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¢NEPHASE: A FORTRAN-63 PROGRAM FOR COMPUTING TABLES OF THERMODYNAMIC
DATA FOR COMPOUNDS IN ONE PHASE

M., H. Fontana

Abstract

A simplified Fortran program was written to compute thermodynamic
properties using specific heat equations, and the entropy and the heat
of formation at some known temperature. The program computes and prints
tables of the following properties: specific heat, enthalpy, entropy,
heat of formation, free energy of formation, and the equilibrium
constant of formation. Cards may be punched directly for use by

computer programs requiring data input in this format.



INTRODUCTION

In the course of performing multicomponent equilibrium calculations
on fission product fuel mixtures it became apparent that much of the
required thermodynamic data on the compounds of interest were not
available,

Other programs were written to compute data for monatomic gasecus
elements (MﬁNAT)l and for compounds and elements in any state (TCDATA)E,
but it soon proved advantageous to have a simple program that was easy
to use for cases where data were desired in a temperature range where no
phase changes occur. A;so, for many uses, tables of data for one phase
are required in which the data are extrapolated past the normal range of
stability of that phase. Program ¢NEPHASE'was designed to fill this need.

The program can print tables in the JANAF? format, i.e., the specific
heat, enthalpy, entropy, heat of formation, free energy of formation, and
the natural logarithm of the equilibrium constant of formation are
presented for any desired temperature. The program can also punch cards

for direct use by computer programs requiring data input in this format.

DESCRIPTION OF COMPUTATIONS PERFORMED BY THE PROGRAM
The program computes thermodynamic fﬁnctions given an equation for
the specific heat; the enthalpy for the reactants, referenced to 298OK;
the heat of formation af some known temperature; the -entropy at one
temperature; the enthalpy of the compound at one temperature, referenced
to 298OK; a temperature which is the upper limit of applicability of the

specific heat equation used; the temperature at which the properties are
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required; and the maximum and minimum temperature to be considered.

Specific Heat

The specific heat is computed by an equation of the form:

cp=A+BT+9 + DTF (1)

s

within the range of applicability of the equation; and by

T-T

cp = Cp(med) + B med (2)
T -T
max med

where A, B, C, D, and E are constants, Cp(med) is the specific heat at the

highest temperature for which Eg. (1) holds, Tm is the highest

ed
temperature for which Eq. (l) holds, and Tmax is the maximum temperature
desired, at temperatures above the range of Eq. (1).

Equation (1) can be made to conform to either of two widely used
equations by setting the comstants, C or D, equal to zero.

The rationale for using Egs. (1) and (2) in conjunction with each
other is that, for purposes of estimation when experimental data is
unavailable, the specific heat of a compound just before the first phase
change can be estimated to be approximately 7.25 cal/(OK g-atom) for all
elements; it may be about 6.2 cal/(oK g-atom) for inorganic compounds and
7.25 cal/(°K-atom) for intermetallic phases (see Kubaschewski and
EvanslL , P. 183). (These values are multiplied by the number of atoms
in the molecule to give the molar heat capacity of the substance.)
Estimation procedures are necessary for almost all of the compounds
which we dealt with here, so it seemed reasonable to estimate the

specific heat relationship as a linear function of temperature from the

highest known value to the first known or estimated phase transition.



Enthalpy

The enthalpy is usually required based on a zero value at 298°K.

Thus, if a value is given of HT - Hé 8 at a minimum temperature of

9

interest, it is necessary only to compute the enthalpy increment at

temperatures higher than this. Thus,

Bp - g8 = B min - Hogg + Allp (T + AT) (3)
where
MHop gy a7y = CAT (%)
Thus, over a large temperature difference
By - Baog = By pin = Hogg “;EJ ¢, AT (5)
i

Essentially, the specific heat is computed at the temperature of

interest, and the enthalpy change is computed assuming a constant specific

heat over the increment of temperature between desired temperatures.
Since the normal requirement is to print a table of properties at 100°K
temperature increments, this procedure is adequate for our estimation

purposes.

