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EQUILIERTIM COMPOSITICH AND THERMCDYHRAMIC PROPFRTIES -

OF AIR TO 21,000°K

F. R, Gilmore

RM-15k3

" ARSTRACT

Frevious celeulstions of the high-temperature thermodynaric properyies
of alr sre inaccurate because they use the old low velue for the diessooistion
energy of nitrogen, or inadequate because tbey ccvef only & nerrov density
renge. The present paper rgpcrﬁs results Tor the rcormori{tdion; DrERMITE, enaroy
:‘aﬁi’: e n?i‘o;;g? 6f'idry sir st eleven temperatures between 1000 end 2&,W;’K
and efighi densitles between 10'6 ard lD_tiﬁes norral density. The calculs-
tiors assume sn ideal ges nix{ure in echerical equilibrium,including dissocis-
tion en? 1031281103.. In tﬁe compositioﬁ'tables, a number of geses, present
in such emell smounts that they have & negligidble effect on thé thermo-
dynemic propertiss, aré included beceuse of thelr possible effect on other
prcperties of alr,

The idesl-gms Internal ensrgles and free enecrgies cf 29 diffgrept ncle-
cules, atons and 1o§s, vhich wvere evaluatgd st verious temperatures; are
alsc reported. In addition, the frsetions of the distoxmic molecules in esch

-

electronic state are tsbulated,

o«

Buponiet (shmk vave) curves for alr at varicus initisl densitles are

'also insluded,



1. INTRODUCTION

The high teuperature tharmodynamic preperties of air have been computed
vrewiously by & number of 1nvostigatars(l-8). all except One of tlhiese

carputations, however, a low value (7.37 ev) wae ussd for the dissociation

(20-16) overvh?lmiugly supports &

(8), vhe

esergy of nitrogen, while recent gvidence
considerably higher value (3.759 ev); The ealculsticns of Davies
used the higher yalue,-cover a limited range ©¢f high densitiee, extend only
to 1€,000°K, end imvolwe other approxizaticns.

The present celculstions include alr cozpositions and thermodynazdé

properties over 8 wide range of temperatures end denszities, but only for

4

v

at magnitud

y spaced poiats, 1o limit lhs £ the numerical woTk.
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he use of the nev valhe for the dicsocistion energy of nitrogen,
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DUerous maller irproverents over ik= work of previcus investigeators were

male by use of better values for normal alr corposition, diesociétion and

constants. The compeslition éalculaticns include morse species‘than were
considered by previous imvesiigztors; the sdditional specles generally have
& Degliglibvle elfect cg tga thermodynanic properiles, but may have & signi-
ficant {nfluence on other propertles. For pessible use .inp othef protvlens,
the fraction Qf ea;h”diatomic specles in each electronic state has :alsd
been calouwlsted.

Prelixinory resulté of this stuly were furnishéd interested people gt
REXND agd elsevhere some time ago. The writing of a formal report bas been
Gelayed by other work, snd in the maantime a revised value for the eléctron
fTinity of oxyrgen ‘ﬂe tesn published . ‘This chonge mzles 8 sign;ficant
difference in the célculated nunbers of the iozic gpeties in sir up to

s negiigible.
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Accordingly, the mucbers reported here have been revised to confarm with
the nev electron affinity of oxvgen., |

At the time that the present work wes bezun, it was known thet & similasr
but much more extensive program wes being started at the Nafional Bureau of
Stand#rds. The purpose of the RAND work was not tc duplicate the NBS work,
but tc¢ provide a 1im1ted nuber of answers more quic&*y. The first NBS report
orn this prograz, by Hilsenrath and Beckett(9), has now appeared. Thelr work
covers the somewhat esmaller rang; frox 2000 to 15,000°K end from 107 ¢0 10
tizes normel density, with meny more Intermediste polnois than the present
werk, Thelr Tirst caleulallons, however, are based on a somevhai simplified
alr compesition, with argon, carbon diaxide and neon omitted. Their
equilibrium compositior values are not included, slithough an upublished

m e Al Blm Vo d b e
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1 D. By campsrison witk the KBS
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results, sceveral numeric

end corrected.

TI. STANDARD AIR COPOSTZION AND DEXSITY

The bzeic composition of dry eir uscd i
teken from the recent review article by Glueckauf(l7), with the values
rounied to 0.0Cl molevper cent and the very small amount of helium lncluded
with the neocn. The resulting moleculsr camposition is shown in Teble lA;
vhile the correspondiﬁg atonde corposition (Lmportant at high terperatures)
is shown in Fig. 1B. This moleculnr corposition agrees essentially with

18
that used recently by the NACA for calcu;ating the ICAOC Staxdard Atmosphere( )-

T.e fa=t rrescnt evidence 15 that the atomic composition of the atmosphere
is esszentially constant up to 80 or 90 kicmeters altitude, although the

scular connesition ehanges because of dissoclation, formation of czoze,
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The latest atomic and molecular weightsug) {on the chemical scale) of
the components of aif; and the corresponding average molecvlar and atomic
weight of air are also given in Tables 1li and 1B, -

The standard density of air is usually defined as the density at a

pressure of one stmosphers (1.01325 x 10° dynes/cmz) and some "standard

temcerzture.,” For the sizndard temperafure Bethe and Teller(l),‘Brinkley

}
et 2188 and Hirschfelder and Ha.r—’:ee(s) used 300°K, while Fuchs et a1(3) used
(6,E

~nh-

233% . Most recent investigators »9) have used a standard tempersture

of 2?3;16°K, and this value has been usad in the present work. At 2’{3.1605

and 1 atmosphere pressure the perfect gas law rives for a gas with & molecular

wveight of 28.976 (Teble 1A) & density of 1.2523 x 1073 g.n,r'cxﬁ} using the

>
lntest Valu‘z(“c) of the gas constent (see Table 2). Witk the correction for

'.. (6)\ P Y
¥

gae irperfection {second virisl coeiTicient the standard denmsi
o = 1-2931 x 1073 g;a,'cm3, the value used in the present work.

Vhen epplying the tables of the present report to serodynamie preblems,
ons shculd note that the ptandard dersity used here is 5.5 per cent lerger

than the NACA etanderd eir density at ses level, 1.2250 x 1073 gn,»’::m3

(28)

(corresponding to 288.16°K)

I1I. TUERIODYAMIC PROPERTIES OF THE MONATOMIC GASES

The first sﬁep ia calculsting the high-te;:peratxme properties of sir 1s
to celeulste the ideal gas thermodynomie functions for the individusl molecules,
atoms and icns which are expécted >to be preeent_. For the mopstonic gases,
thev internsl epergy &nd free energy ere glven by well-known su.:ﬂ;mticn‘s'dver

+he elecironic ensrgy levels:
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E° - E° )3 (1.4388LE_/T) gne’l"‘wzn!'r ]
. - .3‘ +» n n - (l)
_2 ? .
RT 1.4 E,/T ’ ,
, Z‘ ‘n 3884E A
- F. - E. ; . S
S - - log, E gne ~1.1358 Ba 23 %logei‘ : .
" R (2)

3 -
+3 logeH -‘3.60912(
whers E end F are the internal energy and free energy per mole, respectively,
the superscript C designates the 1deal ges atate,vhile the subscript 0
desigrates 0°K, R is the gas constant per mole, T is the terpersture in ‘K,

L o - L. - ) s -— e -
r3 i U energy level in cm ’

£ in the statletice] weight of each level, En
¥ 18 the atozle weight (chenicel scsle), and the numerical constants hawve
been evalusted from the latest values of the basic physisal constantsgoj, &8
listed fn Table 2.

In cslculeting the 1dezl gas fﬁnctions by the above equation, hovevg;,
there 1s & basic difficulty not nentioned 1u the usual treatises. CorresE
porling to each lonizetion 1init of an atoz or positive ion there are an
irfinite muber of bound states with ensrgles B less than the & onization>
energy, and thus the sums 1in Eqs. (1) and (2) actually diverge. Ecwever,
at temperatures below eight or ten thousand degrees the serles sre semi-
convergent 40 the sense tbat essentially the sawe snswer is obtained by
teking the first ten or the first thousend terms. The omission of the
infinité "t211" of the égries, wiich contains terms corresponding to electrons
1n levels with very large quantum numbers, is Juetified becsuse at ordirsry
gcs denﬁities ad Jacent étogs would be far inside such elesctironic orbits, .
and thus such stetionary lébsis carnot exiet. At extremsly low densitles,

on the other hard, the probebility that an electron is 4in such 8 level 1is

nzgligible corpared to‘the“probability that the electron is free, so that
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a1 the stoms are fonized. |

Above about }0,0005K, the dlfficulty is lﬁss trivial, because there maey
be no point.at vhich the terms in the sum becoze small, and;t&us the answver
:udzpends significantly upon where ﬁhe series is broken off. Thé simpicsf
method of treasting these cases was used by Bethe(e)j he cut off each series
&t terms eorresponding to the outer electron having e clsssical radius egual
to helf the mean distance between atoms. More accurate but more complicated
methods h5v§ bteen derived by Fuchs et al(3), H. Mayer(zl), and Brochman and
Meyerott(ae). By any of these methods, the "ideal gas" functlons becone
Tunctions of dénéity as well as temperature, thus complicgting the calcu-.

lation.

