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( $ N E P ~ ~ :  A FORTRAN-63 PROGRAM FOR COMPUTING TABLES OF THERMODYNAMIC 
DATA FOR COMPOUNDS I N  O m  PHASE 

M. H. Fontana 

Abstract 

A simplified Fortran program w a s  wr i t ten  t o  compute thermodynamic 

propert ies  using spec i f ic  heat equations, and the  entropy and the  heat 

of formation a t  some known temperature. 

tables of the  following properties:  spec i f ic  heat, enthalpy, entropy, 

heat of formation, free energy of formation, and the  equilibrium 

constant of formation. Cards may be punched d i r e c t l y  f o r  use by 

computer programs requiring data input i n  t h i s  format. 

The program computes and p r i n t s  
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INTRODUCTION 

In the  course of performing multicomponent equilibrium calculations 

on f i s s i o n  product f u e l  mixtures it became apparent t h a t  much of t he  

required thermodynamic data on the  compounds of i n t e r e s t  were not 

available.  

Other programs were wri t ten t o  compute data f o r  monatomic gaseous 

elements (M$NAT)' and f o r  compounds and elements i n  any s t a t e  (TCDATA) 2 , 

but it soon proved advantageous t o  have a simple program t h a t  w a s  easy 

t o  use f o r  cases where data were desired i n  a temperature range where no 

phase changes occur. Also, f o r  many uses, t ab l e s  of data f o r  one phase 

a r e  required i n  which the  data a r e  extrapolated pas t  t h e  normal range of 

s t a b i l i t y  of t h a t  phase. Program $NEPHASE w a s  designed t o  f i l l  t h i s  need. 

The program can p r i n t  t ab l e s  i n  the  JANAF3 format, i . e .  , t he  spec i f i c  

heat, enthalpy, entropy, heat of formation, f r e e  energy of formation, and 

t h e  na tura l  logarithm of the  equilibrium constant of formation a r e  

presented f o r  any desired temperature. The program can a l s o  punch cards 

f o r  d i r e c t  use by computer programs requiring d a t a  input i n  t h i s  format. 

DESCRIPTION OF COMPUTATIONS PERFORMED BY THE PROGRAM 

The program computes thermodynamic functions given an equation f o r  

t he  specif ic  heat; t he  enthalpy f o r  the reactants,  referenced t o  298'K; 

the  heat of formation a t  some known temperature; t he  entropy a t  one 

temperature; the enthalpy of t he  compound a t  one temperature, referenced 

t o  298'~; a temperature which i s  t h e  upper l i m i t  of appl icabi l i ty  of the 

specif ic  heat equation used; t he  temperature a t  which the  propert ies  a r e  
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required; and the  maximum and minimum temperature t o  be considered. 

1 

Specific Heat 

The spec i f i c  heat i s  computed by an equation of t h e  form: 

C = A + B T + C  +D$ 
P 2 

within t h e  range of app l i cab i l i t y  of 
r- 7 

(1) 

t he  equation; and by 

(2 1 

i s  t h e  spec i f ic  heat a t  the  
P b e d )  

where A, B, C, D, and E are constants, C 

highest  temperature f o r  which Eq. (1) holds, Tmed is  the  highest 

temperature f o r  which Eq. (1) holds, and Tmax i s  t h e  maximum temperature 

desired, a t  temperatures above the  range of Eq. (1). 

Equation (1) can be made t o  conform t o  either of two widely used 

equations by s e t t i n g  the constants, C o r  D, equal t o  zero. 

The ra t iona le  f o r  using Eqs. (1) and (2) i n  conjunction w i t h  each 

other is tha t ,  f o r  purposes of estimation when experimental data  is  

unavailable, the  spec i f ic  heat of a compound j u s t  before the  f i rs t  phase 

change can be estimated t o  be approximately 7.25 cal/('K g-atom) for a l l  

elements; it may be about 6.2 cal/('K g-atom) f o r  inorganic compounds and 

7.25 cal/ (OK-atom) f o r  intermetal l ic  phases (see Kubaschewski and 

Evans , p. 183). 

i n  t h e  molecule t o  give t h e  molar heat capacity of the substance.) 

4 (These values are multiplied by the  number of atoms 

Estimation procedures are necessary f o r  almost a l l  of t h e  compounds 

which w e  dealt with here, so it seemed reasonable t o  estimate the  

spec i f ic  heat re la t ionship  as a l i n e a r  function of temperature from the  

highest known valce t o  the  first known o r  estimated phase t ranszt ion.  
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Enthalpy 

The enthalpy is usually required based on a zero value at 298'~. 

