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Heat Capacity of Gaseous Carbon Dioxide’
Joseph F. Masi and Benjamin Petkof

The heat capacity (O} of gaseous qacbon dioxids bes baen measured at — 20°, 0°, 4 5)°,
and +-00° C and at 0.5-, 14, and 1.5-atmospiliere pressdre, with an accuracy of 0.1 paréent,
The fiow calorimeter wsed was a modifeation of the ooe previeusly described by Seott and
Mellora [1] * and Wacker, Cheney, and Seott [2].  In order to test the acenracy of the salo-
rimeter, the heat capecity of oxygen was measured at 1 atmoaphere 5t —30°, [, and 450",
The measured velues of ' for oxygen were sembined with an equation of state to give CF;
theze differed from the statistically caloulated values by +0.03, — 008 and —0.01 percent at
the three tomperatures.

The experimantsl values of © for eerbon dicadde have been used to caleulste new valuos
of C} and valuem of the pressure eoafficlont of heat capecity at the four tempersturea of
messurement, The theoraticsl valtes of ) ealeulsted 1n 1949 (8] were found to be too low
by 0.2 to 0.3 percent; the raaults of o tew caleulation ave in subatantlal apreemant with the
experiments.  The pressure coeflicients are in agreament with those obtained from the recent
pressure-volome-temperature work of MacCormaek and Schneider [7].

Fesearch Fapar 2303

1. Introduction

The large number of experimental valucs of the
specific heat of carben dioxide reperted in the
literature are in serious disagresment with sach other,
Ledue, for the International Critical Tables [3],
sttempted to evaluate and correlate all of the work,
hoth experimental snd theoretical, up to 1924,
It is now thought that thesa ICT values ara in con-
siderable error. There have been two calorimetric
measucements of the heat eapacity since that time
[4, 5]. There have alao been at least two good sets
of gressure-volume-tem}:ernture measyrements [6, 7)
and two calenlations of the ideal gas heat capacity
from epectroscopic data [B, 9).  There have been sev-
eral compilations, basad almost antirely on the eom-
hination of equations of state with spectroscopic val-
ucs of 5 [10 to 13]. Values from several sources
of the heat capecity in dimensionless units, O/ R, st
1 etmosphere and 0° O, ure given here.

Partington and Behilling, 1924 [14].._.....___ 4 af
Ledve, TCT 1928 8] 0. ae e o o= 4,37
Fucken and v. Lade, 1920 [4]___. . ___._____ 4. J48
Sweigert, Weber and Allen, 1946 (10].___ "0 - 4 AB7
NBZ-NACA Tsble 13.24, 1949 [12][______-____ 4. 306
" MacCormack and Bchaeider, 1850 [13].______ 4. 365

The present investigation was undertaken because
of the impossibility of deciding which wvalnes to
choosa and becausa of the reluctance, on the part of
sotme users of thermodynamic tables, to accepi
statiztically caleulated values without supporting
experimental evidence.

Oxygen was chosen as 8 substance to test the
accuracy of the apparatus, because its heat capacity
is well knewn and begauee a pure ssmple iz rather
easily prepared.

1 'This work was Gnanced in part by the Matbtonal Adviscry Commbttes bor
Asrrnauticy,

1 Figurad i hrackels dnddlonde (e literwiire reforences wi the end of {hin
PapsT.

2. Materials

The oxygen waa prepared by heating potassium
permanganate az described by Seott FIE] and by
Hoge [16]. This is a method that has been shown to
produce very pure oxygen. The wapor pressure of
the sample &t the temperature of boiling nitrogen
was found to agree with the velue calculated from
Hoge's date [16). During the course of the last
geries of measurcments (those at —30% (1N, a sma]l
air leak in the apparatus wes suspected. As soon
835 the measurements were ecompleted, & poction of
the sample was dissolved in alkaline pyrogallol to
determing the purity; the amount of residual wae
was 0.2 percent, and it wes assumed to be nitrogen
from air that had leakad in,