In the present work, & density-dependert cutoff wms not used, dbut each

;]

ceries vas rather arbitrarily broken off at energlez eorresponding to the
atom or ion having one electror excited to the n = 5 shell (usu=lly some
but not 811 of such configuraticns were included). According to Beth:'si;

[ 3ol

ngoestion, thie ie about the correct hreck-off point for the highest

;
density consid;red (p/oo = 10), while for the lowest density (pfpo = 10'6)
the summation shouid be extended to levels having n = 6k, The difference in
the aummations ton = 5 and n = G4 4= ncgligible below 10,000°K for all
atoms considﬁred. At hig,ber mpegatures the difference beccmes large in
some cases; it is a facigr of 150 in ﬁhe pértition function (suxmation in
Bg. (2)) for the wvorst case considered, peutral earbon at 24%,000°K. The
’fect of this di’ference on the properties of air, hcvever, i1s not nsarly
| &8 large as might be supposed. In the first place, most of thﬂ air atoms

at the higher tenperatures sre lonized conce or twice. The positive ions

have higher 1onizatioﬂ ensrgleg than the reutral stonsj hence, the later
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terms in the psrtiticn-mﬁctién series sre considerably smaller. For
example, the difference between summing to n = 5 end n = 64 s v3 pef ecent

for B and only 0.0002 per cent for N“ at 24,000°K. The preseht caliculation
thus gi\fes the importent comp_omnta of air feirly accuréteiy, even'thou@

| the very small number of neutral stoms present atl the highest temperatures

and lowesi densitles may be underestimmted by one or two orders of magni-
tude. -

In the second placé, the p;;esent method glves the number of neutral
‘atom in the lower electronic states fairly accurastely, while in effect
the ststes with a highly excited electron {n > 5) are counted ss lons arxl
free electrons. Bince the energy and other properties cf such electronie
stztes ere not very different frox those of an ion plus & free electrom, the
error i the calculated thermodymamic properiles of air is even smaller -
for this reassen. -

In the present work, thermdynanic caleulations were carried ocut for the

following 17 monziomic geses: e', c, C+, N, H*, NH, RH*, O', G, 0+, OH, :

077, Ke, Ne”, A, A7, &7, Caleuvlations for 07 were first carried out
assuming e ground state of -1822522;)5 2‘Po (g = €) and a stable excited state,
1522622ph(31>)352?,k? (g = 18) at 2.2 ev above the ground'state, bssed on
Massey(23) end Hag,stmm(eh). Hcm:v'e'r, the very recent experimental results
obtaired by Branscowmb and Smith(ES), and the discuss‘ion by Hagstrum(zs),
iniicate tkat O  does not have such an excited state. For this reason, cal-
culstions for 0  without an excited state were also made. ’

Fbr tbe neutral stoms and positive ions, th; enerzy levels were tsken
from the Buresu of Standarde collection(‘??). The lowest energy levels were
surmed se;»aratelj; highe‘r.emrgy levels were lurped together in incressingly

lerge prours, using the properly weighted mean ensrgles. The more irportant

. T
niseins levels were estimated by extripolstion along the igoelectronic sequance.



‘Bureau of- Standards

mz-;su3
8-25-55
-8 -

The resultc of the celeuletions are presented in Tsdbles 3 arnd L. Similar

veluss for the rneutrel atoms up to 5000°K have been yublished by the Natiocnal
(23)

The new dimensionless energy values ere from + 000k
. - . - - N - T R

to .0017 lover for carbon, from zero to .0004 lower for niirogen, end from

zero to .0001 higher for oxygen than the NBS values; the energles of Ne and

and 02, have recently been carried out by H. L. Jcolinsten and cowcrkers

A are unchangéd; The dimensionlese free energles are uniformly .0006 lower
than NBS v#lues; except for C which is .0010 to .0022 lower. These differ-
ences, for il atoms except carbon,véan be explained by the use by N3S of
older physical constarnts (1.438% énd 3.68L5 4irsteed of 1.4338L4 and 3.65512)
n Egs. (1) and (2). For cerbon, older spectroscople values for the energy
levels were apparentiy used.

Fer come purposes, it ie degireble €0 krow the fracticnal distritution
ol eech stonie specles among 1ts vorious electironlc statec or configuretions.
The present work 1nc1§ded caleulstion of the fracticn of stoms in esch
“group” of energy levels. The groups, however, were chosen purely on an

energy basls, and usually included states from several different electronie

sonfigurations. In order to work with groups of levels from the same confige

uration, end to maké a few corrections and sdditions to the estimated {non-

ctoerved) emergy levels, the calculations are being redone and resuits will

be given lgter In a separate report.

IV, THERODINAMIC PROPVRTIES OF TEE DIATGMIC GASES

Thg‘calcﬁlatioh of mccurate thermodynanic functions for distomie gases
15 considerably more laborious than for monztomle gases. Portunstely, such

ealewlations for four df the most irportant etmospheric gases, CO, Ne, NO
(29)

-

NS . <~ +
up to 6000°K. For the less inportant distemic molecules, €O°, K.°, NO', O
, . c 2



-+ ' ' v
and 0 » &8 well ss for the four previcusly-mentioned molecules above

6000 K (where most molecules are dissociated) , the approximte ?ormulas of
(1)

Bethetg) s BB corrected_ by Brinkley et al were used Hith modern notation(so)

and constants(eo), these formulas are ‘ - e
| | LE38Bv,, 1.&388%' (2.4368¢)°
E - E 7 §i S MR/ s Lo |
= 2 + - - ? (3)
mE T |

-L;El:lo E +§-1~ T+-3-1 ¥ - 3.6651 (&)
RT e & Qn 2 08, 2 08, ' ’

viers Q,» tbe partition function for the nth electrorie state, is given by

g e-lih3BY /T . ( \
q = =2 ( z \ 1427}, (5)
= 1.4388 /T 11,5388 B B
e o \ o,l\ |

1l -

and 7, Bethe's correction constant for enharmonicity and nonrigidity, is

2c X a 83\

'!n= 1 o°+”-'+"“-' {6)
P o1a3e \e, B e }

in the aSU\(e cq@iious ' Yoo is the ersrgy of the .Loueé"c vibrational level
of each electronic state above ti«.at of the ground state, Bo and @, are the
rotational a.nd vibrat on constants of this level, « %o is the first anharmonié
conetant ard ad is the intergction constant. The units are em -1 in every case.

In addition to the internal emergy and free ensrgy, the fraction of the

molecvies in each electronie stafe vag caleulated from the formila

£ =.Qn/ LY - L | - (7)



The spectroscopic constents used were tsken fron Eeizberg(ao), except
for ¥o', 0,” and the A ’T state of N » vhich be does not list. The
{(31) 7,

electronic levels of NO were estimated from Watanabe's lonization energy

of N0 (for thé groﬁnd state)vand Tanska's Rydberg series(30).in N0 (for the
excited ststes), vﬁile the ordering of the levels and the rotaiional and
vibrationsl constants were assumed to bé the same as for CO. After the
thermodyne.mic caleulations for 5O were made, Miescher's (32) experimental
values for the Xlg* am 11‘7 staies &ppeared. Ect‘* scts ©f valuss are
listed in Table 5 far comperiscn.

The spectroscopic constantes for 02- were calculsted fron one of Masséy's(zs)
sketches (Fig.'6, le®™ half) of possidle forﬁs for the potentlal ernergy curves.
Velues sceled frox these eurves end econverted to tbe proper units are listed
in Table 5. Very little is known about the 02- nolecule, and the vglues
l;ated are highly syproximate.

The 00 level of T, A A°TT_ ves taken from nouglas(33), vkile the rota-
tional and vibrational constants were assumed to be the game as for CO . A
gubsequent peper by Douglas(Bh), containing eccurate experimental values, vas

discovered too lete to be incorporated in the thermedynamic caleulaticas.

Cnly the lowest four or five electroﬁic states of each mclecﬁle were
used {see Table 8); Hiéher electronic stetes can meke 8 sivn"icant contri-
butdion to the thermodyhamic properties of the dictomic gases above 10,00C *K.
Hoveﬁer, es discussed in Section III for the ators, the-omission of the 'i
higﬁer electronic leveie)causes little errcr in_the :alculated equilibrium
properties of air, beéause, et the lower densities vhére guch exelted stetes
can exist, virtuslly a11 of the:molecules ere dissociated.

In the ealeulations, tne slightly different moleculsr constants Te, W, s

Bes ote., evalusted at the equilivriux interouslecr distance, were used by
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ristake instead of the correct lowest-level constants Voo? %o’ Bo’ ete., in
Eqe. {3) to (7). Abcvé 6000°K, the errors introduced into the calcuiated
thermodynernic properties by ihie mistaké and by the other épproximations
:nentioned‘above are probably smaller than thé errors due to'neglect of higher
i'anharmonic terms and of the rqtational-viﬁratibnal cutcff; discussed below,

At 6000°K end below, the errors are not only fairly smsll, but apply only
' (29)

t0 the winor air corporents, since Johnston's valuee ere used for the

rajor corponents.