Thus, if a value is given of €$ - H298 at a minimum temperature of 

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

temperatures higher than this. Thus, 

where 

+ T +AT) = C p AT. (4) 

Thus, over a large temperature difference 

ATi 

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 

1 T +AT 
T % +AT) - '(T) = p ST+"' T 

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

incrementally 3y Eq. (6). 
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Ehthalpy of Formation 

The enthalpy of formation of a compound, AH;, is  computed a t  

temperatures other than the  known temperature by use of Kirchoff’s Law: 

d =AH? + V i @  - yr min)i 
f T  f~ min 

where the  stoichiometric equation i s  

c v i  Ai = 0. 

(7) 

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 

(writ ten so  tha t  one molecule of M is  formed) is: 

M - aA - bB - CC = 0, (9) 

In th i s  case, the enthalpy of formation i s  

f o r  the  constituent elements ?C - Yr min Since, for  computer purposes, 

must be read in, it is convenient t o  use the same deck of input cards 

when computing properties of compounds which contain the  same elements, 

but i n  d i f fe ren t  proportions, and possibly w i t h  d i f fe ren t  values of Tmin. 

For t h i s  reason Eq. (10) w a s  modified so  t h a t  values of % - H 

the constituent elements could be used regardless of t he  value of Tmin. 

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

fo r  
298 



-6- 

- H  
+ (% min 2 9 8 ) ~  

Generalizing, 

Free Energy of Formation 

0 The f r e e  energy of formation, AFf, is  computed from i t s  def in i t ion  

0 0 
f LWf = A H  - 

where fSf is  the f 
enthalpy of formation and AS: i s  the  entropy of formation. 

Eauilibrium Constant of Formation 

The equilibrium constant of formation of t he  compound i n  the  s t a t e  

of i n t e re s t  as  formed from i t s  consti tuent elements i n  t h e i r  standard 

s t a t e s  i s  computed from: 

9 L n K  = - -  P RT 

DESCRIPTION OF THE PROGRAM AND ITS USE 

A s  explained i n  previous sections, program @l!EPHASE computes the 

thermodynamic properties f o r  a compound a s  formed from i t s  elements i n  

t h e i r  standard s t a t e ,  given some base point data and a spec i f ic  heat 

equation. 

A s  presently writ ten,  the program p r in t s  tab les  of data f o r  

temperatures desired, and punches cards w i t h  an iden t i f i ca t ion  number, 

temperature, spec i f ic  heat i n  calories/mole- K, H - H 0 i n  
298 
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kilocalories/gram-mole, entropy i n  cal/mole-OK, and natural logarithms 

of t h e  equilibrium constant of formation. 

compatible with t h e  JAN& t ab les .  

This w a s  chosen t o  be 

Caution: Although some output values are i n  ki localor ies ,  a l l  input 

values must be i n  ca lo r i e  un i t s .  

h p u t  Required 

The first card contains t h e  values of CA, CB, CC, CD, and CE i n  a 

(5E15.7) format. 

The second card contains t h e  values of A, B, C, HM8R, and N I  i n  t he  

format (4F10.0, 15). 

(wherever desired) i n  t h e  first four numbers. 

Notice t h a t  t he  decimal point must be included 

The t h i r d  card contains t h e  values of HMIN, SMIN, DHMIN, TMED, CMED, 

TMAX, and TMIN i n  a (7FlO.O) format. 

be i n  ca lor ies  per gram-mole (not k i loca lor ies ) .  

The u n i t s  of HMIN and DHMIN must 

The four th  and succeeding cards contain T, HA, HB, HC, DUM, SA, SB, 

SC, and DUM i n  t h e  (9~8.0) format. The var iable  DUM is  used so  t h a t  t he  

same input cards t h a t  are used i n  program TCDATA * which can handle four 

const i tuent  elements, can be used w i t h  @NEPHASE which handles three  

consti tuent elements. 