Entropy

The entropy is also computed in temperature increments, by first
computing the specific heat and assuming that it remains constant over
the temperature increment.

T+ AT 4 T + ATy

oo S =G TGl EE (6)
T

Since the entropy at some temperature is known, the entropy is built up

incrementally by BEq. (6).
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Enthalpy of Formation

The enthalpy of formation of a compound, AH?, is computed at
temperatures other than the known temperature by use of Kirchoff's Law:

AR = AH? + Z vy (H - Hy minli (7)

T T min
1

where the stoichiometric equation is

}:vi A = 0. | (8)
For example, for the compound, M, formed when a atoms of element A, b
atoms of element B, and c atoms of element C, the stoichiometric equation
(written so that one molecule of M is formed) is:

M- aA - bB - cC = 0, . (9)

In this case, the enthalpy of formation is
o}

AHp = AH?‘ + <HT -y min)M h (HT - Hy min)A - (HT - Hy min)B

T T min

- (Bp - By e (1)

. _ £ .
Since, for computer purposes, HT HT min or the constituent elements
must be read in, it is convenient to use the same deck of input cards

when computing properties of compounds which contain the same elements,

but in different proportions, and possibly with different values of Tmin'

For this reason Eq. (10) was modified so that values of HT - H298 for

the constituent elements could be used regardless of the value of Tmin'

This was done by adding three more terms to Eq. (10) to obtain:
o

AH, = AH? + (Hp - Byg)y - (B pin ~ HBoggdy - (Bp - Hog8) a

T T min

- <HT - H298)B - (HT - H298)0 * (HT min ~ H298)A + (HT min H298)B



|
| + (Hr min ~ H298)C (1)
Generalizing,
o]
AH;T = AHfT in + (Hp - Hygg)y - (H, . - Hgly

- L (Bp - H298) + ), (B i H298) (22)

reactants reactants

Free Energy of Formation

The free‘energy of formation, AF?, is computed from its definition
o o} 0
AF; = AHp - TAS (13)

| where Aﬂg is the enthalpy of formation and AS? is the entropy of formation.

Equilibrium Constant of Formation

The equilibrium constant of formation of the compound in the state
of interest as formed from its constituent elements in their standard

states is computed from:

AFO
In K = - —= (1k)

je] RT

DESCRIPTION OF THE PROGRAM AND ITS USE
As explained in previous sections, program ¢NEPHASE computes the
thermodynamic properties for a compound as formed from its elements in
their standard state, given some base point data and a specific heat
equation.
As presently written, the program prints tables of data for
temperatures desired, and punches cards with an identification number,

temperature, specific heat in calories/mole-OK, H - H298 in
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kilocalories/gram-mole, entropy in cal/mole—oK, and natural logarithms
of the equilibrium constant of formation. This was chosen to be
compatible with the JANAF5 tables.

Caution: Although some output values are in kilocalories, all input

values must be in calorie units.

Input Required

The first card contains the values of CA, CB, CC, CD, and CE in a
(5E15.7) format.

The second card contains the values of A, B, C, HMBR, and NI in the
format (4LF10.0, I5). Notice that the decimal point must be included
(wherever desired) in the first four numbers.

The third card contains the values of HMIN, SMIN, DHMIN, TMED, CMED,
TMAX, and TMIN in a (7F10.0) format. The units of HMIN and DHMIN must
be in calories per gram-mole (not kilocalories).

The fourth and succeeding cards contain T, HA, HB, HC, DUM, SA, SB,
3C, and DUM in the (9F8.0) format. The variable DUM is used so that the
same input cards that are used in program TCDATA 2 which can handle four
constituent elements, can be used with PNEPHASE which handles three

constituent elements.

One card is needed for each temperature. This is not as bad as it
sounds in that one deck of input cards once made (to be used as the
fourth and succeeding cards) can be used as input for any compound made
up of the elements carried on the cards. This is done by properly

manipulating the values of a, b, and c¢ in the stoichiometric equation,

Eq. (9).
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DICTIONARY OF COMPUTER TERMS¥*

CA

constant, A, in the specific heat equation (1) (cal/mole-°k)

CB = constant, B, in Eq. (1) (cal/mole-Ck?)