The eeleulated intermzl epergy and free energy vaiues for the diatomie
rolecules, as well as Johns;on's velues for €O, Nz, KO and Oy, are ligted
in Tebles 6 and 7. The nucleaf spinu contributions heve been subtracted Irom
Johrstents values. Except for 02, the ta?uleied velues are ectuslly for
ths zoét abundant isotope, but the corrections for the normal 1sotopic mixture
sre less then cne 4t the last tabulated figure, provided thet the entropy

. L3
of .isotopic mixing and the doubled rotational levels of Hl K’S

1k
2

that if the entropy of isotopic mixing is oritted, the douwled rotaticmel

compared to

i N :
ere onitted. It was pointed out meny years asgo by Gisugue snd OVerstreat(3‘)

N
levels muet also be onmitted in crder to get correct values for the equill-
prium constants for dissociation and other ehexical reactlons. Apperently,

. Lt
this fsct was not known by Jolinston et 31(59), for in their free energy values

. 2
for O, they incluie an isotopic correction almost all of which is due to -

2
the doubled rot.at;ional levels. Accordingly, 0.0C3 shouid be subtracied from
V‘Johngton's veluss for - (F° - E:)/RT as given ip Teble 7. (fhe same correction
kshould ;lso be made to the NES values(28)). The‘pfesent alr célculations were
Qade before this vas understood. For this reason, the calenlated amounts of

02 in air are slightly too high in some regions, but never by more than 0.3

er cent;

B t ~
The occurac:’ of the thermedynaric properiles celeulsted frox Egs. (3) to
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(€) 1in fhe middle femperature range éa* be estimsted by coxparison of the
vclues at "000 and 6000°K with the more accurste values of Job,nston for four
of the molecules (see Tables 6 ‘and . 'l‘he differences ere less than 0.7
per cen‘c in the internal energy and 0.1 per cent in the free ensrgy. In

. chemical equilibrium calculations, houever, it s pot the percentocge but the
ebsolule error in the dimencionless free erergy uhich is significant. The
absolute error ranges up to 0.03 which implies that the ecaleuwlated amounts
.of distomic fons may be in error by 3 per éent at SCOO end 6000°K, and a.ll
the distomie speciebs may be ¢ff by 5 per cent to 10 per cent st 7000 and
8000°K.

At higher tezperatures, another type of error probably becomee dozinsnt.
Equaticns (3) to (€) are bamsed on rigid-rotator harponic-oscillstor reletions
plus first order correction terme. They tacitly assume that the rotaticnsl
end vibrstional levels of each electronic state extend to infinite energies,
Thus, they give dimensionless thermodynsric Tunctiions whiech approach infinity
as the temperature approaches infinity.' Actuelly, each electronic staste can
bave only a ‘fin‘lte nurber of rotatiqnal e_;r.ﬁ. virrational levels before the
molecule comes aﬁar‘t. Therefore, the dimeusionless tber-moi;-'naﬁic functions
sb.culdv approach large but fixed constants s T — 0.

A measure of this errof i1s the ratio of the thermsl energy term, kT
{where k 1s Bt;l.t'zman's féc’cor), to the dissocistion erergy of each electronic
etete. The hiéhest‘te:perature considered here, 24,000°K, corresponds to
m'.‘ equal to approximately 2 electron volts. Tne states of the diatomic
vmoiecixle‘s vhich he.ve.v'dissociation ensrgles less than L ev are: CO (Bl E"’)
3.6 ev, 10 (82TT) 3.2 ev, 50* (A1) (3 ev1), 0,° (Q-TTS) 37 tev, 0,
("2“') 2.1 1 ev, 02'(213u) 0.7 % ev, 0, (blﬂ'g*) 3.5 ev, 02(A32u+) 0.4 ev, 0,
(52 Zu’) 0.9 v, 02+ (al"ﬂu) 2.6 ev, 02*(A27Tu) 1.7 ev, oe+ (0" }:g-)-?"” ev.
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The "shallovw” states of CO and Fo© listed her? are high above the respective
ground states,'and contribute 1itile to the thermodymanmic functions. NO and
02+ have mbderately shallow states about 5 ev sbove the grouéﬂ stgtea, and
1t 1s estimated that the errors ir the partitlon function and irternal suergy
due tp oritting the rotétional ané vibrational cutoff may:be between 10 and
30 fer cent at 24,000°K. The situstion 3k most sericus for 02° aﬁd 02, whick
héve low-lying very'ahallow ctates. The caleulated partition functiion and
energy Tor these two ntolec;ules/may te too large by & fector of 1.5 4¢ 2 at
the highestitempcrature copsidered.

In sddition to the usual thermodynemie pr@pertigs, Eg. (7) ves used to
ealeulate the fraction<of the distomic molecules 1o each electronie etgﬁe
for terperstures above 200C°X. Eesﬁlts are giver iz Tsble 8. 3Bzcsuse of
ths approxiration éiscussed edbove, the tebulated fractione for the shallow
electronic/stétes ere undoubltedly too lzrge at the highest terperatures.
The values for 02' (QZBu), 0, (A323u*) &nd 02(332:u-) at £4%,000°K may even
be an order of magnitude too large. Values for €O, N,, 5O and O, at 3000
end 4OOO°K (vhere Johneton's thermodynamie values were used) were not caleu-
leted. In the first three ecacss, virtuslly all ilhe molecules are in thelr

2

g;-ov.nd'states s while for 02 » values from Wc.x;lle;,g39 are tzbulated,

V. TEERMODYRAMIC PRCPERTIES OF THE TRIATOMIC GASES -

Three triaf&kic moleeules were counsidered: €O, 03 and Hoe. :For 002,
the recent tbermodyna&ic.values of woolley(37) up te 5000°K, extrapolated
»roughij to_8060fK, were~ﬁ§ed. Tbe free energy of Oy wp to»8QOO'K wves calou-
lated using the rigid-rbtator harmonic-oscillator approximstion (Eérzberg(38)
p. 509, Eq.’(v,r31)) with rotational constants fron Trozbarulo et 81(39) and
vibrationallconstapts fror. Wilson end Baiger(ho). The lree ezergy of 302 up

j : — 41
to 12,000°Y was crleulated neding the method end econstanis of woo*lay( ).
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This method inmudes the known anharmonic viktra*ional terms “"23, but assumes a
rigld rotator with & poment of inertla product, I, LT, ehosen to make the
free epergy sgree with measured values“‘-”) for the equilibrium KO, NO + l 0,
mternal energy Values for 102 and 03 were not calculated, aince they make a
mgligible contribution tc the internal energy of al.r. o '

The results of the calculations are given in Teble 6 and 7 'rhe acCcuracy
¢f the va;ues for the higher temperatures is severely linited by the neglect
of enhermonicity and nom-igidit;,;. Much of thils error could not ‘be avoided
even by a more careful ealcuietlon, since many ef the snharmonic and

stretching constants are not known.

VI. THE EQUILIRRIUM COMPOSITION CP AJR

The equilibrium constant of a chemicel resetion can be wvritten in terms
of the stendard free energy of the ve:icuus constituents end the ensrgy change
for the reaction at absolute zero. Far exﬁz;ple, for the resction Na + 2 02 =
2 0 , the equilibrium constant 1s N

(Pno fAB' {1-' -2 /F \
APthojz)uexP‘_m-e\ mm—jﬁo \ ’I‘a

2

(&)

where pNO 3 pne a.nd po are the partial pressuresa o:f‘ the resctents and AE
is ¢the emrgy ¢hange for the reaction at absolute zero. In the present work,
it wvao decided to express comoositions in ternms of the number of eash kind
of mtom or molecule divided by the total number of atoms; in oﬁher words,

the nurber of particles per "air stom”™. This munber By, for mny atom or
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molecule, is related to the corresponding partial pressure Py by the per?ect

&as la'v:'

op. 3.6, - S I
.nin i ‘ms . 1 ? L ) ’ ) {9)
Cko (9/‘90)'1" '

. is the volume pei- alr étqm vhich can be expresped in terms of the
1

dor wmdda / anpe  one san vrits s nev goudlihriis annobon
v, w L e 2 o m—— Ve e -—— ' Sl ed S o -

terms of these concantratidn ouTbers:

Lol Jar  (roxN] |
{ﬁiﬁ exp ﬁ."‘!—A i '/ (ic}

where the integer AN is the change in the mumber of particles fer the resctiony
{

end A(F® - E*)} /AT 4= the change in the dimensic
per reaction.

| The standard free énergies cf the varicus species heve aslready been

given in Tebles 4 and 7. The reacticn energles, QE:, including dissceletion;
ionization end electron capture energles, are gi%en’in Table 9. An effort hes
been made to make Table 9 sccurate and up to daté, Bince a given percenteuge
error in the resction energy generally has muck mere influence en the calcu-
vlated air properties than ;he same percentege error in the stenderd freéf
energies. The values of AE: based cn thermcchemical measurements have been

recalculated using the NBS valuea(éé)rfcr heet of formstion st 298.16"K and
(29,37,4)

ihe latest thermcdfnemic deta to convert them to O K. The scurces
of the.cther valuss listed are gi§en in the table. Tbe‘letest conversion

.factors,bfrom Table 2, have been used’to express all energles in tﬁreevsets
'of units: kilééaloriesnbef mecley, reciprocal centimeters, and electron volts
per mclecule. | -

In the case of the lonizalion energy cof Cz, the latest velue, 1C.{§5 ev,

vhich 13 tabuleted, is scuewhst different frem the clder value, 10.25 evy
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ectuslly used in the compositicn calculations (see foctnnte (d) of Tahle 9).
Fortunstely, this difference affeéts only the calculated amounts of Oé+, a
very mincr component of heated air, |

By use of the data in Tables 4, 7 and 9, the equilibrium constants for

the various reactiohs in air may readily be celculeted. The 29 different

compoeition parameters, n,, then satisfy 23 different equilibrium equetions

i
and 6 conservatioﬁ equations (for the § elements irvolved plus the conserva-
ticn of charce). The sclutién of this set of 29 aimﬁltanecus equations by
succescive approx;mstion is quite tedious, even thcugh abcut helfl of thg n{*
ares sc szall that théy car be neglected untlil tixe last iterstiorn. Crdinery
computing mschime methods fer sclving simultenecus liresr equations are not
epplicable beceuse most of the equaticns ere nct lineer. Scme thought.was
glven to the possibility of using & successive approximetion methed or &
high speed coxnputing machine, The gerneral protlem sppeers very éif‘icult,
but if 1t is known shead of time that all but four or five of the persmeters
are reletively smsll, & machine program seems quite feasitle.

