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MONAT: A FORTRAN 63 PROGRAM FOR COMPUTING THERMODYNAMIC PROPERTIES OF
MONATOMIC IDEAL GASES

M. H. Fontana

ABSTRACT

A computer program was written in Fortran 63 for generating tables
of thermodynamic properties of monatomic ideal gases, given the spectro-
scopic constants. The properties computed and presented are the
specific heat at constant pressure, entropy, enthalpy referred to O°K,
and free energy functions. This is done for temperatures from 100 to
6000°K in 100°K increments.

A sample calculation 1s presented for monatomic chromium ideal
gas, extended to 6000°K. This is compared with separately published

data to 3000°K.
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MONAT: A FORTRAN 63 PROGRAM FOR COMPUTING THERMODYNAMIC PROPERTIES
OF MONATOMIC IDEAL GASES

INTRODUCTION

I'he program described in this report is a by-product of a larger
effort aimed at determining thermochemical equilibrium concentrations of
various compounds formed from fission products and the materials existing
in nuclear reactor fuels during a major loss-of-coolant accident. The
object is to present one computational tool developed to extend thermo-
dynamic data of monatomic gaseous elements into temperature ranges of
interest, given some spectroscopic information.

The data is computed and presented for each element in a table
giving specific heat at constant pressure, entropy, enthalpy difference
of the ideal gas in going from zero to the temperature of interest, and

the free energy function for temperatures ranging from 100 to 6000°K.

Description of Computations Performed by the Program

The program computes the thermodynamic functions given the electronic

energy levels and degeneracies of the atom, and the molecular weight.

Specific Heat*
The equation used to compute the specific heat is

C =¢C
P p,ytr

¥For a complete discussion of these methods, see, for example, references
(1) anda (2).

+ Cyre (1)
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where Cp is the specific heat, CP is the translational contribution
2

tr

and CeL is the electronic contribution. The translational contribution

to the specific heat is
=2 R= -mole-°
Cotr =5 B = 4.96815 cal/g-mole-"K (2)

The electronic contribution is most easily compiled by

Cy =R [g— - (%—')2] (3)

where the electronic partition function, Q, is given by

-¢5 /KT
Q= Z gie el/k . (ll-)
. |
The function, Q', by
€.
o' = Ve, Ehei/M, (5)

1

and the function, Q", by
Q," _ z (_e_i)g -€i/k.T (6)
= L&i%T © :
i

Actually, computer programming was somewhat simpler if the

temperature was taken outside the series, giving

R

2 -e€3/kT - kT
zagieie €1/ ESgiee ei/
el 2me

C = -
k°T -¢s /KT -¢4 /KT
Zgie €1/ Zgie eif

(7)

If ¢ is given in wave numbers (cm-l), the units of k must be consistent.

Enthalpy
The enthalpy difference between the temperature of interest and

~ absolute zero is given by

3 e o _ 0
B - Hg = e H:‘bro + (B Eo)in't

(8)



e

where H° is the standard state enthlpy, Hg is the enthalpy at 09K, and

o] o]
(E° - Eo) int

T
o)
Htr - Hiro - j‘ Cp,tr aT =

is the internal energy at T minus that at 0°k.

¢, 1T (9)
o

since the translational specific heat is constant.
The electronic term is best given by
o - Ql
(2 - B, = BT @&)s (10)
where the function Q' and Q are defined previously. As with the case of
specific heat, it is more convenient for computer purposes to extract the

temperature and Boltzman constant from the sum, resulting in

-¢; /%T
€.g.e 1
(- 5), . =1 Lests : (11)
o'int k -
S‘g.e-ei/kl
41

Entropy

The standard entropy is given by

o] o} O
S = Sp. + 5. (12)

the translational contribution by

o _ 3 5 _
8., = R (—2 InM+% 1n T) - 2.315 (13)
where M is the molecular weight, and the internal contribution by
o) Q!
— 1 2.
54 R(1n Q + 3 ) (1k)