Carbon dioxide wns purified from commercial gas
that had been made {rom limcstone. A large
cylinder containing 20 Ik of carbon dioxide was
cpenad and the gas allowed to escape until less than
half of the content: remained. Several hundred
grams were then transferred to a small evacusted
eylinder, which was then attached to a purification
train, The sample was slowly sublimed from the
cvlinder and condensed in a glass trap at liquid N:
temperature, while a high vacuum was maintained
by pumping on the trap. Transfer to the final
recerver was Alse accomplished by spblimation and
condensation. About 600 g were prepared in this
why. The sample was teated several times for per-
manent peses by diesolving portions in eoncentrated
potassivm hydroxide snd observing the volumes of
residual gas. These were always less than 0.01

arcent of the volume of the sample, A test per-
ormed by E. B, Weaver showed [ess than 0.001
parcent of moisture.

3. Apparatus

The adiabatic flow calorimeter uzed in thiz work
was & modification of one that was shown by Wacker,
Cheney, atid Beott [2] to give heat capacities reliable
to hetter than 0.1 percent. The prinecipal modifi-
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cation was thé substitution of two resistance ther-
mometars of nickel wire for the thermocouple previ-
ously used for messuring the rizse in temperature of
the heated gas, The main advantage of this sub-
stitution was that the thermomaters sould be cali-
brated in place at any time. A further advantape
was that it could be demonstrated by the readings of
the lower thermometer that the ges entering the
calorimeter always reached the temperaturs of the
bath, and that thers was negligible heat leak “up-
atreamn” from the bot calorimeier to the incoming
oold gas.

The flow calorimeter, as it was used, is shown in
figure 1. Most of the essential features are as
described by Seott, at al. [1, 2], but =0 many ch
have been introduced that o brief dezcription of the
entire apparatis appears desirable,
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3.1, Congtant-Temperature Bath

The calorimeter is immersed in_the bath, B, the
teraperature of which was controlled by supplying

elactric power to the heater, H,. The atirring pro-
peller, F, foreed liquid down the brase tube, T3, and
over the copper resistance thermometer, K, which

eonsisted of about 140 ohma of No. 37 AWG wire
and which formed one wrm of 4 Wheatstone bridge.
An mmbalance In the bridge cirenit of 1 pv corre-
sponded approximately to 0.001 deg K. The circuit
was ordinarily attached to the palvanometer in s
Rubicon phototube amplifier, the output of which
was fed to a proportionating heat-eontrol amplifier
developed by the Electronic Instrumentation Sec-
tion of the Bureau. This arrabgement gave auto-
matic control of the bath temperature within 0.002
deg, provided there were no large disturbances.
The copper thermometer bridge could be switched
from the controlling galvanometer to a sensitive wall
galvenometer for moousl control, or the two gal-
vanomatara could bzﬂgla.cﬂd in zeries for momentary
obsarvation of the efhiciency of control.

When controlling the bath below room tempera-
ture, refrigeration was required, and this was pro-
vided by tie apparatus shown at the laft of figure 1,
A solid copper rod, €K, with copper vanes, X, at
one end amP:.r copper cylinder at l‘g‘:‘ other was im-
mersed in Liguid nitroget, A. The metel tube, ),
cloaed ot the boitom end made the rate of heat
trapsfer almost independent of the depth of the
nitrogen in the dewar. .

The bath liquid was a special light machine oil
{or temperatures above that of the room and an
equivolume mixture of chloroiorm and carbon tetra-
chleride for temperaturez below that of the room.

2.2 Flow Conirol

The source of gas flowing inte the celorimeter in
not shown in figure 1. For oxygen, this was a cylin-
drical brass boiler with heavy-copper vanes, wound
with a heater and immersed in a cold dewar, The
rate of flow was controlled by the power supplied
to the heater on the boiler for evaporating the
liquid oxygen. For carbon dioxide the hoiler was
replaced by s high-pressure system in which the
carbon dioxide was contained in s steel eylinder
immersad in melting ice. The pressure {34.3% atm)
remained sufficienily constant for zood fow control.
The gas was admitted to the calorimeter, and itz flow
rate was controlled, by a4 very sensitive diaphragm
valve. This valve was previously used by Osborne,
Stimaon, and Ginnings [17] for control of flow of high-
preszure water. A silvar seat moving down apainst
a gtainlesa gteel erater-rim cone :llgﬁ a very amall
opening provided the clesing action.