The present compcsition celculaticons, hcwever,vwere dene on a desk calcu-
letor. 7Teaile 1IC presents the results fcr eleven temperatures ard eight

densities, and also includes scme values for intermediate densitles at €0CC,

7CC and 80CC*K. The results are presented ir terme cf perticles per air

. . . .
etem, They mey be converted to moles per mcle cf ccld eir by multinlying by
dbo wan Il \ - -
thie ratic cf ihc mean melecular weight 4o the mean atezdce welight of sir

{Table 1), which equals 1.991C.

ks pointed cut in secticns III &nd IV, the very szall values fof the
ruzber of neﬁtrel atony end molecules st the highest temperatures and lowest
densities are somewhat toc small because cf neglect of the highly excited
electrcnic‘states, Cn the oiher.hand, cglculated values for trlose diatomic

molecules Leving "shallow" electronic sis'es (with clssccelstion energy less
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than J ev) are cverestiﬁated by the pertiticn function formula used.

Tre cémposition velues of Tetle IC have been compered with ﬁppubliahed
preliminary values of the Nstioral Bureeu of Standards (see Ref, 9) et 200G,
- 5CC0, GOOC, 7000, SOCC‘and 12,GLQ'K and at densities betvéen”10'4 end 10 times
ﬁormal. The comparieson is limited beceuse the NB5 celculetions include cnly
nitregen end exygen compeounds, &nd for'many of the rarer speciee give velues
to orly cne significent figure.” The MBS calculations include NZC, whick is
rnct Included in the present ubrk. |

At 200C°K, the BBS velues for E, 5 C,y and C ggree with those reported
Lere ercept for the 1 per cent incresse due to the rerlacement of argon by
zitregen and cxygen. The KBS values fer N0, however are €& per cent higher.
This discrepancy is scmewhat surprising, beceuse the equflibrium censiant for
the reacticn N2 + C2§?§ 2RO calcuiated from Tables 7 and 9 sgrees within 1

(28)

. By 1 ~ . ’ 2 * L e~ m, - B
ter cent with & putlished KBS value y while the FBS composition at 2000 K

corresponds to an equilibriur ccnstent 1C per cent higher. The NBS values

fer N62 are sbout 1C per cent higher than thcee of Teble 1C this difference

ney be relsted tc the NC differences The amounts of charged particles were
not calculsted by NBS st 2000°K. |

At 500C and &0C°K, th§ calculated smounts cf N, N, O, an? 0 &sgain
arree except for thé l;per cernt difference in basic composition. The §§S

velues for NC are sbout 3 per cent higher, and fer NL2 about 15 per cent

- . .

v o1 e A ~oan s Wi e aand -3 L dbha amammacm No
L1 LUeD Luall Ve YHLUES I'epoi el LElcy wut LSadwi &

- 2w 2
Ve ViLAD uwl

kncwn. The KBS calculsted emounts of C- are 3 tc 5 times highgr because of

(24)

use of the high value for the electren affihity of cxygen. At the

Lhigher densities, this difference effects the numbers cf ell the charged
' + +
29 and G up tc 5C per cexnt

(except thet en extres fecter of ten appesrs to heve crept imtc the NES values

perticles, decressing e and increasing N2+, N+, )
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for Ré+ at 6CO0°K)., 02-, O3 and the dcuble and triply charged particles were
rnot included by NBS, For NC+, in eddition to the factor affecting sll cherged
barticles, phere i8 & factor of 0.5 to 0.7, possibly due to a difference in
the free energy calculation for NO y which in part offsets the other factor.

At 70C0C &nd acuo K, the NBS values for K_, end b and 0 sgree within 1

2
or 2 per cent with those of Table 10o The NBS velues for C., &nd 502 sre 5 per

2
cent and abcut 3C per cent highef} respectively, than those reported hers.
The amount of FKC is only 1 per cent higher et 7OCC'ﬁ, but 7 to 1C per cent
kigher at 80CC°K, The amcunts of &ll the charged psrticles are affected by
the choice of electron affinity of cxygen. Thia»factor increases the KBS
velues for CT by a factof of 3 or 4, while the mmcunt of € 1s decressed up
tc 30 per cent st the higher densities
amounts cf positively charged particles. There are eviderntly edditional
facicre ﬁcting in the ceses éf NC+ and Né+ which reduce the KES values ty ebout
3C per cent and 1C per cent, respectively, compared to tke values one would
calculate using the free energles of Tatles 4 and 7 end the high velue for
the electron affinity of‘cxygen.

At 12,CCC°K, the KBS velues fer N and C agree within 1 to 3 per cent with
thcse of Table 10; The NBS aﬁcunﬁs of C” ere sbout fcur times ss greaty mosty
but not all cf this difference 1s explained by the electron affinity differences.
The NBS ;alues for O, are about 50 per cent higher, and those for NC end 0++
her (dépendiug on tne dens
. here. The différences fer the other specles range uﬁ te 2C pﬁr'cento At this
reletively high tempersture (12,0CC°K), different essumptions abcut molecular
constante snd rotaticnal, vibraticnal and electronic cutoffs can make signifi-
cant @ifferences in the results. In the absence of detailed informstion on

the besic date end methods used in the KBS calculetlcnsy the reascns for the .
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many smeller differences cennot be determined, & few of the discrepsncies,
however, appear Tather large to be attributed to these factors, and may
represent m‘stnkee by either the NBS or tne pre:en writefs In any cazme,
‘the larger differences are for the spncies present in cnly smell emounts,
‘uhich have llttle effect on the thermodynamic prcperties.
(8)

- A quick compa.riscn vith the clder uork cf Davies wsg 8lgo mede,
Davie': considers cnly NZ, KN, 02, Cy NC and A, since cther particles have
little effect on the thermodynamic prope*ties &t the hig deﬁsities he is
interested in. Strangely, his calculsted amcunts of NU are two to five times
szeller than the NES values end the values reported here, the dlscrepancy inp-
cressing wi_th ‘tempereturea There alsc appesr te be inccnsistencies between
hig calenlated compeaiticns and pressures, Insufficlent f&lcdaticnu detells

are glver in his peper tc determine the reascn for ithe verlcus cdiscrepancles.

VII. THE THERMIODYNAMIC PROPERTIES CF AIR

At the densities sand te:zz;}eratures considered herey it is & good epprexi-
zation to consider air tc be & perfect gea mixture, The pressure is then

determined by the tempersture, density and tctel nucber of particles:

S5 DBENN
1 o

(11)

whare R 4« the gas constent and M ';s. the atemic weight, 14.549 (Tstle 1),

‘since the n, are defined as particles per eir atom,

i
The energy of the perfect ges mixture (per mole of cold air) is resdily

obtained fyom the relation

=1.991¢ 2 n, b (e - E3), + (AEZ)iJ ' (12)
1 L
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where the ideal gas energles, E, - E_, for esch species are obtained from
Tebles 3 and 6, the energles of formstion from'tbe elementa JE, are
cbtained from Table 9, and the factcr 1. 9910 ccnverta frem gram atems to
moles, o

The entropy per mcle of cold air is éimilarly given by
—199;0{2 (n /F)-NlogP- z:n leg, (nA)} ’ (23)

wvhere the ideal gas entropy for esch srecles is calculeted from Tables 3, 4,

6 and 7 by the relation = )

( ) (F-E)’¥1, (14

kK= 2;3 ni,'and tne last term in Eq. (13) is the enircpy of mixing.

- The thermodynsmic functicne for dry eir cave been calculated by the above
relations, and are presented in Tsbtles 11 to 13. In Tables 11 and 12, the
eﬁergy and §ressure arg_given in several different units, fer the convenience
of the readef. '

Figure 1 shows a,graphica;‘ccmpariscn of the preseht pfessuré velues

with those of previcus 1nvestigator$. Une mey first note the rether wave-
like character cf the curves of pfessure aes a function cof density, at constant
tempefﬁtﬁref This behav;or i5 eesily expleined by the step-like nature of
dissociaticn and ionization, .If one staris wiith air ail a :“elatively iow temp~
. erature and highAdeﬁsity, end decreases>the density,'the>ratic cf pressure to
density‘(which is propcrticnal tc the nurber of free particles) et first remains

fairly constant. Finelly, disscciatlorn cccurs and causes & rcletively repld

rise in the pressure. Wken dissoclaticn is essentislly complete, the curve
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agein levele off, Icnization causes.a second rise at lower dénaitiés,
dcuble lcrnizeticr & third, and sc on. The density range plotted is only
wide enough to shcw one cor two steps on each conétant temperature curve.
Raieing the temp?rature, hoﬁever, ahifie thé dlssoclaticn end lonigzation to
'vhigher densities. Thus, one ¢én readily cbserve the disséciation, first
ionizatiﬁnkand second ionization steps in the 5CCC, 12,CCC and ZL,OUC'K
curves, respectivsly;-" | | |

Tre effect of chenging the dissocistion energy of nitrogen frem 7,37 to

9.7¢ ev $5 simply to shift ihe disscclseticn step to lower densities; &5 is
seen by compsring thé sclid &nd dotted curves. It is slso evident that,
at thelr highest temperatures and lowest demsitles, Lrieger angd White(7) nede

& sigrnificant errer by neglecting ell doriszstiicn,
' g2y

1w ~{wn

Two peints frem Davies' work® ™", using tue high velue of u\nz), ere glsec
included cn Pig. 1. The small deviuticns froz e sclic curves are presumsbly
connected with the apparert errcrs in Davies' work (sce section VI).

