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A Review of Avzilable D t Heat Capacity
of 8

I.H.Ring* and F.W.David*

R.A.E, Ref: Gas/3100/3200/159

SUGHARY

This report compares the valuez of the heat capacities of scme
camon gases, a3 derived from well known sources, and tabulates the

mcst relisble values of specific heat at ocnstant pressure and total
heat, These valuea are presented in a form useful for oalculaticns
on combustion at relatively low temperatures, i.e. temperatures at
which the effects of disscclaticn can be neglected.

The effect of preasure en the heat capacity has been calculated
according to the mest reliable datla avaeilable,

The investigation occvers the folleowing geses over a range of
temperatures fram 0° to 3000°C., &nd a range of pressures fram O to
500 1b./in.2, except in the oase of steam, where it was extended to
1000 1b./in,2 for temperatures below 1000°C: esteam (Hp0), hydrogen (Hy)»
nitrogen (Np), oxygen (02), carbon monoxid: (CO), carbon dioxide (COs),
air, nitric oxide (NO) and nitrous oxido (Ny0).

* Attached from Commorwerlth Aireraft Coerp.Pty.Ltd., Melbourne, Victoria,
RS
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1 Introduction

The speocific heats of many gases at high temperatures have been
thoroughly investigated in recent years, but there is a wide discepancy
in the {igures quoted in many refereroe benlm and reports.

This repert andeavours te lint the wr.iuus ef speeific heats and
enthaluics ~f the comaen sase:n, »n deriwved from well Incim s~urces, and
tc tabulnte the mcat relieble values in = feima useful fer osloulations
on combusiion at relatively lew tem.erntures, e=.5. with hydrogen
peroxide as oxidizer, Further, th: effect ~f pressure en the specifio
heats and ¢ntheliivs s been ealculuted according to the .ost reliable
data availabl:, and is alse tabuluted,

This investigation has bez: 1limited te~ the temperature range fram
0° te 30007°C., the upper limd+ teing chesen o the extreme temperature
at whioh it might be posrikie to nepleot the effects of dissociation,

particulsxlyr at pressures: such as Acour in rocket o~mbustisn ohambers.
For the thenicdynamic proverties ~f gases at higher temperatures,
reference shculd be in:de te the emllection of data made by Beetm(za).

The gases treat:d belew are atcam (Hy0), hydregen (Hg), rd trogen
(N,), oxygen (0 3, carbon menoxide (CO), carbon dinxide (CO,), air,
nifric rxids (N8) ard nitrous cxdide (1150} .

2  Steam (Hy0)

Por the rwmrpese of couparing the values given by verious authors
of the specific and total hewts of steam, the total heat from 0° to
t°C, haz, in wach onse, buen caleulat:d for the range frem O to 3000°C,
The basic data is variously queted fer the idesl gaseous state (P=0)
and for P =1 atmespvhere, These cannct be evmiared directly as the
heat content of the water up te 10(7C, and the latunt heat, as well
as the afest of the oshange of pres mr, < w ineluded in the latter,
Compardison may be: mede approximatzly howev-r, b.twoen the total heats
fran 1007 tn t°C, found by differense.

Table 1 shows the tetal heets for ste.m from O° ta £7°C., derived
frem readily aveilsable cources, It is arrunged in three parts:

(2) That derdved fram dika vfurring to the ideal gascous
state (P =0),

(b) That derived frem data referring to a pressure of 1 atm.

(o) That derived fr-w dste referring to « pressure of 300 1b./in,2
sbgolute, vhioh was choren arbitr:arily as a typiecal com=
busion chapber javneams, '

The mosi relicble data is based on the work of Gordon(12) » who
oaloulated the thermodyramic prvpertiis of steam in the ideal gaseous
state from. spestivecoric dain In a recent paper, Wagman, Kilpatriok,
Tayler, Pitzer and Loosini(1l7) have applied a small additive cerreotion,
as glven by Wilsnn(lﬂ), to rowlont!s valucs, and these ceorrected figures
are those procramnded for usc.  Other authors, notably Justi‘zl) »
spiors(2), mutte(7) and Lowis and ven Elbe 157 quots Go:.'d?rﬁ's figures
without making the corrvetions, sk the values of Schmidt(9), from an
unknown sourcc, agree vary closely with the latser greup.