Again for ease of computation:

-e. /KT
o g |18 E -c4/kT
Sint = ¥F +R1n )jge (15)
Ve om€1/KT
i
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Free Energy Function

The standard free energy function was computed by

-1 P - P .-
6
7= ( T o)tr+( T O):'Lnt (16)

where F° is the free energy in the standard state. The translational

contribution:
S s 5
——)=R(EWmM+Z1nT) - 7.28 (ca1l/°k), (17)

and the internal contribution:

A
~(—5—) =R1nQ (18)

DESCRIPTION OF THE PROGRAM AND ITS USE

As presently written, the program can allow for thirty electronic
energy levels and degeneracies. There is no reason why this could not
be expanded to more, but averaging the known levels into thirty groups
gives adequate accuracy for our purposes.

The program requires a seven card data input. The first three cards
contain the energy levels in the format 8F10.0 (three cards must be
provided even if not all used). The next three cards contain the
degeneracies of each state, again in the format 8F10.0. The seventh and
final card must contain the molecular weight with format F10.0.

As presently written, the program will automatically start at a
temperature of 1OOOK and compute thermodynamic values at 100°K increments

up to 6000°K, including the value at 298°K to give values of Hg98 - Hg
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if required to convert the calculated values to a system based at 298°K.
Although the program is presently written in Fortran 63 for the CDC 1604A
computer which has a limit on the number size of e208, the program is
written so that values larger than e87 will be truncated. Thus if one

wishes to convert the program for use with the IBM system 360, the number

size limit will not be exceeded.
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DICTIONARY OF COMPUTER TERMS

E = electronic energy levels (cm-l)
G = degeneracy of each electronic energy level (dimensionless)

M = molecular weight (gms/g-mole)

T = absolute temperature (°K)

CPT = translational contribution to the specific heat (cal/g-moleoK)

HT = translational contribution to the enthalpy (cal/g-mole)
FT = translational contribution to the free energy function (cal/g-moleoK)
ST = translational contribution to the entropy (e.u.)

2 -2
SUM 1 = §3i€igi exp (-ei/kT) (em™ )
I = counter
EfT = e;/kT (dimensionless)
EX = exp (ei/kT) (dimensionless)

2 -2
ADl = (g exp (-ei/kT) (em™ )

SUM 2 = 23 g; exp (-ei/kT) (dimensionless)

i
AD2 = g, exp (-ei/kT) (dimensionless)

-1

SUM 3 = Z eigi exp (-€l/kT) (Cm )

i

-1

AD3 = c.g; exp (-€;/kT) (em™™)
CPE = electronic contribution to the specific heat (calfg-moleoK)
HIMO = Hy, - H_, enthalpy (ecal/g-mole)
FMHOT = (F - Hb)/T, free emergy function (cal/g-mole)

S = entropy (e.u.)
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LISTING OF THE PROGRAM

Table 1 gives a listing of program M@NAT.



8o

16

17

72
12
]

Table 1.

PRCGRAM MONAT

DIVENSION E(30)46(3p)
READ 16,E

READ 16,5

REAY 8Q0,¥
FORMAT (Fjpen?
T=inp.

FBRMAT (10F8.0)
PRINT 74

PRINT 75
CPY=4,968)5
MTzCPT*T
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Listing of Program M¢NAT

FT=22,98035*L.AGF(M)+4,96725°LAGF(T)»7,.28374
ST=2,98035°LMGF(M)+4,96725%LAGF(T)=2.315589

SUv |ag.