(3)

Tre recent values cf hilsenzaih and Beckett et KBS, which are nct
rlctted, fell unifcrmly within C.6 per cent of the sclid curves., Morecver,
virtually all ¢f this difference can be expléined by their replacement of the
1 per cent argen by nitrcéen ahd oxygen. At the Ligher temperetures and leower
deneities‘the latter gases disscclete, and incréase the calculated pressures
by (.5 per cent abcve the ccrrect velues. The cniy remaining discrepancies
ccour et p/po =71C, T‘= 80CC apd 12,00C°K, wirere the NES pressure values ere
Oollper cent and ng per cent lcwer, respectively, then thcse repcrted here,
because,thé KBS celculetions give somewhat greater emcunts of undisscclated
N (see section VI). | -

Figfure 2, which ccmperes the internsl energy values, presents a wave-like

srpearance peralleling Fig. 1, since each disscelsticn end icnizaticn step
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invclves & conslderable incresse in internsl energy as well as in pressure.
The effect of the incressaed value for the dissociation energy of hitfogen is
nct only tc shift the diaaobiatibn step to lower densitles, but alsc to in-
 crease the energy of the dissoclated gaé. This expleins the differences
‘betueen the scT4d and dotted curves. Bethe's points'2) fall slightly above
the dotted curves Eecause Le omitted the negetive term in Eq. (3) (p. 9).

The differences between the sclid curves ang Davies"points(s) are
presumably ccnnected with the apﬁarent errors in ngieS'ucrk {see secticn VI).

In cempering the internal energy vealues of Hilsenrath and Beckett(g) with
those calculated here, it makes a difference wheiher the energies per gram or
energ-és per mole cf cclé alr are ccmpared, since the meleculer vaig&ts ETe
different. When the molar energies sre compared, the NBS values are focund to
lie between C.5 and (.9 per cent higher'thﬁﬁ thcse reportied here, over‘the
entire region of cverlep (T = LU - BLCC end 12,LCC°K, plo, = I to 1074,
except for the single point at T = 12,00C°K, p/p, = 10. Most of this diffcrence
is due to the KBS replacement cf argern by nitrcgen and cxygen. AtAthe lewer
temperatures and higher densities; this chenge lncreases the energy by‘ébcut
C.5 per cent, since argon has asbout half the interrnal energy cf'nitrcgen or
cxyren. At higher temperaturgs and lcwer densities, the increase approaches
1 per cent, éinpe the energy of-argcn is small ccmpered tc the energy qf dis-
scciated nitrogen and 6x&geh..

A small edditional increase in the NBES erergy velues is dug tc the slightly
higher emcunts éf N caleulated ty them (see section VI). Tris increese is
sigrificant for all densities at 20CC*K but cnly for the highest density st
5000 te &CC®K. Is nevef_exceeds O.BIperkcenta | |

At 12,000°K, Hilsenraﬁh and Beckett calculate several per cent mcre NZ

and NO then repcrted here (see section VI). This difference affects the
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internal energy significantly only at p/$ , where it makes the NBS
value 1.1 per cent lower than that of Teble 12, because of the smeller
emcunt of disaociation. | .

Velues of the entropy of air, calculated from Eg. (13), are listed in
Teble 13. These values have been ccmpared with unpublished values frem the
MBS, Thre NES values are about C.1 per cent higher st 20CC K and the per—
cerntege difference veries cnly slightlj with density over this range. At
12,00C°K the NBS entrcpy values are (.5 per cent lower than the present
veluee a8t p/po =.1C, but increase smccthly vitﬁ Gecressing density tc a
value (.5 per cent‘ higher at p/po = 16-40 These entrcpy cifferences roughly
parallel the eﬁergy differences diacusséd ebove, and are presumebly due to
the seme causese

Values of the tctel number of mcles per mole of ccld air, whick msy slso
be celled the tctal number of particles per alr mclecile, or the dimensicrless

pressure:

2219 Do = AT (15)
1 |

are presented in Table 14. The behavicr ¢l these values, with respect te these

found by cther investlpgatcers, 1s the sane es fcr the pressurey; discusssd abcve,

VIII. THL EUGLNILT FCK SH. CK WAVES

Tne Hugenict ccndlt on fcr shock vaves(SB) is
| 1 1 1,
E,-E = 5 (P, Pl)(p " ) I (16)
: l 2
where the suhscript 1 designates ccnditions ahead ¢f the shock and 2 behind the

shock. It is rncw ccnvenient te intrcduce urat way b£ celled the "effect1v~ specific
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heat ratio for ahock waves,“ def ined as
e R o o '
R —l+P/pE_,.“» - (17)

Valuss of Y for hot air are listed in Table 15. ¥hen the crdinary ratic of

specific heats, Yy is a cnn-tant, then y = y\. )

The pressure mey now be eliminated frea Eg. {16): v .
Y P O ‘H._;_"
E,-E =3 [‘Yz - 1)p2£2 + (Yl 1)pln, ( 2) . (18)

This may be re-srranged to the quadratic form
2
s f_l r ' ¢ 1 p_l ' F =0 3
(v - 1) B (Pz) +L(Y2 +1)E, - (9 ¢ l)ElJ (Pz) - (y, - 1E, =0 . (19}

The poeitive sclution for p fp., is
Flre

/Fy +1)E~(yy* DE, |0+ aiy;-l)(y'l-l)ﬁg' - lres(y 1K, |
“2 2y - VR

¥

In the usuél situation éf interest, the unsﬂocked air is celd. Then El
and Yl are functicns only of the initiel temperature, Tl, end indepencent cf
P1° For any choice of Tl, T and P,y One may read E end Y: from Tables 12 end
15, and calculete pl directly from Eq. (X). The sdventage of chocsirg the
parameters behind the sheck and calculatlrg these ehead cf the sheck, instead

!
L3

or vice Je*se, is that the ca;cu‘stior is st*aljrtforwr*ﬁ instead of regquirir;

.

successive appreximsticn. The disadvantepe i5 that the initiel density Py e

cannot be specified in advance.
-1

In the ;resent uork, ca.:.cqletions for py were made with pz/pc

-3

1, 1, 1C

10- y 107, 1c” »(uhere pc is the stardard reference density), Tl 273.2°K,

S
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and T, . 21l the temveratures consiciered (1000 to 24,000°K) except 7000°E.
Pi wé.-; cbtgiped from thg perfect gas law for cold} air, and ZP2 fron Table 1.
| for qachvlf.}ld;of T, _tﬁe shock :pressure, density and temperature rat.ios,'
Py/Ps pyfey and T,/T), were plotted against p /oy and gfipniéally inter-
polated for regularly spaced values of the initial density, pl/po =1, 10’1,
10‘2, 10-3, 10-1'_. The results were then crossplotted in ‘t-hs standard Hugoniot

fénﬁ, Fig. 3. The Mach number of the shock wave moving into cold air (53) »

o (py/py) (Py/Py 1)

a2 " \n em T | (21)

EY

is also plotteé.on Fig. 3. The Mach nunkter cur'ves-a.re almost independent
of initial density. ' This independence follows from Eq.' (31), which shows
that when ;;:.2/;::1 is large compared to unity, U/cl depends only on PZ/PI;
Figure 3 includes a comparison with the earlier work of Davies (8) for
sza level shocks, The Aiscrepancies at the higher temperatures parallsl
the apparent errors in Davies' work (see‘ Section VI);
It is intereétinp to note that, for most of the hich shock temperatures

considered hers, E, > E,, and the solution cf Eq. (19) is arcproximately

pé Tp'+ 1 - - | .
B-l- -Yz =T R S : : . (22)

which is the familiar "strong shock solution™® (53) for a perfect gasg, with ¢

replaced by 5’2'! n
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IX. THERMODYNAMIC PROPEKTIES OF AIE
AT STILL HIGAER TEMPSRATURES

Values for the tbemodynamic pronertiea of air between about twenty
" » thousa.nd and several million degrees Kelvin have been calculated by Fuchs
"ket- al (3) for near-nomal densities, and more recently by Latter (5L) over &
wider densitjr fange. ﬁseir results are reproduced in Figs, L to 6, along
with the pfesent ‘resullts for lower temperatures, The temperature unit used
is not the degree Kslvin, but the more convenient electron volt, where 1 ev
= 11,606%, |
Both. Fachs and ﬂatter assune that the air is comrletely dissociated at
the temperatures they deal with, The results of Fuchs, who considered -the
various electronic states of the atoms and ions in detail, join on quite
smoothly with fhe present results., latier made the further approximation
of treating ths electronic excitation and ionization by the Fermi-Thomas
statistical model (SS>, which replaces the discrete elecironic states by a
contimuous range of states, At temperstures of 1 or 2 ev, most alr atoms
are still in their ground electronic states and not ionized, because the
lowest excitation and ionlzation energles are greater than k‘r. One ngy
expect, :therefcre, that the actual ;pressures and energies will ©te less than
those cémputed by the statistical model, which permits a "continuous", low-
temperature excitation and ionization, This idea is confirmed by Figs. L and
S¢ In Fig. S, thé upnér Fermi -Thomas curves, which include the dissociation
‘_energy, should be used in the comparison, . v
At higher tempexjatufes, the Fermi-Thomas values may be expected to fall
some tires above and som_gtimes below the actual values, since the statistical
ﬁreatment smooths oﬁt the irre-ularities in tbe exact.. curves caused by the

discrete nature of excitatlon and ionization. Tre accuracy of the stamstlcal
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treatment should increase with increasing temperature, except in the region
where the K ahell electrons bepin to ionize, The large difference in
| 1onization energies between L and K electrorzputs a definits "wiggle" in thar
curves at ’this poin'c as  shown by t.be Fuchs data, while the statistical
method s-nooths out the wiggle. - | -
Figura 7 shows the similar behafior of thn mmber of free elecirons

calculated by the various investigators. In t.he report of Latter (Sh), the

numter of free electrons was not, given, but it can be easily cslculated

from the perfect gas relatlion which specializes in this cazto

= 1.166 + 10 (p /p) electronicm’ . (23)-.

vhere Pelec tronic

is in d;,rnes/i':'ux2 and k7 in ev. The Gilmore and Fuchs
curves of Mg, 7 exhibit even more obviously the iﬁi‘lection points at ng = l
and 5.