1l

CC = constant, B, in Eq. (1) (cal-°K/moles)
CD = constant, D, in Eq. (10) (cal/mole—oKB)

CE

It

constant, E, in Eq. (2) (cal/mole-°K)
A = stoichiometric constant, a, in Eq. (9) (dimensionless)

B

stoichiometric constant, b, in Eq. (9) (dimensionless)

C = stoichiometric constant, c, in Eq. (9) (dimensionless)

HM8R = the sum of the enthalpies of the reactants in going from 298°K
to the minimum temperature of interest; the last term in Eq. (12)
(cal/mole)

NI = identification number of first card in a deck if the program is
to punch cards which are to be numbered (dimensionless)

HMIN = H - H g of the compound at the minimm temperature (cal/mole)

29
entropy of the compound at the minimum temperature (cal/mole-CK)

I

SMIN

DHMIN = enthalpy of formation of the compound at the minimum temperature
(cal/mole-°K)

T™MED = :med in Eq. (2), the highest temperature for which the specific
heat Eq. (1) holds (°K)

CMED = cp meq 0 BEd- (2), the value of the specific heat at the highest
temperature for which Eq. (1) holds (cal/mole-°K)

TMAX = T in Eq. (2), the maximum temperature for which data is to
be computed (°K)

TMIN = the lowest temperature for which data is to be computed (°K)

*In order of appearance.



T = temperature (°K)

HA = H - Hé98 for element A (cal/mole)
HB = H - H,yg for element B (cal/mole)
H = H - H298

DUM = dummy variable

for element C (cal/mole)

SA = entropy of element A (cal/mole-°k)
SB = entropy of element B (cal/mole-°K)

SC = entropy of element C (cal/mole-°K)

1

CP = specific heat (cal/mole-°kK)
DT = At, temperature increment of tabulated values (OK)
TSTYR = a storage location for the previous value of T.
HMMS = a storage location for the value of the entropy at the previous
value of T
38T = a storage location for the value of the entropy at the previous
value of T
HMM = H - Hy . 8t the temperature of interest (cal/mole)
S = entropy (cal/mole-°K)
DH = Ah, enthalpy increment (cal/mole)
3 o
DS = entropy increment (cal/mole-"K)
- f - thi
HMIM = H - Hy . 5 €& alpy of the compound above Tmin (cal/mole)
DELH = enthalpy of formation at desired temperature (cal/mole)

DELS = entropy of formation at desired temperature (cal/mole-oK)

DELF = Gibbs free energy of formation at desired temperature (cal/mole-oK)

il

ALNKP = 1n Kp, natural logarithm of the equilibrium constant of formation

(dimensionless)
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DELHKC = enthalpy of formation in kilocalories (kcal/mole)
HMMKC = enthalpy (H - He, min) in kilocalories (kcal/mole)

DELFKC = Gibbs free energy of formation in kilocalories (kcal/mole)
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LISTING OF COMPUTER PROGRAM @NEPHASE