1=

ne 5 I=1,30
EOT=1.43884*E(1)/T
1F(ERT=87,)3,3,2
EUT=B71
EXzEXPF(EBT)

AD sF(l)**2+G(1)*),/EX
SUM | =SUMI+AD]
CONTINUE

I=1

sy~ 2s0,

Do Iy 1=1,30
EOT=1,43884%E(1)/7
IF(EAT=87,)7,7,6
EGT=87,
EX=EXPF(EBT)
ADZ=G(I)*|./EX
SUM2xSUMZ+AD?2
CONTINUE

=)

Suv3=0,

DO 15 120,33
EOT=1.43884*F(1)/7
IF(EAT=87,)9,9,8
EGT=87,
EXzEXPF(EBT)
AD2=¢(1)*G(1Y*) ., /7EX
SUMS=SUM3+AD3
CONTINUE

CPE=4, 1 1414/T*¢2%(SUM|/SUM2=(SUMI/SUM2)**2)

HTV0=2,85935*(SUM3/SUM2)

FMFOT=4.57584/2,303*LOBGF (SUM2)
S22 ,A5035/T*SUMZ/SUMP+4,57584/7.3p3*LOGF (SUM2)

CPE=CPE+CPT
S=S+87
HTML=HTMD+HT
FMEOTSFMHQT+FT

PRINT 764T.CPE,SsHTMNFMHQT,

1F(T=1504)73,73,12
1F(T=298.15)13,81,73
T=729R,15%
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Table 1 (con't)

t4 Gg Tm 17

8y T=3o0p,
GG Tm 17
73 T=7+100,
IF(Tm60004)17217+20
74 FORMAT(|H|:47HTOTAL THERMODYNAMIC VALUES MONATOMIC IDEAL GAn.///)
75 FORMAT(IHT,R, I2X22HCP 2 13X, | HS, 14X, 4HH="HD, | iXs
I9H=(F=HQ)/T,6X,//)
76 FARMAT(5E|5,7)
20 ENC



-11-

SAMPLE OUTPUT
Table 1 shows a table of properties as produced by program M¢1\TAT.
This case is for monatomic, gaseous chromium. Comparison with Stull and
Sinke5 shows agreement to the fourth significant figure at 2000°K.  Stull
and Sinke's tables extend only to BOOOOK whereas M¢NAT can go to 6000°K,

L

to be consistent with work requiring the JANAF " format.
ELECTRONIC ENERGY LEVELS USED FOR CHROMIUM

The electronic energy levels used in program MPNAT were obtained
from Moore” . All levels up to the series I limit of 54565 em™* vere
used and averaged into thirty groups, the summary of which is shown

in Table 3.



Table 2.

T+ K

1.0000000a%02
2,00000000%02
2,98150002¢02
3.00000000%02
4,00000002¢02
5,00000008%02
6,00000000%02
7.0000000w%02
8,0000000w0*02
9,00000002%02
FeN00G0D0m*03
1+1000000»*03
1+20000009%03
1+3000000w¢03
140000008403
1+50N00002*03
1+6000000s*03
1+70000002%03
|+80ND000R*03
1+90n0000»*03
2,00000008%03
2.10000008+03
2,20000002%03
2.30000000*03
2.,40000002%03
2.50000002%03
2.60000002+03
2,7000000s%03
2.8000000m0+03
2.9000000=403
3.00000002%+03
3,10000002%03
3.2000000=%*03
3,3000000=2%03
3.400000n=¢03
3.50000000%03
3.60000002%03
3,70000000+03
3,80000002°03
3.90n0000.%03
4,0000000a°03
4,10000002%03
4,20000008403
4,3000000a%03
4,40000002+03
4,50000002+03
4,600000Nw*03
4,7000000»%03
4,80n000008+03
4,90n0000»+03
5,0000000m¢03
5.10000008+03
5.2000000-‘03
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Thermodynamic Properties Produced by Program MﬁNAT for
Chromium Monatomic Gas