In addition to the alr pressure and internal energy, Figs, L and §
include the pressure and energy density of radiat.i'.'cn in equilibrium with
the nmatter, These quéntities are given by the well knfnm fornmulasty

L, )
Pra.diation -el ,/3’ S (24)

Eradiation ™ @ Th ’ (25)
where the constant a is riven in'Table 2, The dotted lines of Fig. 5 show
an approximate power léw fit for the internal en=rgy of air: |

E = 3.k . 1011,(p/p ) °°'1(kT) 1.5 ergs/gm, (26)
where kT 1_9. in ev, AL ihe higher uens:.ues, wils it i‘- oo

per cent at teweratures b»t-reen 1/2 and 30 av, but at the lower densitles

the top of the ranpe of validity decreases to 10 av,.
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TAELE JA. MOLECULAR COMPOSITION OF
DY AIR (BASED ON cwmmur“s))
Cas Mole Percent Molecular Wt. Digsociation
’ . ' (Chenical Scale) Energy {ev)
Ky : 78.084 28016 0 g.7592
.  20.946 32.000 5.1155
A _ 0.934 39.9%% '
co, " 0.033 L4011 . 16.560
Ne _ 0.003 20.183
Average 28.967 8.6973
"Molec and atoric weights ere for the normal isotople mixture, from

Wichers o To convert to the physical scale, multiply by 1.000275.

-
Fror Table 9.
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TABLE IB. ATOMIC COMPOSITICHN OF DRY
AIR (BASED ON TABLE IA)
- . e
Atom Aton Percent Atoric Weight Atorie -
: : (Chericel Becale) ~ Buzber
W 78.439 - 1%.008
0 21078 . 16.000
A 0.469 ; 3G. 9k 18
c 0.016 o 12.011 6
e 0.002 . 20.183 10
Average © : 14,549 7.2622
*
Atcozic weights are for the norral isotopic mixture, froo Wicheréb3% To

convert to the physical seale, nmultiply by 1.GX275.
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*
BASIC PHYSICAL CONSTANTS

Planck's constaht‘ : )
= 6.6252 x 10727 erg sec. -

Velocity of light

c = 2.997929 x 10°°

a4
cx sec .
Boltzrann'e constant,

X = 1.38042 x 10-16 -1

erg deg .

Second fadiation cbnstant
be/k = 1.43884 em deg.

Terppereature convgrsion factor

17k = 11,605.7 deg ev —.

,‘
te’an-Boltzmann constant

o = (215/15) (x '/n ce) = 5.6686 x 10

Radiation energy-density constant

a = hofe = 7.563k x 10-15 erg cm'3

Ratio of physical to cherical scales

/: = = -m .
Mphys‘}cbem Nphys'/ﬂchem 1 15

Avogadro'e nurber

. 23 -1
Nphys = 6.02472 x 107" (g mole)

N = 6.02306 x 10?3 (g mola)’l.

chemr
Gas coastant per ole {ehenical scale)
8.31433 x 107

1.98717 cal mole™t deg

= 82.0561 role

-1 deg
-1

erg ncle

n

Rcham

it

atr ex deg

. >
eansrgy constant (cherdeal scale;

- 1oge{32xx)3 2 R Rper w3 N

Free
F /Rchen
Energy conversion Tactors (ncle = mole
1l cal "ole = 0.349745 en”
1 cn_l = 2.85923 cal mole -1

1 ev =»23,062;h erl mole = 8065.98

= k.33605 x 10~
a 1.23978 x 10 ev,

-5 -2 4 -1

erg cx  deg s8C .

-l

deg .

<1

-1

referred to 1 atnosphere)

ehen ’5'/2}: - 3.66512.

)
chex” s

ev,

CE .

.
Baaed on Durond end Coh CJHC) WiChGrbng and trle definition 1 thermochericsl

calopie = 4.}8500 x 107 ergs and 1
x 107 4; “1e"fc“‘

=tenderd atmosphers (pressure) = 1.

1325
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Rl1543

Be2ha55
- k2 -
TABLE . REACTION, DISSOCIATION AND ICNIZATION
EVERGTES POR AIR MOLECULES AND ATOMS
Resction Reaction Energy, AB: Reference
. kcal/mole 107en™t ev/molecule  or Pootnote
Oxidation : ‘ o =
Cl{grephite) + % 0,+c0 ;er7.1992: ‘ -5.5128 ~1.17937 (b%,28,29)
C(grephite) + 0, — €0, ' -93.9532_ -32.8634 407432 »(w,28,29,37)
dr,+30,¥0 21479 1.512 0.5313 (5%,29)
4 X, + 0, = X0, 8.?6& 3,065 0.3800 (bk,23,41)
o, + é 0,04 34.63 12.11 1.502 (44,29)
Vaggriistion
C{graphite) — C{gas) 163.99 59.452 7.371 (e}, (v}
* Dissociation
€0 —C(gas) + 0 256.17 65.595 11.108 (i5,45,26), (b)
c02<—9c(gas) + 20 381.92 133-576. '16-560 (2}, (b)
5, — - 225.07 78.717 9.7592 (10-16, 47,48)
NO—H+ 0 150.0k 52.477 €.5050 (8)
KO, — N + 20 221.75 77.5514.- 9.6150 {a)
0, - 20 117.97 L1.261" 5.1155 {49)
03 — 30 142.3 k9,78 6.172 {a)
cot —=C* + 0 192.8% 67.444 8.362 (e}, (b)
cot—e + O 247.05 86.403 10.712 (a),(v)
na*—-»_u +vn*' 201.28 70.396 8.728 (a) .
ROt N + 0 272.2 95.19 11.80 (e)
ROt R+ 0t 250.7 £7.68 10.87 (a)
0,~—04+0 108 8 W7 (=)
02" —0+ 0t 1541 53.9 . 6.69 (s)
Electron Cepture - .
S0y 4 €™ 0," .23 ' -8 . 1.0 (23)
0+ e-—20" -11.7 -1.45 (25,26)

-33.5

{contirusd on next Dece )
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TABLE 9 {Continued)
: 'Rgacticn - Resaction Bnergy,AE: Referernce
ﬂ keal/mols 103e2™ ev/molecule or Footnote
Jonization of Molecules k _ , : s ,
CO—CO* 4 e 323,18 113.029°  1k.013 (50, 30)
Ny =Bt +em . 359.31  125.666" 15.580 (52,30)
NO = KC* + @~ 213.% T5.63" 9.25 (31),{c)
0, —0," + e | 277.9 o7.2" 12.05 {52),(a)
Yonization of Atoms ‘
C—Ct +on ‘ 259.842 90.8783°  11.2669 (27)
Cr I + - 562.293 196.6590 24,3814 7
cH = - e 1104.119 386.1597" 47.8753 (1)
E—5 + o 335.516 1_17.31;5* - 1hk.5482 (1)
e 682.916 238.6467" 29.6117 (27)
T E e 109%.01k 382.6255" 47,4371 (=7)
0—0* + 9" : 31%,048 109.8367' 13.6173 (27)
ot =0 4 o= 810.737 283.5509’ 35.15k1 {z1)
ot =gt 4 o= 1267.192 143.1935  5L.9u62 (=)
Ne— Fe* + o° T XY 173.9317" 21.5637 (27)
Net - Tett + o= L7, 408 331.350' 41.0801 (27)
Fett = let+t o .4 © 1470.07 : _511;.1&8' €3.7430 (27)
AsAt ¢ 0= 363.43  127.1099" 15.7588 (27)
At At 4o 637.00  o2o0.82° 27.625 (27)
AP AYH e 043.448 309.9658" 40.9085 (1)

* For essh r;eaction, the most directly me‘asured velue is indicated by a star
in the a‘pprOpzv'mte column, vhile vaiuea in the adjaceqt coluzgmé were obtained
by uee of the latest energy conversion factors (see Table 2). Vslues starred
in the kcal,f’mol; eoluxn were derived from the NBS rezction energies(u) at ’

298.16°K, converted to O'K by the use of the latest 1deal gas energy values.

{continusd on next pege)
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TABLE 9 {Continusd)

Yuluce starred in the cm‘l columr are from spébiroacopic or photoelectrie

mroguremenis.
(e) Caleulsted fromw cother reactions listed.

'(E)'The vaporization energy of graphite and the dissoeietion energy of CO,
vhich are relsted by D(CO) = L(graphite) + 2 D(0,) - EZ(CO) = L{graphite) +
3.7371 ev, are etill somevhat controvereisl, but recent evidence(pé'eé} ie

fairly conciueive'in favor of the "high" value, L{grsphite} ~ 7.4 ev. This

reens that the predissocistion of €O observea 5) ot 89,595 + 30 ez~ fnvolves
disscciction into stoms in their ground ststes, C(SP) + 0(3P). HEowever,
becouse the ground states are triplete, the ectusl energzy for dissocistion

to etoms in their lowest levels may have any of nine values between 1.074

and 11.108 ev. Similarly, the tsbulated valuee for L(graphite) and D(co')

mey be too large by an amount between 0.002 and 0.034 ev.