: -3
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The effect of pressure ov( 18‘0 heat oapacity of steam is best
indicated by the work cf Koch » who tabulated the total heat fram
0°C, over a zﬁe of temperatures fram 10°C, tc 550%. for pressures

up to 300 kg/ .
The influence of pressure is expressed by his formula:

S S.T6603 B s | S3LTMES | 3.86669 x 10t

AH =

from which is derived

ax. o Q:l6202® Tl 11,8458 +'1.221a71.¢ 10%
® " ooy B (T/100)%5 ©  (%/100)32:6

where AH = inorement of total heat due to change cf pressure from
. 0 to P 1b./in.2 sbsolute.

Axp = inorement of specific heat at constant pressure due to
change ¢f pressure fram O to P 1b./in.2 abaolute,

T = temperature °K.

The figures of .iagman et al., having been chosen as the most
reliable for the ideal gas, havé been retabulated in Table 2, (Speoifio
heat at constant pressure) and in Table 3(Total heat fram 0°C). The
oorrections due to changes of pressure, and the latent heat, both
derived from Kooch's formulae and table, have been applied, and the
resultant tables show the figures for the pressures 0, 14.7, 100, 200,
300, 500 and 1000 1b./in.2 absolute. Over 1000°C., the pressure
oorrection is very small and is therefore expressed as an inorement to
be added for each 100 11:./1.1'\..2 increase in preasure above 1 atmosphere,
uwp to 500 1b,/in.2,

The variation of Kp with pressure, over the low temperature range,
as shown in Table 2, is plectted in Fig.l.

- Comparison of the choscun figures of Table 3 with those at k.7
300 1b°?§n.2 of Tuble 1, shows that the values derived from Callendari#/,
Sohfly 15) and Partington and shilling(6), give good agreement up to
500°C, while at higher temporatures the disore ies are large, Ths
values derived frem the clder sou.ig s, stodola?gsn (Entropy Chart No. II)
and International Critical Tables\®), are unrelia'?is &I out, The
figures issued in the data sheets of Walter Jerke ) show reasonable

agreement up to 1000°C, but large variations above that temperature.

It should be noted that Spiers(z) glves values of the specific heat
at constant preassure for P=1 atm., olaiming that their accuracy is
sufficiently good for the range from 1 to 10 atm,, and also below 1 stm.
In the case of Hy0, Kooh's figures show this to be incorrect below
temperatures of about 600°C., wherd, as is seen in Fig.l, pressure has
a large effect on Kp . This is confirmed by Callendar,

-l
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.3 The Permanent Gas=s

The gases Hp, Np, Up, CO, CO2, air, NC and NoO arxe here grouped
togethér because the methed ¢f treating them has been subatantially the
seme, In all orses, the velues of the’trus specific heats at constant
pressure have teen frund from the best available source and tabulated

in Table L.

Ya}ues ef tow.} S\e:-.t are gucted in the form we require, by both
Justill) and spiers(2), tut their points do not slways lie on smooth

ourves and are therefore open to some doubt. The curves of Kpj (Kp for the
ideal guscous state, i.2. P =20) have therefore, been successively ingegrated
to obtzin the wvaducs af the tetsl heat frem 00 to $9C., and these are
tabulated in Tuble 5.

With smell differonoes, due 1rcbobly to the verying accuraqy ~f
oonverting figurzs from the same s~urce to different units, the figures
given ty the fcllewing nuthers for 11 the gases with the exoepti n)of
COp, &ir und NpC, rerult in the sams values of total heat: Justd 1), -
spiezs(z), mutte(7), Ferning nd whirfin(13), pike(), Lewis and von
Elbe{15) znd agman ot al(]-%).