Both the rate of flow and the mean pressure during
an experiment were adjusted, controlled, and mess-
ured by following the readings of a three-column
manometer, two columns of which were connected
to ihe calorimeter a3 shown in figure 1, whereas the
third wes open to the atmosphera.
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3.3 Calorimeter and Shisld

The gas being investigated entered at ¥ and passed
through the helical tube, T, where it was brought to
the temperature of the bath. This tube passes into
the vacuum jacket through the bellows joint, o,
which was intended $o prevent stresses caused by
differential expansion.

The calorimeter, eongidered s the vertical tuba
between pointsJ and € through which the gas flowed,
was constructed of thin-walled seamless Monel
tubing. The warious pieces were soldered together
as nearly coaxially ws possible, and the whole length
was supported only at the two ends, and at M by
& mice spacet. The copper thimble, Th, was used to
provide a surface of hi E’EI‘ temperature to protect
the incoming cold gas from radiation; it was therm-
ally a part of the calorimeter. The latter, with the
excaption of the necessary lend wires, was completely
irolated from contact with surrenndings from points
M to 0. The thimble was gold-plated and polished;
the Mene] tubing was covered with thin slominum
foil, except for a short 1 that waz h.i%‘]ﬂj polished
The copper radiation shiald, 8, waa geld-plated and
polisheg on the ingide, and eovered with aluminem
foil on the outside.
by string spacers.

The temperature of the gae entering the eglorim-
eter was measured by the nickel resiztance ther-
mometer, N, ; the gas passed over a system of baffles
ahd went twiee past the glasa-silicone-inaulated No.
36 AWG eonstantan heater, H,. The direction of flow
was apain roversed, and ancther system of baflles waa
encountered in the region where the exit temperaiure
was mensured with the nickel resistance thermometer,
N.. Hentkleak to the upper tube was opposad by sup-
plying beat to s tube heater, #,, 30 that zero tempara-
ture pradient waz maintained as indicated by a null
readibg of the copper-constantan thermocouple, T'C,.
Radiation to or {rom the outer surface of the calorim-
eter was reduced almost to zero by heating the shieid
with the henters, H, which were so arranged that
any desired proportion of the heat could be supplied
t¢ the top half of the shield. ‘The three junctions of
the chromel-constantan thermocouple, %, could be
read in summation or individually, and the attempt
waa made to keep nll of the readings near zero.  Heat
transfer from the bath by gas sonduction was elimi-
nated by evacuating the brass jacket.

Leads were brought in through the wax seal, W,
and were temperad nearly to bath temperature on the
brasa cylinder, F,. Leads from the thermometer,
N, were taken directly to the brase ring, F;, and
further temperad; all ather leads were wound twice
around the shield. All leads were of AWG No. 34
copper wire, pilk-and-enamel] insulated. All wires,
whether heators, thermometors, thermal jupctions,
or lends, were cemented to the metal surfaces with
glyptal Tacguer and afterward baked.

Each nickel thermometer consista of about 55 ohms
of AWG No. 40 enameled nickel wire with four
copper leads. ‘The thermometers were calibrated by
comparing with one or more platinum resistence

It was supported and centered

thermometers suspended in the bath when helium
was in the calommeter jacket. It was found that the
resistance of the nickel thermorneters in use fluctu-
ated slowly over a range corresponding to 3 or 4
mdeg during a pericd of 3 months. Consequently,
apot checka of the calibration were made each day of
heat-capacity messuremernts.

After lenving the calorimeter through the throt-
tle valve, V, the gas went to one or the other of two
reccivers through a snap-throw valve, capable of
changing the flow from one receiver to the other in
less than 0.1 second. This valve in one of the two
positions ¢losed the cluteh eircuit of an interval
timer that was driven by a special constant-fre-
quency fl-cycle current, accurate to 0.02 second.
This valve was the same one described by Wacker,
Cheney, and Scott (2], The receivers wore kept at
the temperature of liguid nitrogen.