() If 4t 1s eseumed thet the highest Rydverg series observed by Tanaka(BO) -

{n WO has as & 1init the state 50" AlTT observed by Misscher(Bz), then I(¥0) =
4,675 cm'l = 9.258 ev, which sgreess with Watansbe's valﬁe(3l), G.25 ¢ 0.02 ev,

and is probebly more sccurste.

(a) In the couposition caleulations reported here, & higher value, I(Ce) =-
12.25 ev, derived from Eerzberg‘s(3°) D(Oa*) = 6.48 ev, wus used instesd of

the later velue tabulated here.
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| TABLE 10. EQUILIBRIM CMPOSITION OF DRY AIR
4 UNITS: PARTICLES PER AIR ATGM (MULTIPLY BY 1.9910 TO GET MOLES PER MOLE OF AIR)
) TRPERATURE T = 1,000°K -
| DENSITY RATIO pfp, o
R T Rt 107t 1072 10”2 107 1072 10™°
co, 1.60”‘ 1.60'1‘ 1.60"" 1.60"‘ 1.60"‘ 1.60”‘ 1.60"‘ 1.607
-4 -6 -1 -1 - 8 -9 5
n02 5.57 1.76 5.57 1.76 5.57 1.76 5.57 1.76 -,
o 2.6712 836 o1 g3l oM gl o a1 g a0
co 359710 3110 sugt 19013 5D 110712 32 1307
¥, 39220 39007t 392070 39007} mogpet 3902t 39227t 30227
w0 LY LAY awT? amT? L amT? amT? L 3
o, 1.0527% 1.05'2'l 1.0527% 1052t 102 1052t 1.0m2t 1.os2Tt
c 2,167 2.16'51‘ 2,167 216772  2.16™% 2.1,6'5'0 2.16'1‘9 2.16'}""5
N 21520 6.80°2 215 6,80 2152 68072 25 s,ao'f"‘
0 5.1 1872 s 170 50070 1877 51?1877
Ne 2.00™° 2.00"°  2.00"° 2,00  2.007° 2.007°  2.007° 2,007
A 8,690 B850 k9T h6970  M.E9T0 k69T L6970 b.6gTC

Stenderd Density p,= 1.2931107 gufcm’

 Note: For &1l values, the pover of ten is indicated by a superscript.
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TABLE 10 (CONT.). EQUILIBRIW4 CCHMPOSITION OF DEX AIR
IITS: PARTICLES PER AIR ATCH (MULTIFLY BY 1.9310 TO GET MOLES PER MOLE OF AIR)
TEMPERATURE T = 2,000°K

_ DENSITY RATIO p/pg

10 ’ 1 1067t 1072 107> 20~ 1070 107
co, neot 1607 1.602 1.58:: L5t am 1.182 7.2-3‘2
¥0, 5.8622 . 1.8677 5.86 1.85 5.82’7 1.8077 5.40 1.1;2"':'“
o, 2.0k 6.69  2.08%0 - 62570 200 sa™ amH LT
co sn®  wnT osaoT Lt s s s 85077
N, yoorl  nooe mge msoed zoed zeet moosTh suso
- ¥o O R e N T LA E A X5 o
0, Lot 1ot nomt 10307t 1023 10057 9.9 T.017F
c 107 10T L ® 132 1x 1302 1120 s
X b6y 14770 1630 1k e 2R o o B T
o 1760 5080 L7 s.57% 17670 5.5070  1.6970 5,857
he o00 2.0 2,00 2007 2.0 2.00~0 2.0  2.007°
A es?  heed b nesT e ke ke heT

Standerd Density pg = 1.2931 x 1073 gx/exs

Note: TFor 81l values, the power of ten 1is indicated by e superseript.



TARLE 10 (CORT.). EQUILIBRIWM COMPOSITIOR OF DRY AIR
UNITS: PARTICLES PER AIR ATGM (WMULTIPLY BY 1.9910 TO GET MOLES FER MOLE OF AIR)

BRi-15473
8 ~LoEE
-t

- 47

b TEMPERATURE T = 3,000%K
DENSITY RATIO p/po o
10 1 107 102 102 et 0% 107

co, | 1.1;8: 1.28% 8,777 h.o5': 1.137 1.682 1.8877 186’:
¥O, 1.29 397 116 2870 ko™ 2.84 1.057 3.k
o 5,827 1167 3.7 ’ 70279 755710 s o673 o
co 216° 32070 7250 120 1agd 1ss™ 160 1607
cc' 15619 67870 wal® 206 1 5067 a7 s
¥, 58017t 3Boet st seast ssst 38t sosTh zseoT
x* 1.887 Y7 2,93 770 2576 e85 et 7Yt
5O 2.29°2 2262 2172 1922 1Lm? 6070 20870 6657
no* 5.8659 5.3 aas? wm® 13T 2T owasT o gerT
0," 51279 1,969 6.900 1,670 211D 916713 1.98:11:* 3,553
o, 5.2572  5.0372  8.m2 65170 3?6357 1.5 7.65’_5ﬁ
¢ 6.32° 13 9,60 23272 50172 103t 03P 67 3t
e- 5.66°1° 3.9 1.3%% 42 137 2T wasT 79777
c R AR ST TS WUt L W SR 30 ot B P a GO £ L
c 0.62°27 1320 o5 4962 1062 3 g3 g 3700
¥ s et st e set et sa™ 1857
" 11872 s.802 .81 4,90 5. g gst2T 52715 o687l
o- 166710 33710 5 gyt10 5 50m10 0 ) 05710 g ppmdl g g1 g y5A2
0 2.1 1.2 2192 61272 1wt 17t 2070t 200887
ot 5,697 1,797 13 150 108 720 ka2 o mH
Ne 2,000 2000 20070 2.0 2,007 2000 2,007 2,007
Net 1667 25901 679t 2,207 33370 3007 2 1,157
a 8,602 b.6970 .69 ¢ L6970 k.69 h.E9TD k69T k.90
a* 2,062 30019 8,397 a3 3032 ugslT 2010 3t

Stendard Density p 0 - 1.2931 x 1073 gu/ems

Xote; For all values, the powsr of tén is indiezted by = superszript.



TABLE 10 {CONT.).

EQUILIBRIW COMPOSITION OF DRY AIR.

- -

8-')). £ 5

-48-

INTTS: PAPTICLES PER AIR ATGM (MULTIPLY BY 1.9910 TO GET MOLES PER MOLE OF AIR)

B TEMPERATURE T = 4,0000K
o  DENSITY RATIO p/p,, - o
10 1 1072 10°2 1072 107 107 107"

RTICLES o - o

€0, 7-63:3 a7 3~13:§ 1.9 1.31:2 1.3&‘? 1,372 1.52'ff
%o, 1.58_6 3,817 5.52° 4877 1m h.27‘-§ 1.33'12 3,867
o, 1.19 24977 2.2 6,720 86712 g9 g3 gz
co 8.570 1.26%  1s2® 159t 160 160t 160 s
cot 5.65° 2,03 lh 855 a7 a2 4, 26‘11 7.k gt
¥, st st st osesstt ossest st sie0t oz
N, 588710 g.2013  3,32712 31,5871 g5 ueeT0 | ase? 13
NO 57972 11972 2852 1,287 w2 1wyt nerT
FO+ 55877 37T 1t aet 6.0 123 271t e
0, 10377 w8 sax? 26070 53712 aor 10 e ?‘
o, 6.972  s.972 2 L5 st 58670 592 s
¢ 38510 810 3 f 1.02f 65270 3,370 g0 1.27“*“
e T s T Lt st 60 A 23 3
c 1,662 gm2 58l 36720 358 5500 zusT 50
ct 1 I8 28577 98726 4 1M 569712 15270 g6y
N 6.26° 1.9 6.3 2.3 ed2® 20272 6. 1,79
g 1P .52 smt 1718 o ,.78 18 g6 227
o~ 6,628 7.m B w66 1.0 2.85%%  s5.197% 9.19’15L 1,587
0 2.2862 6,282 1337t 1883 2,050t 2.090'1 21017 20"
o L2 74012 s 36710 2159 122 698 k87T
Ne 0.0070  2.00°  2.0070 2.0 2007 2007 2.0  2.007
Fe* 113" o g 457720 245?137 R k55
A 5,690 L.69™0 k69" 970 LésTd b9 hé9T0 k.eeT0
A 5.6 1., ooyt e 112712 52 555 05730

' Standard Demsity p = 2.2931 x 10 3 e/em

Note: For ell values, the power.of tez is indlcated by e superscript.



