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A/

ABSTRACT

Thermodynamic properties of carbon, hydrogen, nitrogen and oxygen
compounds as well as selected inerts (Neon, Argon and Helium) are fitted
to general polynomial forms ovef the following temperature ranges: 300
to 1000°K, 1000 to 6000°K, and 6000 to 150000K. A reference state of 298.169K

and 1.0 atmosphere was chosen with H,, N,, 0,, Ne, Ar, He, C (solid) and e~

2 2 72
as reference elements. Seven coefficients arevtabulated.for each of the 99

species considered and for each temperature range of interest.
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NOMENCLATURE

Cp heat capacity per mole at constant pressure

FT° standard free energy of a pure substance at temperature T

HTo standard enthalpy of a pure substance at temperature T

H0° standard enthalpy of a pure substance at a temperature of 0°K
R universal gas constant, 1.987 cal/mole’K

ST° standard entropy of a pure 3ubstgnce at temperature T

T absolute temperature

Yi mole fracéion of species i

-]
(AHf ) standard heat of formation at temperature T

Subscipts:
i refers to species
T absolute temperature (°K)

P counstant pressure

Superscripts:

denotes the standard state (pure substance at 1 atmosphere
pressure)

(]
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I. INTRODUCTION

In recent years it has become increasingly important to accurately
determine the equilibrium compositions of multicomponent systems at
very high temperatures. In the flow-field adjacent to ablative thermal
protection systems, temperatures as high as 30,000°K are not uncommon.

The most widely used method for calculating equilibrium compositions for
such problems is that of free enmergy minimization.

In order to make use of this method, the free energy of each of the
componeﬁts is required as a function of temperature. It is convenient,
for the computer implementation of free energy minimization techniques,
to have this information as polynomial curve-fits. For temperatures below
6000°K, Mcbride et.al. (Ref. 9) contains such information for many species
of interest. These thermodynamic properties are based on a reference state
at 298.16°K. There are also numerous reports (Refs. 8 and 12) on high
temperature flow field studies in which.the free energy of the species of
interest for the particular study have been fitted to polynomials, frequently
at a reference state of 0°K.

Two alternatives are available for the procurement of data necessary

.equilibrium calculations: (1) the investigator is required to search

through various reports for the necessary polynomial constants, then trans-
form these values to a consistent reference state or (2) compute the
polynomial fits the free energy functions as found in a number of reports,
(Refs, 2-6, 11 and 13). Both procedurés involve an additional evaluation of
the heats of formation for the speciés of interest.

It is the purpose of this report to consolidate into one source, a
standard set of polynomial curve-fits of thermodynamic data for species of
particular interest in high temperature'studies of ablative thermal

1



protection systems. In the section to follow, there will be a review of
the relationships between the thermodynamic properties and a discussion
of the techniques used to obtain the polynomial constants as reported

in Appendix A.

II. MATHEMATICAL DEVELOPMENT

In this section we will first derive from fundamental relations a
convenient polynomial form for the expression of standard free energy and
demonstrate several important relatioms which permit the evaluation of
other tgermodynamic properties from the same set of constants. The
remainder of the section will contain a discussion of the procedure
used in this work to evaluate the polynomial constants.

Evaluation of Polynomial Forms

Thermodynamic data is widely available (Refs. 2-6, 11, 13) for many
subé;ances relative to their values at absolute zero. Generally this
data appears in the form of the thermodynamic . functiomns, (HT° - Hoo)/RT
and (FTo - Hoo)/RT where the superscript (°) denotes the quantity at
standard state (the pure component at 1 atmosphere pressure). The
properties H'1'° and FTf éomputed from these functions will hereafter be
‘referred to as "standard'" properties. In the discussion to follow we
will first derive the required polynomial form for curve-fits of this
data and then demonstrate the relationship ﬁecessary for obtaining the
thermodynamic properties relative to the desired reference state of the
elements at 298.16;K and one atmosphere.

Using the following thermodynamic relations at constant pressure:

dH® = (C_°dT 1
> (1)
C.°dT )

ds° = 2 (2)

T



Standard heat capacity data can be conveniently fitted to the following

polynomial form:

o _ 2 3 4
Cp = a + a2T + a3T + a4T + asT (3)

Substituting this relation into Equation (1) and integrating gives:

ST = allnT + a2T + 5 + 3 + 7 + ay 4)

.

where a, is an integration constant. The use of the indefinite integral
here is necessary since the polynomial formulation yields an indeterminant
expression at absolute zero; however, this does not present any difficulties
at temperatures other than absolute zero.