A Leeds & Northrup G-2 Mueller bridge was used
to measura resistances. The potential and cerrent
in the calorimeter heater were measured with a pre-
cision potentiometer, in conjunction with & eali-
krated standerd resistor and 2 calibrated volt box.
The circuitsa were essentially the sarmc as those de-
aeribed by Scott, Meyers, Hands, Brickwedde, and
Bekkedahl [15].

4, Method

The selection of the temperatures and pressures at
which to measura the heat capacity of carbon digx-
ide was made to cover the worting range of the calo-
rimeter and obtain as many points asz necesssry.
The ususl sssumption was mads, that the error
an apparent heat czpacity cavsed by heat leak
would be inversely proportional to the flow rale.
Congequently, at Ea.c% temperature and pressure, &
oumher of determingtions were made over aa wide &
range of flow rates as was consistent with a reason-
able Lime for measvrement, with the sizc of sample,
or with the eapacity of the calorimeter,

The determinations of the heat capacity included
the measurements necessary to ohiain the three fun-
damental quantities: the mass rate of flow, F, of the
gas through the calerimetor; the eleciric power, W,
to the calorimeter heater; and the rise in tempera-
ture of the pas, a7T.

A heat-capacity experiment waa begun by adjust-
ing both the ve, ¥V, and the flow of gasz to the
calorimeter until the selected walues for the mean
presaure and pressure drop were oblained. Mean-
while, power was supplied to the heater and adjusted,
Meither valve V oor the power supply were changed
after the initial adjustment, all control heing at the
source of gas. Henb was also supplied to the shields.
Aftor u length of time Lhat was inversely propor-
tipnal to Lhe rate of fow, & steady etate wag reached
in which the heated portion of the calorimeter and
the shield were at & constant temperature that was
approximately 10 deg higher than the constant bath
temperatuere. At this fume the gaz was directad b
means of the snap-throw valve to the other (wcighedy}
receiver, thus starting the measuremsnt. Contin-
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uous measuremants of the sxit temperature (V) of
the paa were made, and slight adjustments of the
flow were made to !lceep that temperature constant
within 0.33 deg. In addition to the measurements
of the resistance of the thermometer, N, readings of
ourrent and potential of the heater, resistance of &,
and the bath thermometer, and heighta of the three
mercury columns were recorded s often s possikle
in connection with each run. When about the de-
sired weight of enmple had been collected and the
temperature was nearly constant snd the same an
that at the etart of the run, the experiment was ter-
minated and the gas waa redirected to the other con-
tainer. The barometric pressure was also recorded,
at well as the reading of the interval timer. The
receiver was weighed on # large atalytical balance,
and the weight (e)?g sample waz corrected for buoyancy,

“Blank’ experimentz were required in which the
tetnperature drop, 37, in the calorimeter was meas-
ured when no heat was spplied. This temperature
drop i chiefly due to Joule-Thomson cooling, but
heat leaks and responsiveness of the tickel ther-
memeters to the temperature usually contribute,
The hlank experiments were made with the bath
temporature approximately at the mean tempera-
ture of the correeponding heat-capacity measure-
ments, and they were made at the same mean pras-
sures and over the sgme range of pressura drops a3
the heai-capacity experiments. The values of §T/Ap
were Dlotted as & function of Ap for each pressure

and temperature for each gas. These graphs were
uscd to obtain the quantity 47 for each heat-capac-
ity experiment, The valve of §T varied from 0.005%
to 0.4° in the extreme cases,

The apparent specific heat of the gaz, €, at the
mean temperature and pressure of the experiment
was computed by the relation

_ WF-
T AT+

The mean temperature, T, of the experiment was
calculated aa the bath temperaturs plus AT/2, The
AVETAZe Pressure, Py, in the region of the calorimeter
hetwean the thermometers N, and N, was caleulated,
from the corrected manometer and harometer regd-
mgs, a5 cqual to the pressure st the entrance to the
calorimeter minygz three-sighths of the measured
preszsure drop, Ap. A consideration of the geometry
of the calorimeter hagd led the nuthors to the opinion
that the factor thres-eighths is near the truth and
that any uncertainty in thi fastor will not affect the
result by a significant amount.