TABLE 10 {COWT.)}. EIUT_IDoTM COMPOSITION OF DRY AIR.
UNTTS: PARTICLES PER AIR ATCH (MULTS .Y BY 1.9910 TO GET MOLES FER MOLE OF AIR)

TEMPERATIRE T = 5,000°K

BMeIn43

CRINCH

cl‘?-

DENSITY RATIO p/fpg

10 1 107} 102 107 10 107 107"
00, ek st s T . 1?60 s i
¥0, 1137 12 8.0177 2.4 928710 o5l 5 5013 6.99"
O3 1.20° 0968 239 agr a6 3 sacll s
co L% st st neet 1 Lt eesd oS
cot 1900 6867V 32712 1B g0 H 520710 3us? glzif
K, 3,606 35t 7t 37287 ot aswt pem3t 1.877F
gt 2,030 66720 3379 1650 end ae T 55T s
¥O 6.00°2  3.8072  1.6272 54970 1.6970 4.6 9.627°  1.277
ro* 5.65° 1150 280 w15 gt 1t 1zt g
02" e N N A 52 Sl W Vi P W1 L PR A
o2 3002 1522 20 sa6™ s st speT g
Co 1500 1.89®  1s? gsx? s80f 35?29 ga
e 238 1,057 P wa18d g 1t awt 4m
c 543710 3069 o3 o0 T 23t 1300 g5 1.m
c* 145 e 50 ks 56% 1367 3 e
bt 1.0670 5.32‘3 1.0072 3.53“2 1,007} 2517t s.67571 746572
o L6272 ke 7.670 5 2.05"T 3.2 3000 o
nr“* o2 1P o B 550 8,23 ® 705727 5,527 3 50720
o 1.50° - 9.87 a2 5.6 om99 1830 a0 gt
0 7.19°2 120 18071 .o 2,087 2a100t 2aaow™r zuapstt
o+ 5.75710 3659 o;m® 137 e T wa® 2560 La
ad 8,202 8,597 20870 720 256733 857732 507730 g3
Fe 2,00 2,007 2007 2.0 207  2.07 2.0  2.007
Ke* 1952 62270 2,901 1,562° 58518 5.0 350516 g 5710
A 8,600 B850 B9 46970 M50 k69T h.69T0 kg3
a* 5,062 9,862 4,561 545710 4009 823 ua® g0
att 6.0 6.3 1w 3,090 1,238 440 55 5B

- Standard Density 'po = 1.2931 x 1073 gm/cm3

Fote: TFor sll values,

he pover o2 ten is indiceted bty & superseript.
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TARLE 10 (COXT.). EQUILIBRIWM COPOSITION OF DRY AIR.
§ UKITS: PARTICLES PER AIR ATGH (MULTIPLY BY 1.9010 TO GET MOLES PER NOLE OF AIR}
TEMPFRATURE T = 12,000%

DENSITY RATIO p/p,

> APTICLES 10 01 107} 1072 107 10 1077

s . 992 nm? e e 6,707 8.16
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€o p.ob® 3wt 2T 1188 62620 39712 2507
cot oo’ no® 2828 566 70200 b g1t
N, J..521_J:1 2.58:§ 239’_5 2.h5'j: 1.37:: 2.6277 8.61‘20
E* 5.43 5,57 1.23 34377 €.99 6.7 1.527
50 1.2272 1.8372 .88 1,637 .ot 2.3 8,807
Ne* o.65% e 1sst k3t 1027 L0t 3057
0,” 1.@5j 5,540 1.09'2 2,937 5.5.0,'&5 5.25'%5 1.937°
o, 4,68 ) 5.19:2 5,11" h.57':‘: 3,107 5.657C 3,572
0" 7.82" 2.81 8,881 p6oT 6.6 BT 0,650
- bt Les® 38972 1amrt st 6007 9.5 g
c 1,257 et Lot ot v R R Y-
c* 5,806 1270 3.87°  E.207 Lot oLse et
§ ot 7aret  qamr sert sas” P TR TR e S
R+ 215 9.903 3302 1000t 297t 55007 7.5 7
aas 150722 e 2230 22370 2.0 237 2,057 2
g .40 39578 1337 wao® 1670 g 5.25° X
0" 1,637 54770 .65 ko 1.10% 1237 oz
0 Lot 205t 2.oiel 1.3t aseet g2 1,757 2
o+ .05 1723 56 1n? 5007 1.065°F  1.937t
o+ 525735 s s et s 2.73720 56577
I aa .00 2.8970  guwe™? z.237° 12770 6.957F 5027
Ke 2000 2,000 2007 2007 2007 1,087 1.8
gt 2.9970  0.6870 31077 10530 s T 1,27
A b6 kgz? nze naed xasT Lo ot
At 1.877° 6.00™° 1.87"‘ 5.67’1+ 1,567 5.9 N30
A p.25Y3 - px5l? o3t 235720 2357 2.35% 2,307
¥ At this tempereture, the valuse for L0, eni GQ' are subjeet te large errors becouse
Grcertointies 45 the colsewlar constants. Tof vslues for 0. sre sliisntly high beewny
coissticn of the rotztion-vibretien ~tof? {gee Scetion IV of textY. Tue valu:g of O

1!\

srae pronsbly OC rer cent too 101'(568 Tebhle O, Toctancte <.
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TABLE 10 (CONT.).
UNITS: PARTICLES PER AIR ATOM (MULTIPLY BY 1.9510 TO GET MOLES PER MOLE GF AIR)

EQUILIBRTW COD

GSITICH OF DRY AIR

Ri=l154%
Ea2taS5

.54 e

TROERTEE T = 18,0009K
DENSITY RATIO p/po
20 1 107} 102 107 207 107 107
PARTICLES . | i
co L2 e7ed 3s0? ks g 1M ¥ g
co 1517 3.60°2 5,439 5.00710 g 12 g e 7.5 e
K, 9.'?'6.3 8.1}4 3,93‘5 5.26'7 1.2572 140732 1,470 1.0;4-15
ﬁ2“ 9.82—h 2.75 3&.96'5 3 4o 6.1&8'8 7. 06-10 6.69'12 L3 St
KO 2,057 1167 g1t 1s T h,05710 1P a1 g g
st 617 LTt 360 0 emd g 0570 705728 5.6572"
0," 1.lo:i 2958 L7210 150722 6.6 5.5 g5 g 552
0, 1.37 .22 7T a5 h s st 5597 gaE
o* 1.9572 5.78"° 1,327 13377 3.7 LS N Tad - B NP ORS
e- L9572 1.4867r 307y 7.eml g6t 1009 30089 1273 F
- .37 s s 3o S5 qasd 1.5 25T 2w sa?
c* 2160 st wnos™t 1.8 1587 .60t 160 L&
¥ 7907 6565 huseer 16707t 2582 2w ot 27
K+ 52272 153 3ot 6a73t 7usert a7t 7oz s.anc
aas 5,308 53777 st 5935 st s Lt 2iant
s 2.0879 .05 o2& 10 1P g2 830 Lo
0" 6.59 1.867% 3855 330 7168 5110 gesi? 3ptt
0 sootl  ness Tt o1aert €50 1122 120 LapT 14677
o+ 6.967> 2,182  6h02 1458 1,996 vt 2iogs™r 2.7t
o+ s.ov 20 g9 o.2® 1.9 1.9 a0t 1k 9.6
g 8.6  3.058  1.678 .53 6582 a5l 3070
e 2.00"° 1.96’5 1.934'5 3 1.7h'5 9.oz’° 1.57'6 el 2.17'S
Ke* b2t 16T s e 6;’6 1,100 1.8 1,987 2,007
A h2sd T 3560 2030 e e o ® 66T 1417
At noot 1137 2% wo? e b 2w .07
A+ s.1? s weT 5060 33 s w9 3907
g At this terpereture, the valuses for su the roleciules sre eoproximste. At the lower
Iensiiles the veluss Tor €, I, 0, lie and A& are too suall bwn‘swm neglect of highily
e:f:r:it.e?-i gtatea {e gw Eectdon XTI of text), wkile the values for ¢ ere toc lorge becsuse
cf orission of €
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®
7.5LE 10 (CORT.}. EQUILIBRIWY CMPOSITION OF DRY AIR.
WIT3: PARTICLES PER AIR ATOM (MULTIPLY BY 1.9910 TO GET MOLES PER MOLE OF AIR)

= TEPERATURE T = 25,000
DENSITY RATIO p/p,
10 1 1072 1072 107> wd . 1070 1670
KRTICLES ) .

co 2207 9.0 g5t 1912 o 550729 5oy o
co* 8700 1% 7900 1 191713 35815 5318 ) aeo®
K, 1557 6.8 7407 1,507 16072 1o 1.8 1957
K,* 7.087% 1.2 7160 1,207 1,167 5,657 k660 7,707V
K2 5477 2670 T .10 s 600 108 pe®
i 55370 es0r st LT 1.01% 6927l gaslS 1Y
Oy 9.7 121?33 g0 L2 1P se? 19
0, 6.6 3570 558 120710 s 3 26 4450 g ppoF
0,f - 33077 6.62%  sm T 103 w0 s 5067 o
e et kgt gooel gsml 1% 10?18 O g7 ©
¢ 1.6 6567 1820 25 o T smt L st
¢ 3P gb3® et nss™t 160t 160 10 1607
X fago ket a5 2,002 207 et st gt
ol L3970 sl et 7557l oot nmst 1095t 1.3570
ans 9.21°¢ 9.9 Bt 8.7 7.3 sagrl et q.eent
g 2677 137 g 5599 k6T 16770 27 ouse
o- 5357 w7t 1.0 am T aa? saxd o3l g6
o 80t 1326 5,032 a0 8™ 8.1 k0t 1.6978
o* 2.767%  7.1372  1.6037Y ¢ s.oz2r 20257 1.6kt 6. 10072
o emeT qe2® s s 73 n.6s@ 1wzt ot
ot 2027 8,857 535713 L 3309 1857 bapf 5.6
Tre .03 110 1a1 0 2.92f, s0T werd 639 sg0E
et 6567  2.m®  8.2% 1 1960 2000 20070 o
A 52570 1n” st sue? ozt 16T za? e
I\ 14670 2,917 190 kad 2w st s 9306
& et s 5.6 st 23 want? o ne? y.oel

. . .

- 4t this terperzture, the velues for all the rclecules are sudbJlect to larpe errore. At
she lower densitles the values for €; K, €, Re, A ard 4 =wre much too srall Lecsuse of
pegiect of highly exsited staies {eze Section III of text), wille the veluee for C+, ;,.(‘_"‘,
At ond AYY rye oo lerce because of orsslon of ¢V, Nett ang At
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