One card i s  needed f o r  each temperature. This i s  not as bad a s  it 

sounds i n  that one deck of input cards once made ( to  be used as the  

four th  and succeeding cards) can be used as input f o r  any compound made 

up of t he  elements carr ied on t h e  cards. This i s  done by properly 

manipulating t h e  values of a, b, and c i n  t h e  stoichiometric equation, 

Eq* (9). 
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DICTIONARY OF COMPUTER TmS* 

CA = constant, A, in the specific heat equation (1) (cal/mole-OK) 

CB = constant, B, in Eq. (1) (cal/mole-OK2) 

CC = constant, B, in Eq. (1) (caP-OK/moles) 

CD = constant, D, in Eq. (10) (cal/mole-OK3) 

CE = 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 2980~ 

to the minimum temperature of interest; the last term in Ekq. (12) 

(cal/mole) 

N I  = identification number of first card in a deck if the program is 

to punch cards which are to be numbered (dimensionless) 

HMIN = H - H 

SMIN = entropy of the compound at the minimum temperature (cal/mole-OK) 

DHMIN = enthalpy of formation of the compound at the minimum temperature 

of the compound at the minimum temperature (cal/moLe) 
298 

(cal/mde - OK) 
!i!MED = Tmed in Eq. (2), the highest temperature for which the specific 

heat Eq. (1) holds (OK) 

in Eq. ( 2 ) ,  the value of the specific heat at the highest 
p med c m = c  

temperature for which Eq. (1) holds (cal/mole-OK) 

TMIUC = T in Eq. (2), the maximum temperature for which data is to max 
be computed (OK) 

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

*In order of appearance. 
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0 T = temperature ( K) 

HA = H - H 
HB = H - H 

IC = H - H 

DUM = dummy variable  

SA = entropy of element A (cal/mole-OK) 

SB = entropy of element B (cal/mole-OK) 

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

CP = spec i f ic  heat (cal/mole-'K) 

DT = At ,  temperature increment of tabulated values (OK) 

TST$R = a storage location f o r  t he  previous value of T. 

fo r  element A (cal/mole) 

f o r  element B (cal/mole) 

f o r  element c (cal/mole) 

298 

298 

298 

HMMS = a storage locat ion for  the value of the entropy at  the previous 

value of T 

SST = a storage locat ion f o r  the value of the entropy a t  the  previous 

value of T 

a t  t he  temperature of i n t e re s t  (cal/mole) HT min 

S = entropy (cal/mole-OK) 

DH = Ah, enthalpy increment (cal/mole) 

D S  = entropy increment (cal/mole-OK) 

BM!I'M = H - I$, min Y 

DELH = enthalpy of formation a t  desired temperature (cal/moLe) 

DELS = entropy of formation a t  desired temperature (cal/mole-OK) 

DEW = Gibbs f r e e  energy of formation a t  desired temperature (cal/mole-OK) 

ALNKF = In K 

HMM=H- 

enthalpy of the compound above T (cal/mole) min 

na tura l  logarithm of the equilibrium constant of formation 
P' 

(dimensionless ) 
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DELHKC = enthalpy of formation i n  k i loca lor ies  (kcal/mole) 

HMMKC = enthalpy (€1 

DELFKC = Gibbs f r e e  energy of formation i n  ki localor ies  (kcal/mole) 

) i n  k i loca lor ies  (kcal/mole) - % min 
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LISTING OF COMrmTER PROGRAM @IEPHASE 
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3 Table 1 shows a sample output, i n  t h i s  case, the compound UO 

i n  the condensed s ta te ,  extrapolated beyond the limits of s t ab i l i t y .  
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Table 1 . Sample Output from Program @"HASE - UO, 
(Condensed State, Extrapolated) 

H - H Y I N  

16.5 I 7 F  
18 ,7054  
70.9015 
7 3 . l O S l  
25.3 I63 
37.5357 
79.7617 
3 I .9957 
14 .2374 
36.4R67 
713.7136 
41.0087 
43 .2803 
45 .560@ 
47.8474 
50. I 4 2 4  
52 .4449 
5 4 , 7 5 5  I 
57 .0729 
59 .3983 
h l . 7 3 1 3  
04. C719 
06.4201 
0 8 . 7 7 6 1  
71.1394 
73 .5105 

78 .2755 
75 .8899 

nJ.C70R 
135.4799 
a 7 . 8 ~ 9 1  

L I Q ,  6693 

00 .2987 
92.7C7.3 
95 .  I164 
97.5255 
99.934h 

IF2 .3437 
I n4.752n 
l p 7 . l r l Q  
I p9.5710 
I i I I 
I 1 4 . 3 ~ 9 7  
I 16 .7987 
119.2074 
171.6165 
174.0256 
126.4347 
I 78.n43n 
131.2529 