TOTAL THERMODYNAMIC VALUES MONATOMIC IDEAL GAS, Cr

cp

4,9681500u%00
4,96815008%00
4,9681500»*00D
4,9681500=*n0
4,9681500a%00
4,968(506u%00
4,96B1667a%pg
4,9683325a%00
4.9692127x*00
4,9722308u*00
4,9798809s%00
4,99551j0e*00
5.022767 1 a%p0
5,0649520e*00
5,124508%98%00
5.,2027280e%00
5,2996739a*0(
5.,4142833-%00
5.5445697 %00
5,68788)9%a*n(
5,8411733%00
6.,0012550a*00D
6,1650143%00
6,32959130%gp
6.4925070‘+00
6,6517475a%p(
6,805804%a%00
6,9536826w*p)
7.09487i5a%9p
7,2293p40%00
7.35729348%gg
7.479465p02%pg
7.596683%a%qg
7.7p099850=%09
7.8205063#%00
7.9294302a%09
8.0379322x*00
8,1471381a%ny
8,2580899*00
8,3717197a%0y
8,48883|24%0g
8,6100872a%0p
8,7360029a%00
8,8669446%00
9.00313142%00
9.1446403u*00
9,29141424%00
9,4432711e*00
9.5999 53400
9,760949 1 w*00
9,92588528%00
1.0094160n*0t
1.0265145a%0

3,6225275a%)
3,96683I|l*0|
4,165163 )80
40|682357n*0|
4,31113460+1
4,42197568%p
4,5125393a+0)
4,589 1998
4,655646 w40
4,71397878+g)
4076639|ﬂ-*0j
4,8(39]14m*q]
4,8574773s%q)
4,8978094m+01
4,9355447 0401
4,971 |1869Rn*q)
5,0050212m%0)
5,0375n001 a4
500688n4n"0|
5,099{557a%0}
5,1287122+p ]
5.157592 |1 a%p)
5,1858827 e+
5.,21364630%(1
5,2409?59.*0'
5,2677501s%0)
5,29413690%0 1
5,320097%a+01
5,3456405s+0
5,3707702=*01
5.395492R8¢q
5.,41981450+p)
5.,443743%0+y)
5,46729|2a%p
5,4904694u%
5.51329342%0)
5.5357803a%0 |
5,557949 )+
5,57982000%0)
5,6014(420%0)
5,6227536049)
5.6438601a2+0
5,6647557s%7)
5,68546 172+
5,70599872%p1
5,7263R6(e+()
5,7466422u+0 |
5,7667R38B (|
5,786826 ] 0%
5.8067827a+0
5.,8266854u%(
5,8464R44a+(
5,R662480m+0 |

HeHn

4,968 500002
9.,9363000s%02
)«4812539u403
1.4904450403
1.9872600u+03
2.4B4p75p#¢03
2.98089058+03
3.4777129+03
3.9745799.+03
4,4716254+03
4.,9691794403
5,45678673»+03
5.96866962403
6.47291938+03
6.9B22404+03
7.49844460+03
B.N234|16u+03
R,59589693.+403
9,1067917+03
9,6683)18)| %03
10244701 w*04
1.0836779.+04
1.1445075+04
}.2069809u+04
| 027|0938-4‘ﬂ4
1.336R|BBe+04
i.404)114me04
1.4729143=+04
) .5431628a+04
1].61478932404
) .6877275s+04
1.7619158e+04
1.8373003sv04
191383650404
1.99149p80+04
2.07024142%04
2.15007810+04
20?3’0025-*04
2.3130269»+04
2.3961734a%04
2.4R0473p0404
2,5659639.+04
2.,6526904+04
2.7407009=+04
2.8300469.+04
2.92078140404
3,01295740+04
3.1066268,+04
3.201R390=>04
3.2986399u¢04
3'697n7'2l‘04
3,497 16R90+(4
3,5989636.+04