PRCGRAM ONEPHASE

THE FCLLOWING COMPUTES DATA FOR caMp@iINDS FREBM CP EQUATION.
HEATS OF FORMATION, AND DATA FOR ELEMENTS,
READ 1,CA,CB,CC,CD,CE .
READ 13,4,8,Cs+HMBRINI _
READ J,HMIN,SMIN,DHMIN,TMEN,CMED, TUAX, TMIN
FORMAT (5€15.7)
2 FORMAT(9FB,0)
3 FORMAT (7F10.0)
PRINT 10
PRINT 1|1
NI=NI=-}
4 READ 2,T+HA,HB,HC,DUM,SA,SBR,SC,DUM
NIsNT+y
1F(T«TMED)S,5:6
CPzCA+CB*T+CC/T**2+CN*T**2
Go Ta 7
CP=CMED+CE*(T~TMED)/(TMAX=TMED)
FORMAT({H|,wTHERMODYNAMIC DATA FAR THE COMPOUND:w///)
FORMATO |H 26Xs3HT K, |2X s 2HCP, | 3X, gHH~HMIN,9X» |HS,s | 4Xs 4HDELH, | | X,
14HCELF, | I X2 4HLNKP,4X/ /)
3 FORMAT(4F|10.0°15)
7 CONTINUE
8 IF(T«TMIN)9,9, i
9 DT=T=TMIN
TSTBR=TMIN
MMM S=HMIN
SST=SMIN
GO T8 12
I0 DT=T=TSTIR
WM S=HMM
SSTs=S
|2 DH=CP*DT
DS=CP*LO5F(T/TSTOR)
HMNM =WMMS +DH
$2SST+DS
HMTM= HMM-HMIN
DELH=DHMIN+HMTUHA®*A~HB*R=-HC*CehMgR
DELS=S~SA*A-SB*B-SC*C
DELF=DELH-T*DELS
ALAKP==DELF/(1,987°'T)
DELHKC=DSLH/ 1000,
HMMKC=HMM/ 1000,
DELFKC=DELF/ 1003,
PRINT 14,T,CPsHMMKC,S,DELHKC,DELFKC, ALNKP
PUNCH 15+ NI,T+CPsHMMKC,S,DELHKC, ALVKP
14 FORMAT(7F |5,4)

¢ ]

_—c O

15 FORMAT(15,6F 2.4)

TSTOR=T
GO Yo 4
ENLC
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SAMPLE QUTPUT

Table 1 shows a sample output, in this case, the compound U'O3

in the condensed state, extrapolated beyond the limits of stability.



Table 1 .

Sample Output from Program @$NEPHASE - UO
(Condensed State, Extrapolated)

THERMADYNAMIC DATA FBR THE COMPBUND, UOB&)

TsK

Lioo.0000
t2p0.0000
13p0.0000
1400.0000
15np,0000
1600.7000
1700, 000N
18pp,060n
19n0,0000
2p00.0000
2ing.000n
22n0,.n000
23ng. 000N
2400.n000
2500.0000
26np.000N0
270p.0000
28p0,0000
29n0. 0000
3goo.nGon
31n0.0300
3200.0000
33ng,.0000
f400,0000
3500,0000
36n0.,N00N
37n0.0000
38ng,0000
39pp,a000
4000.0000
4|ng.nopn
420n,000n0
4300,0000
44g9p,n000
45p0.0000
46nq,000n
47pp.000N
48np,0000
49n0,0000
S0n0.7000
S100.0000
52n0,0000
5300,0000
S4n0,0000
5500.0000
5600,0000
5700.0000
5800.0000
59n0,7000
4000.0000

ce

21.A08)
21.,RBa2
21.96p3
22,0364
22.112%
22,18R¢
22,2647
22,3408
22,4149
22.493¢
22,569
22.6482
22.7213
22,7974
22,8735
22,9496
23,0257
23.1018
23,1779
23.254)
23,33p 4
23.4042
23,4873
23,5584
23.4345
23,7106
23,7847
23,R628
23,9389
24,2157
24,0911
24.0%2
24,0% 1
24,091
24,0912
24,0%9
24,3% 2
24,091¢
24,9911
24.9%19
24,0911
24.0%1¢
24,0%10
24,0%1g
24,9912
24,3%19
24,0911
24,0915
24,0%¢
24,291

HeHMIN

16.,517n
18,7054
20.9015
23.105¢
25.3163
27.535>
29,7617
31,9957
14,2374
36.4R67
38,7434
41.0082
43,2803
45.569p
47.8474
50,1424
52,4449
54,755}
57.0729
59,3983
LYW ATR
64,0799
66,4201
68,7760
71.1394
73.5105
75,8897
78,2755
Ap.8693
83.07pR
A5,479¢
R7,8R9n
°p.2982
92.7¢73
95,1164
97.525%
09,9344
1n2.,3437
104,752R
in7.1619
1p9.571p
Fi1.98g1
174.3892
116,798%
119.2074
121.616%
124.0256
126,4347
128,843R
131.2529
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49,3000
51.2042
52,9619
54,5959
56,1206
57.5526
5R,90324
60,1794
61,3914
62.5451
63,6463
44,6998
65.7098
64,6800
67,6137
6R,5)38
69,3828
79,2230
71,0363
71.0247
72,5897
73,3328
74,0554
74,7587
75,4438
761117
76,7635
77.3998
7R, 0217
78,4297
79,2245
79,805
80.3719
8n.9258
B1,4672
81,9947
82.548
83,0229
83,587
84,0054
84,4825
84,9563
85,4992
85,8595
86,3015
86,7356
87,162¢
87,5810
87,9928
88,3977