Other authors, such as b'tcdola"B), .’.-‘.chﬁle(s) and Partington and
Shilling\®/, and International Critiecal Tables(8) » quote figures which
are based cn oldur data, are thercfore unrclieble, and are here neglecteds

The effuet of presaure on the heat capyoity of the gases has been
oaloulsted according te th. methed of Juasti 13', and is expressed in the
tebles as inorements (AHipo and AKpl 00) to ke added to the value for
Pr0, for-every 100 1b./in.2 ef prussure, Thes? corrections are valid
for pressurcs up to 500 1b./in.< ebaolute, and whore no wvalues arc
stated, arc negligibly small,

3.1 Hydregen (Hp)

The most reliuble figures for the specifioc heat of Hp are based
on the spectrosoopic mcasurements of Lavis und Jo}mston(19), which geryed
as the oommon source for the authors above. The values of Schmidt 20)
and Walter werke(21) agrec belew 10009C., but cver this temperature are
oonsistently lew,

3.2 Nitrogen (N2)

Johnston =nd Davis(22) provide the scurce for the valuea of the
true speeific heats of Np, in the ide aseous states The values
given by Schmidt(20) and Walter Werke(21) agree very well ower the
entire runge f'rom O¢ te 3000°C,

3¢3 Oxygen (02)

The values given by Johnston and '.Ya.lker(23) are thc basls for the
flgures of the sutheri quoted sbove, and the figures of Refs. (20) and
(21) arc in goed cgrecment.

3.4 Curbon monoxide (CC)

All the authors referr?d to above have used the values of Johnaton
and Davis(22), and Solmidt{20) and welter worke(21) agree with these
oloasly. The actual values adopted in this report, are taken from
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Justi(1), but it is noted that his value of the specific heat at
oonstant pressure at 2500°C. dces not 1ie n thes smooth curve
the other points. This valus has, therefore, been correctod.

3.5 Carbon dicxide (COp)

The values of the specific heats adopted for COp are derived fram
Wagen et 21(17). They are based on the statistical caloulations of
Xasss1(2+), with a =mall additive correctiun for rolational strutching,
as given by 211son{18), Lewls and von £1bo(15), piko(), 1nd
Perming and wnif£in(13), quote thess aame values, but Justi(1), spisrs(2),
utte(7), scmiat(20) and Waltar verke(21) ive figures which corrsspond
clossly to on¢ snother, but are samswhat lower than iagnans' at the
M eher temporaturcs.

It should te noted that the accuracy of the figures for COp above
1500°C. ie sericusly reduced, and there is no justification in the data
available, fur quoting the specific hoats to more than two figures.

3.6 A_:._r_

Ellonwood, Kulik and Gay(zs) quote, for the specific heat of dry
air, figuros attributed to H.L.Johnaton who oalcglaead the valuss fram
spootrographic data. Bensur, iWilcox and Voit(26) havo takon these
figures and smoothed them to an ampirical curvo given by:

K, = 0.2U45 = 3.9708 x 1075.T + 8.9359 x 10-S.12

for tomperature fram 200° to 633%%; and

K, = 0.213 + 1.0886 x 102 \/ 1.8T = 976

for temporaturss from 633° tc 3056'K.

; ‘The values of the spscific heat found from this ourve bave beon
adopted in this report, and tho total hoats have boon derived in the
ususl way by sucoossivo intogratiom. ’

Justi(l), spiors(2), Hutto(?), sclmiat(20) and Koonan and Kayo(28)
quote figures for the heat capacity of air, but their figures, although
corresponding olosely to ons another, differ widely from thosa adop tod
hers, which ruprusont. the latosi N.A.C.A. data.

3,7 Nitric oxido (NO)

e work of Jolmston and Clmpman(n) providos the v for the
values ?t‘ spocific heats and onthalpios quotonz 235 Justi?ggicr‘enning and
whirein(13), Piko(14), and Lowis and von Elbo 15), No othor author
amongst thoso refurnd to, ccnsidors this gas.

3,8 Nitrous oxide (No0)

Kassel{Z*) dsrived figures ror N30 up to a temperature of 15 °§.
These values have been quoted by Hutte(7) and Fenning end \mii‘fin??-} .
Juati(l), however, has considerud Kasscl's rosults in eonjunction with
thoorotical data, and has producod valuos for ths spucific hoat and
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enthalpy up to 3000°C. These are slightly lower than Kassel's valuss.
Justi's figures for the totel heat. fraa 0°C., however, do not all lie
on a smooth curve, =o his velucs of the specific heat have been
integrated to obtain the total heat velues adopted in this report.