*(F=HO)}/T

3,1257 124n%
3:.4700160n*y |

3,6714206m%

3,81431980¢y1
3,92516052+ 1
4,01572420+y|
4,0922947a+ |
4, )5B86236m¢ )
4,2171314u*y|
4,269473 1 a%|
4,3168324m+y)
4,360088 1m0+
4,3999124p+1
4,436833 8+ 1
4.47|2734-*U'
4,5035778a+y)
4,53403 124y
4,56287 | Um+y)
4,5902968u+y 1
4,616477Gm+yl
4,6415549 0+
4,66565]|9a4y|
4,68887 98+ |
4,711303%u+y1
4,73302258+ )
4.754094 0+ 1
4.774574UI*U|
4,79451(08u+y|
4;8|39462-*U|
4.8329|681*Ul
4,85(14545a+ |
4,8695874.+
4,8873407 w+ 1
4,9047367 0+,
4.92|7957.+U]
4,9385363 8+ 1
4,9549754,0+, |
4,971 1286u+ 1
4,9870107m*y 1
5,0026352.+ 1
5,0180152m+y1
5.,0331627 8+
5,04808930+y |
5,0628061a+y!
5.0773235a+ |
5.0916513u%y 1
541057993841
5,1197762¢1
5, 13359084y
94147251 |ty
5.,16076495+y)|
5,]74[396.¢U|



5,3000000#403
5,40000000%03
5,50000002%03
5,6000000»03
5,7000000#%03
5,80000002+03
5,9000000s+03
6.0000000#%03

1,0438162e%01
1.06)12492u*n1
1,0787392u%pi
1.0962100e*n}
1o1135851e*n|
1.1307885.%q1
) 1477455%n |
1,1643838u*nt
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Table 2 (con't)

5,8859429.%0
5,90563400+p
5,9252646a¢0)
5,9448566a00 |
5,9644{p28%0
5,98392468¢0)
6,0033975x+()
6-0226255-*03

3.70247R8,+04
3.8077314404
3.9147307=+04
4.023470888+04
4.1339698.¢04
4.2461903»+04
4.3A01 1950404
4,4757290=+04

5,18738)9a+yi
5,2004984a+ |
5.,213495384 1
5,226378 sty |
5.2391523a%y |
5.25'8228.*U|
5,264394 | a+y|
5.2768735a+1



~1h-

Table 3. Electronic Energy Levels of Chromium (Grouped and Averaged
for Use with Program M@NAT)
g=2J +1 Level (cm’l) J
> 0.00 7
2 7593.16 5
0 7750.78 1
1 7810.82 3
2 7927 . b7 5
> 8095.21 7
L 8307.57 9

The following are grouped and averaged values.

g=2J +1 Level (cm'l) Wumber of Levels Included
bs 20,520.80 5
15 21,848.00 3
88 23,899.64 1k
97 25,149.92 13
15 26,795.00 >3
65 27,558.35 14
65 29,983.81 11
111 31,320.15 13
193 34,670.03 29
88 37,699.30 13
261 41,978.32 37
304 L4, 887.26 38
163 46,456.88 25
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Table 3 (con't)

g=27 +1 Level (gm’l) Number of Levels Included
335 47,572.69 L3
28k 49,027.73 h2
257 51,548.43 37

265 53,908.09 33
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NOMENCLATURE
C_ = heat capacity at constant pressure (cal/mole-°K)

E° = internal energy at standard state (cal/mole)

F° = Gibbs free energy at standard state (cal/mole)
g; = degeneracy of a given level (dimensionless)

o
H = standard enthalpy (cal/mole)

J = electronic gquantum numbers related to the total angular
momentum of an atom (dimensionless)

k = Boltzmann's constant = 1.3805 x 10_16 (erg/oK)

M = molecular weight (gm/mole)

Q = partition function (dimensionlessj

Q' = grouping of terms defined in text (dimensionless)
Q" = grouping of terms defined in text (dimensionless)

R = universal gas constant = 1.987 (cal/mole-°k)
o .
S~ = standard entropy (e.u.)
T = agbsolute temperature (°K)
€; = electronic energy levels (cm_l)
Subscripts
tr = translational contribution to specified property

el electronic contribution

int = internal contribution

0 = value of specified property at O°K
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