5. Resulis
5.1 Tests with Oxygen

L3 (1)

All the heat-capacity daia on uxy'%cn from this in-
vestigation are given in tabla 1. Tho experiments

Tarwe 1. Dotz en orygen
Reol ol Mass of Proasure drop, | Temperatura Blank correer | Hent capaclty, | Corroctlon for | Healk capanlty,
m‘-’:f"?"i't sampde, ™ Power, W Ap the, AT tlon, 4T [ Tra il Py, 37 | 75 0b5Er v}
—30.00% Q243,36 K 100 At
e g g Pz == Hy K | "R &1 deg= | degeL Jp-t dag=
1L, 97 0. 171 T o 8ELT 1 1. 0ES 0. S14LR} — g% 0. BT
0, 1028 49, 612 -4Ami2 wa 1014l R L4 -, D0 SBLdEL
o ] L BEST < HB1FS iar 4 10, 0847 AKITL Ji498 —. 000 S BIEL
Fre ] . POTE - 3R 2B B 8415 SO0ML 23433 — (M B
44, T 20, 41 -G me "R 06 1N =, (00 SBLELS
Extrapalated vadus .. .. iieseressemeaes Al A kR A R R R L E e o S e m o e e m e 0, 91619
0007 O 2718 K 10 akm
11, 1875 ML 7721 (L TEB1M AT A . 3578 [ 122 0. PlEDY — (L DIWHE I 91915
1L 5440 LiH » TH1TMS .4 o, T3 AT LA = D0OC  JIEHT
Ik R8T B PLA3 . THRHG - 1, 1718 L117 E —. MHIL - BLERT
11, 485 A% ngl . TiRG0E F20. 0 101010 - 111% IR . [N -FIE
18, LA I, 887 - H0TED [HiA & Mgl -0HN i e LF63E
10 7908 B 4814 « $197BE 114, 2 1. PO00 L dag BRERE . QN . PIAgs
- 3 1334 | B Ta.2 .37 QLY , BIAEE =+ DINNTR \ §186T
oo gl o8, 4042 | X3S i B & BELS A1FT « B1R3p « NN . BLE
Er o) + PRELTIN 45 5 B 4208 ni73 | -HAly - NN - PIGRL
44, 1143 ¥, X L 10 -3 PR 11 | -H6TL , DOOGL JALET
Eatrapaolatad waIE Lo aa e e kT T o EE TR E LS SR R e oo o mmn e o e 1, Bz
50p" e X093 06° K0 100 abm

11. 995 111.8319 0. BEIZIT s L1, IT40 . D337 iRy: =) — 1L QI 0,937
Lk 1800 A, « BT .7 11 3270 - DM - B - i ey
= 6 24, 1353 442883 74,1 11, 3 , BEdd ] —. B + PR
1. 98 23. 4778 « ZTH14S 48,3 B BT oL LHRIBL —. 2 - BREY
4, 8540 . G - 2eRpIa 96 0. 2650 -DHT B =, DT B
Extuyelated vATAG. - 0eer-vreas S e e 0, i

* The values of 7wt eortacked Low 00035 ¢ of azygen lait n the delivery fubed bemuge of Ehe vapor presire of oxygon 3t the bemperature of bodling nitrogen.
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are listed in the order of decreasing flow rate at each
temperature. The values of ¢, given in column 7
are calculated by means of eq 1. These are adjusted
by the amounts given in column 8, to correct for the
differcoieo between T, and the nominal temperature
end between pn and l-gbm pressure, and there are
obtained the values of 7, (observed) in column 9,
The veluea of £, {observed) are plotted as a fonction
of F'. The straight line drawn through the points
was determined by the method of least aquares, and
tha value of 7, 15 obtained ae the intereept. One of
these plota is shown in figure 2, to illustrate the pre-
cision obiained. The values of € obteined by this
proccss are labeled “Extrupolated walue” in column
G of table 1.  Thesze values, converted to dimension-
lege form, O /R, are listed again in table 3 (a).
There are also given the ecorrections to ideality eal-
culated hy the Beattie-Bridgeman equation [12], and
the resulting values of ¢7,/E. These valuea are then
comparad with the values caleulated by Woolley
[20, 21] from the spectroscopic nnd molecular data.