DELH

=291.00y0
©290.9916
=291.0050
~29i.01,4
=295.7237
~295.73.3
©295,74,8
2295,7512
=295.77a1
=295.78v8
~295.8053
»295,82,48
«295,84,7
=295.85vp
©295.87n6
*295.8947
=295.91n)
=295.9394
“295,9546
«“295.9737
«295.99,2
*296.0046
~296.p02e3
=296.04 0
~296.0526
=296.008 35
*296,(07,8
=296.07v0
~296.08¢2
»296,0857
v296.0840
*403.0724
403,193
~403,3347
~403.47 /¢
~403.6245
~403.78/4
~403.95,8
~404.(242
~404.3046
w404, 48/
*404,67a9
~404.8603
~405.06457
~4p5.26¢ 1
*435,469Q
*405.6649
©405.8753
“406.08,2
406,286

3

DELF

*220.7;.06
-214,3:98
=207.919$
~201.5287
-194,R226
-188,-949
~181,3660
=-174,6378
~167.9296
“161.1821
~154,4487
147,717
-1 40,9869
*134,25.2
-127.52.5
~ 1207836
1 |4,7464
v 107.3120
"iQC.57389
93,8345
-87,.9%2
~80,3599
~73.62.5
~66,88.6
~60.1430
~53,3991
-46,4575
~39.9147
~33.1799
-26,4383
1946951
139776
*1,6349
7.7:40
17..425
26,3947
35,7458
45, .968
54,4485
63,8077
73,1790
82.5427
91,92,
101,2889
t1psh716
1200495
129.4355
136.8287
148,288
157.62.0

LNKP

140.9748
A9.8800
BG.4922
72.4454
65,3657
59,1542
53.6919
48.8279
44,4758
40.5586
37.0141
38.79,7
30.8498
28,158
25.6710
23.3796
2i1.2579
19,2582
17.4538
15.744
14,395
12.6384
14.2276
9.8597
8.8648)
7.4%5)
5.5463
5.2863
4,.2%y7
3.3264
2.4176
1.3154
912
-.8808
“1.9060
-2.8978
-$.8276
-4,7283
“3.5923
~6.4225
~7.2214
-7.9%87
-8.7285
~9.4400
“10.]269
~10.7988
~1|.4283
*12.0463
*12.643]
=13.2209
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NOMENCILATURE

A, B, C, D = constants in specific heat equation (1)

a, b, ¢, d = stoichiometric coefficients

Ai = generalized name for compound

Cp = gpecific heat at constant pressure (cal/mole-oK)

C = gpecific heat at the highest temperature for which
p (med)

equation (1) holds (cal/mole-QK)k

AF? = Gibbs free energy of formation of the compound at standard

state (cal/mole)

AH, = enthalpy of formation of compound at standard state (cal/mole)

H O

AS. = entropy of formation of compound at standard state ( e.u.)

H O

AT = temperature increment (°x)

E = constant in specific heat equation (2)(cal/mole-OK)
H = enthalpy (cal/mole)

Kp = equilibrium constant of formation (dimensionless)
R = universal gas constant (1.987 cal/mole-oK)

S = entropy (e.u.)

T = temperature (°K)

highest temperature for which specific heat equation (1) holds (%K)

med

Tmin = lowest temperature for which calculations are to be made (OK)
Tmax = highest temperature for which calculations are to be made (OK)
v, = generalized stoichiometric coefficient (dimensionless)
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