S 

49.3000 
5 I .2042 
57.96 I 9  
54 .5950 
56 .1206 
57 .5576 
51.9024 
6 @ .  1794 
61.3914 
6 2 . 5 4 5  I 
63 .0463 
64 .6998 
65 .7098 
66.6AFO 
67.6117 
6R.5 I38 
69.3828 
71.1230 
71 .8363 
7 1  .n247 
7 2 . 5 ~ 9 7  

74.0554 
7 4 . 7 5 ~ 7  
75 .4438 
76 .  I I I 7  
76 .7635 
77 .3998 
7 1 . 0 2  I 7  
7n.0297 
70 .2245 
7 0 . ~ 0 5 1  
8g .S719 
en .9258 
R I  .4672 
8 1 . 9 9 6 7  
82 .5148 
8 3 . @ 2 2 0  

84.0054 
84.4825 
84.95183 
85 .4092 

86.30 I 5  
80.7356 
87 .  I 6 2 0  
87.5810 
87 .0928 

7 1 . 3 3 2 8  

8 3 . 5 1 ~ 7  

8 5 . ~ 5 9 5  

81 .3977 

DELW 

/ 

DELF 

-22c. 7:-6 
- Z I ~ , S ; Y B  
-207.91v5 
- 2 ~ 1 . 5 2 n 7  - I 94.8226 
- l 8 8 . : 9 4 9  - I8 I ,366C - 174.6371 
* 167.9196 
-161.18~1 
-154.4417 - 147.7171 - 140.9869 
- 1 3 4 . 2 5 - 2  
-127.52 .5  - I 2 ~ .  7856 
0 1  14.:464 - 107.3 I10 
-1oc.'I75Y 

- 9 3 . ~ 3 4 5  
- 8 7 . ~ 9 5 2  
' 8 P . 3 5 9 9  
-73 .02 .5  
-66,8R,6 
-60. 1430 
-53 .399 I 
-46 .6575 
-39 .91  47 
- 3 3 .  I 799 
- 2 6 . 4 3 1 3  
- 1  9.6951 
- 1 ~ ~ 9 7 7 6  

- 1  *A340 
7 . 7 -  I O  

17. I 425 
20 ,3947 
35 .7458 
45. 968 
54.4485 

7 5 .  1790 
87 .5417 
91 .QZLJ 

I 0 I .2889 
11U.0716 
12u. 495 
129.4355 
138.82H7 
148.21 h b  
1 5 7 . 6 2 ~ 0  

63 .0077 

LIUKP 

l " Q . 9 7 4 8  
89.8900 
WG.4927 
72 .4454 
04 .3557 
5 9 . 1 5 4 2  
53 .6919 
48 .8279 
44 .4758 
40 .5586 
J I . 0 1 4 1  
35.7917 
30.U498 
2 b . l j l R  
25.6710 
75 .3796 
21.2519 
I 9 .2982 
17.4558 
15.74 14 
14.1395 
12.6384 
I I .2276 
9 .8997 

7 .4551 
6 . 3 4 6 3  
5 . 2 9 6 3  
4 .2917 
5 .3264 
2 .4176 
1.5154 

* I 9 1 7  -. 8 R O H  
- I  .9u6U 
-2.09 78 
-3.8276 
-4.7283 
-5.5923 
-b .4225 
- 7 . 2 2  I 4  
- 1 . 9 9 8 1  
- 8 . 7 2 8 5  
- 9 . 4 4 0 0  

- 1 0 .  I269 
- 1 0 . 7 9 8 H  - I I. 428s 

0 . 6 4 8 1  

- 1 2 . ~ 4 6 3  

- 13.2709 
-12.6431 
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NOMENCLATURE 

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

a, b, e, d = stoichiometric coefficients 

A. = generalized name for compound 

C 

C 

1 
0 

= specific heat at constant pressure (cal/mole- K) 
P 

= specific heat at the highest temperature for which 
P (me4 

equation (1) holds (cal/rnole-OK) 

0 AF = Gibbs free energy of formation of the compound at standard f 

state (cal/mole) 

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

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

AT = temperature increment (OK) 

E = constant in specific heat equation (2) (cal/rnole-OK) 

H = enthalpy (cal/moie) 

K 

R = universal gas constant (1.987 cal/mole-OK) 

s = entropy (e.u.) 

T = temperature (OK) 

f 

f 
0 

= equilibrium constant of formation (dimensionless) P 

= highest temperature for which specific heat equation (1) holds (OK) 

= lowest temperature for which calculations are to be made (OK) 

= highest temperature for which calculations are to be made (OK) 

Tmed 

Tmin 

T max 
v i = generalized stoichiometric coefficient (dimensionless) 
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