5.2 Heat Capacity of Carbon Dioxide

All of the heat-capacity data on carbon dioxide in
this research are given in tabhle 2. In addition
plots of all the experimental results at —30° and
+-860° C are fernished in fizures 3 and 4 to show the
typical appearance of these plots and to indicate the
precizsion. The valua of (5 {observed) for ench point
(col. 9), after adjusting for the differences between
T oand 5 and the nominal temperature apd pressure
feol. 8, is plotted apainst the reciprocal of flow rate
{eol. 1}. The slopes and intereepts of the lines wears
firat obtained by the method of least squares. As
the heat leal, o?which the slopes of these lines is a
measure, would be expected to be independent of
preasure, the three lines at each of the temperatures
excapt 80° C were adjusted slightly to & constant
avarago slope, A small but regular change of slope
with pressurc was noted at 90° C, and these lines
were therefore unchanged from the lesst-square
valuea. The intercepts of these lines are the desired
values of £} and are listed in column 9 of table 2
az the “Extrapolated value.” In order to furnich
an eatimate of the precision of these values of ),
they are followed in table 2 by values of «, where ¢

is defined as /3 d¥(n—1), and  is the deviation from

the extrapolated value of ¢, of cach ¢, (obzerved),
after correcting for heat leak by usq of the slope of the
straight line previously found.

The values of ', have been converted to dimen-
sionlesa form and sre given as € ,/& in table 3 (b).
Although there are a mumber of experimental
measurements &b atmespheric pressure recorded in
the literature, thers iz no interest other than histori-
o4l in muking comparisons with the very old work.
Partington snd Shilling [14], Ledue [3], and Quinn
and Jones [22] have made studies that may be
referred to. The most recent thermal messure-
menta are those made by Kistiakowsky and Rice
[5] by the izentropic cxpansion method. The values

;e
T
[=4
L3
11
o
8 mn\o\o\
Lak
=
& mia
&
L]
2
(=%
L

LT . . . .

o L] 2 3 ad 50

RECIFRQGAL OF RATE,SEG g~
Fiouse 2. Hesd capacily of oxypen of — 207 O and | afmospficre,

r LG otm
BO40 i .
b
__g -
T aoon |—

——8l i |
| -—-0—_______6____

L otm

Gp [ODSERVED], j
]
p
o
o

JHED

- 2.5 atm

JTEBO L L L L 1
Q 1 b1 E1e) A0 an
RECIPROCAL OF RATE, 8Ec g+l

Ficure 3. Hew capacily of carban diocide ol —30° O and {hrea
Predaures.

Br@

BIT L

BY B

-]
=41
I

BT

GpDHSERVEDY | g~ deg—t

H
¥

@
“
o

Beg

] 10 20 3a 40 20
RECIPROCAL OF RATE,SEG 4~

Ficore 4. Hecf capaciy of carbon diceide o 50° C ond fhree
Preastres,

183



Tasre 2. Dl on carbor drexids.
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of (0fR at 1 atm obtained h}r those authors were
.13, 0.04, and 0.08 percent higher than values ob-
teined by interpoletion in the present experimental
resultz, at the three temperatures of thair experi-
ments: 26.9%, 58.7°, and 84.56° C,

_ The results at each temperature wers extrapolated
linearly to zero pressure to obtain tha values of
((C/R, obsarved) listad in table 3 (b). These values
wera first compared with the most recently published
theoretical onea [8, 23] and found to be 0.2 fo 0.3
percent higher, Recaleulation of the theoretical
valuez was made by W. 5. Benediet and indepen-
dentally checked by H. W. Woolley [24]. The
results are shown in tebla 2 on the line labelad
“Benedict”. Two values interpolated in the Nation-
al Bureau of Stendarde tables of “Selected values of
chemical thermodynamic properties' [25]], which
were recalculated by Wagman from the older cal-
culations of Kassel [9], are also given.