4  The Specific Heat Differemcs, K, = Ky

The valuez of the aspecific heat differences for the ideal gaseous
state, derived from R=1.987 CHU/lb.mole. (Ref.(17)), arc prescnted in
Table 6(a).

Hy0 deviates =ubatsntially from the ideal relationship at low tem-
peratures and high pressurcs as showm in Table 6(b).
5 Conclusicns

The values of the specific arnd totel heats of certain geses, as
quoted in many refercncc basks and reports, show wide disorcpancies.
This is particularly so in the cass of sicam,

The values set out in Tables 2, 3, 4 and 5 of this report are
derived froam the most reliable data availahlu, crnd can'be used as a
basis for futurc combustion calculations, yrowided the cffcct of
dissocintion can be neglected. Fihpe )

The cffoet of pressurc on the heat capacity of gases is, in generel,
very small, sxccpt in the cuse of stemn at temperatures below 1000°C.
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Jable 2

Prasgures Fram O to 1000 1b./in.2 Absolute

K, CHU/1b,/°C.

P20 1b./in.% | 1.7

0. 443

0. Ldiy

0.451

0.L63 62l i |
r'-..!,?lJ'. ; | 0.499 22 | 0.549 | 0.625 1.02L
0u423 | 0,495 | 0,50, | 0,506 | 0.527 | 0.552 |0.633
0,509 D, 516 522 | 0.529 : 0.542 |[C.579

0. 526 530 3% | 0,538 | 0,547 |0.568
Ou 543 6 | 0,548 | 0,551 | 0,557 |0.570
0.560 2 | 0.5 0.566 | 0,570 0,579

0.5 | 0.5 78 ! 580 | 0,581 | 0.5 { 0e 591
()oﬁ_zz ! 04 59 g3 5 L‘J.}Jjgi} J Gl_r:% _;\-rog 2

= Specific heat grudiont[
per 100 1b./in.2 pres=|
sure difference, valid
between 1.7 and 500
1b./in.2 abs.

noooo|loooon] ooooo |ooo
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Table 3

HyO - Tetal Heat Frcm 0° te t°C for Pressures

Frem O 0 1000 1b./in,2 Absolute

H,® cxu/in.

w./in2] W7 | 200 | 200 | 300 | 500
) ' o | gk o 0

| 15'1, 15.2 | 154 | 15.5| 15.8

i 639.1, 100.1 | 100.3 | 100.4 | 100.6

686.8 | 67,8 | 668.3 | 203.5| 203.6

T34h.3 | 730.4 | 726.1 | 721.2 | 711.4
783.0 | 780.% | T71.7 | THe6| T763.1
833.2 | 83L.4 | 829.6 ! 827.3 | 823.7

885.0 | 883.6 | 862.3 | 880.6 [ 878.0
938.5 | 537.4 | 936.L | 935.0 | 933.1
993.7 | 592.8 | 992.1 | 950.9 | 952.k
1050.5 | 1049.7 11049.2 {1043.1 { 1047.0
*1108.9 | 1108.3 {1107.8 |1106.2 | 1106,0
i

AHygp = Heat gradient por 100
1b./in.2 pressure
difference, valid
between 14.7 and 500
1b,/in.2 abs,
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Tech. Kote No, Aeroc.1846
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Table 6

The Specifio Heat Difference, Ky = Ky

Fer the ideal gaseoua state.

Molecular | R = -

Weight CHU/1b. /¢,

18,016 0.1103

2,016 0.985

28.02 0,070)

32.00 0.0621

0.0709

0.C1L51

0. 0686

0.0662

.02 0.0451

(b) H,0 - for the non-ideal gageous state.

Sy 500

0.0362 I Liquid Stat

10,0972 | 0.0575
] o0.1063 ]0.095 |o0.0652

Ideal Gaseous State ! 0.104:9

] | s

* Derived from Ref. (16), using

2 ap v
% " K’v = AeTe <‘ﬁ>vo (E-f)Po

ST
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