisl
specific heats, decided regularities in the two series
were made apparent. On the basis of them, it was made
possible to iniicate a 8imple method for calculating the

epecific heats of butane~-crystal oil mixtures,
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Apnendix

Typical Numerlcal Calculation
The case chosen 18 the mnixture of propane and
crystal oil, containing 73.33 mass ¢ propane
Because of SQacehlimitations, the grachs which were
used in these calculations cannot be shown, but the manner
of théir use will be indicated.

Calculation of specific heat at constant vol, for the
gystem as it exists in the bomdb

One point: voltage across the heater 6.084 volts

current : 0.2680 amps

. time 20 min.

& = energy input zEIt = 32,62 watt-min,
or 1.856Btu

T]_ = 95. 808°F 8

s 107.144 - Mean Tz 101.5°F
a% =11.336°
8 = 1.85 = 0.1637 Btu/°F
DT 1 D3

Heat capacity of the bomb taken from a dalibration
curve at 101.5°% 3¢ bomh 0,0843 Btu/oF

Heat capaecity of contents =0.1637-0. 0843

=0. 079& Btu/
Mass of contents = 61,182 gram= 0, 1349 1b

Cy = 0,9792& = 0.5886  at 101,50F -

Conversion of Cy to C, Just on the two phase slde of the
budbble point.

The relation is (Tr -~ T ( oTt
Nm (}g ). and(ﬁ'{)”are guite nearly equal in the two
phase region, and z8 was noted in the digcussion, this
derivative does not vary appreciably with volune in the

range of volumes considered. And s8¢0 we nmay write

AC= (51%2_/ (Yo = Yur)
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From a graph of bubble point pressures vd compo-
sition are obtained values for the 73.33% mixture at a
series of temreratures, These are shown in column II
below. A plot of these agalnst temperature gives a smooth
curve on which tangents may be drawn, giving@z wbown in
column ITI, In a2 similar manner, on a plot of 473}against

T, one obtalins the secord derivative shown in colunmn IV

5 11 111 IV v VI Vi VIII] IX
by V< ) .
. P o(P ..j__{’ o v (Vboiub ( ‘{p
hiE ke (‘ﬁ)}af (d |7 o ~Vset) X Te;. Co-C, Tl
o /‘;‘ Y P ﬁ%t’ )

70 123 | 1.80 | 1.66%'530 | .02405| 01724 .1517 |0281
100 187 | 2.34 | 2.00- |560 | .02723| 01496| . 1676 [0310
130 26T | 2.98 | 2.38 JS9O .03038| 01181] 1672|0310
160 367 | 3.79 | 2,94 20| .03425.00794 1447 (0268
190 502 | 4187 | 4.00- EBO . 04025 (3.6‘].9_{51~ . 0504 (0093

From'a graoch of saturation volumes against comno~
gition are obtained values for the 73,337 mixture at a
series of temperatures, shown in column VI

¥ass of sample=61.182 gm= G, 1349 1b.
Volume of bomb =161.2¢cec = 0.005692 cu.ft.
| Sp vol of contents.005692¢C,1349x 0.04219 ft“/lb/
Subtracting from this the saturation volumes, we obtain
column VII., ¥ultiplying the values for d- ), T a,nd(U‘U,J)
all together gives the desired correction term,column VIII.

To convert this term to heat units, we convert to foot-
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pounde and then to Btu. Thus for the term at 70[Q

Cy = Oy gat> 0.1517xa44+777.6 = 0.0281

Conversion from C_ on the two phase side of the bubble
point to Gp on the one phaze side,

The relation is s Co+ lT(%})ﬁf (7“'79”

We alre=dy have values for (dp/dT)gat, and also values
for Vgt for the liquid. One plots Vggt against temper-

ature and takes derivatives,. shown in column ITII below.

I 11 111 IV i VI

T |G e 7R T F) | G

wtt f= /F :

70 1.80 | 6.75 /0% | 530 0.1288 |0.0239
100 2.3% | 8,80 -~ 560 .2306 oL 44
130 oo |37 - 590 L3998 | L0740
160 3.7 (15.%% - | 620 L7303 | L1352

1 190 4,87 |27.05 - |65%0 1.7126 | .3171

The next operation i8 simply to multiply the four
quantities together lXT‘(%) ¥ (%P) . Again, to convert
this term to heat unite, we multiply by 144/777.6.
ralues are shown in colunmn VI, '

Thus for 70°, 1.80x6.75x107°x530x2 = 0.1288

“and 0.1288x 144/777.6 = 0.0239 = Cs = Cy
Ap7lying these correctlons to one case: For 700; the
smoothed malue for C, uncorrected is 0,568,

Cy gt = 0.568 - 0.028 = 0.%40

Cp = 0.540 + 0.024 = 0.564.
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