A considerstion of the possible arrors of the various
measurements involved in these heat-capacity deter-
minations, as well as the precision of the results, and
the agreement of the observed and caleulated heat
capacities of oxygen, leads to the conclusion that the
acror in the final values of &',/ at each pressure
ghould not exceed 0.1 percent. The extrapolated
values of (U} /R should therefore be relinble to 0.15
pereent.

5.3. Egquation of State of Carkon Dioxide

It is assumed here that in the low-pressure region
covered by these expertments the equation of state
af carbon dioxide is of the form

p¥=RT1Bp, (2}

whera B is a function of the temperature. The
thermodynamic relation

C
(3"_?”) Ty IR
ap /v BA\OTR),T T B\dT%),

must be satisfied by the second derivative of the
second virial coefficient, B,  The values of tho change
in heat capacity with pressurs, obtained in this re-
zegreh, are piven in the last line of table 3 and plotied
ag circles in flgure 5. Also in figure 5 are shown
curves representing the right-hand side of eq 3 ob-
tained from (1) the recent pVT isotherms of Mune-
Cormack and Schnsider [13]; {2} the Berthelot coun-
tion, wsing the critical constants of Meyers and
Van Duscn 128]; and (3) the Lennard-Jones potentisl
funetion [27, 28]. The dashed ecurve afforde a com-
parison with other szparimental! work through the
equation

()
& & 0,73
W)f"" ?r),—f(ﬁ , @

where the values of the Joule-Thomson coefeient
p, and ite derivative wers obtained by interpolation
in the tables of Roebuck, Murrell, and Miller [29].
A simple calenlation shows that the quantity given
by eq 3 15 approximately 1 percent of the heat capac-
ity and also 1 percent of the valucs of the zecond
virisl eoefficient, in the region covered by this in-
vestigntion, Therefors, if second virial coefficienta
cculd be determinad to tha same percentags aceuracy
88 the heat capacities, the values of o}/ E)/op
calculated from the right-hand side of eq 3 would be
about half o8 accurate {becausa of two differentia-
tions} as thoss obtailned from dircet heat-capacity

oo
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ﬂ?ﬁ JaR atm-
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FioUuRe 5. Change of heat sapoctfy of carban diocide with
presqure or & fupciion of lemperalure.
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u This ressarch; —, MeaoCormeack and Schneider [13); = =— =, Jouk-T hom-
wom- Roebyrel, BMorvell and Miber [18); -——-- — Berthelot; ———, Lamndurd-
Jomea 4=12 potentim] functioo,
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measurements. However, the Limit of error gen-
erally to be expected from good pV'T measurements,
ahd that given by MacCormack and Schneider for
their work [7], is about 0.5 percent of the value of
Pinthiaregion. Asthe heat-capacity measuremertis
are thought to be good to 0.1 percent, the values of
o({,/R)/op obtalned in this research are about an
order of magnitude more accurate than those cal-
culated from aecond virial cocificients.

The comparizons made in figure § show that the
Lennard-fores function cannot be used successfully
to calculate the equation of state of carbon dioxide.
An attempt was made to fit new Lennard-fones
constants to the results of this research, bof un-
reasonable values (b= 25 cm® mole™ and /& = 550K}
were abtained. The difficultics presented by ellip-
soidal moleculea such a3 sarbon dioxide hawe been
mentioned by others [28].

The data of state of MacCormack and Sehneider
are evidently adequate to give good second deriva-
tives of the second virial, as shown by fi re 5.
Other empirical equations, such as van der
and tho ttie- rldgema.n ctjuntion, give curvea
similar to the Berthelot equation,
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