The derivative of the standard free energy of a substance can be

defined in terms of standard enthalpy and entropy as
(-3 o o © ©° )
dF = dH - d(Ts') = dH - TdS - S dT (5)

From Equations (1) and (2) it is noted that

(-]

di° = Tdas’ (6)

therefore

[ o

dfF = -8¢ de )

Integrating this expression in temperature from absolute zero with STO

defined by Equation (4) yields the following

° ° 82T2 a3T3 a4T4 a5T5
FT -Fo = [al(lnT-l)T+ 2 + =% +12 +20 +a7T:

L..d

(8



In general, standard free energy data is tabulated in non-dimensional

form. Performing this nondimensionalization by dividing by RT and noting

(-]

that F0 = H0 gives

o ]
F - H ;
T 0 _ Ay Az 2 A4 5 As 4
RT A1(1 1nT) - 2 T - 3 T - 12T - 20T - A7
. 9
where A f aI/R, A, = az/R, cees A5 = aS/R and A7 = a7/R.

From Equations (1) and (3) the comparable polynomial expression for stan-

dard enthalpy can be derived.

H, - H A A A A
T 0 2 13 2 4 3 5.4
= —A1+2T+3T‘+41 + 2 (10)

We have thus derived polynomial expressions for the thermodynamic
functions of standard entropy, enthalpy and free energy relative to 0°K.
In order to determine relative values of enthalpy and free energy from
tﬁese functions it is necessary to specify a reference state. It is con-
venient to select the elements at 298°K and one atmosphere pressure for
the reference state, since this condition is most widely used. The choice
of reference state is related to the determination of the thermodynamic
°

0 ° For an element, H,°

0

is equivalent to the change in enthalpy from the reference temperature to

. property through the enthalpy at absolute iero, H

absolute zero. For a compound, the heat of formation from elements must be
included. Since the latter quantity is identically zero for elements we

(]
can write a general expression for HO .

° ] o
H0 = (AHf)Tref = (HT - HO )Tref (11)

where (HT° - H.' is available from the tabular data to be fitted.

0 )Tref

In non-dimensional form, this equation becomes



(12)

1] (-] [
H0 (AHf)Tref ~ (HT -‘HO )Tref
RT RT ‘

Having defined a reference state it is a simple matter to determine the thermo—

dynamic properties from the thermodynamic functions as follows:

F A A A A A
T = ; - tlay - 2o L322 4.3 5.4 .6
L A(-1an) - 57 - 21" - 3T - 53T +2 - A
(13)
H. A A A A A
T o_ .t Ao A3 A5 4 B .
- AT 43T 42T 42T 4o (14)
vhere A, = H /R = | (M.)q _ ~ (H. ~H ) _|/R (15)
6 0 LY Tref T 0 "Tref_| _

A summary of the polynomial expressions discussed in this section is
given in Table 1. For the remainder of this section we will discuss the
method used to obtain the appropriate coefficients for these polynomials.

Determination of Polynomial Coefficients

There are several procedures for obtaining the polynomial constants
as required for the equations given in Tdble 1. McBride et.al.(Ref. 9),
used a least squares technique which was simultaneously applied to all four
of the thermodynamic functions. For the pu?pose of this report, the
emphasis was placed upon the free energy fit rather than the properties
in general. 1In the following paragraphs the procedure for determining these
constants is explained. |

From tabulated enthalpy functions as given in several reports, for
example Refs. 2-9, the following polynomial was curve fit using a simple

least squares analysis,



TABLE 1

A Summary of Related Polynomial Equations for Standard

Thermodynamic Properties

Specific Heat

CO
P oA FATHAT +AT + AT

R 1 2 3 4 5
Enthalpy
[~ .
HT = A, + éz& + f3-’[‘2 + ﬁéT3 + is—Tl‘ + ié
RT 1 2 3 4 5 T
Entropy
s_° A A, . A
I = RS Y - |
R .AllnT+A2T+ 2'1‘ + 3T + A +A7
Free Energy
F.° A A A A A
T . - 2y . 342 A3 548, 6
RT - Al(l 1nT) 2T 6T 12T 20T + T A7

()

(B)

()

(D)



= 2 3 4
RT B1 + BZT f B3T + B4T + BST (16)

From Equation (10) the constants A, through A_ were determined as shown

1 5

below:

A, = B
A, = 2B,
A, = 3B,
A, = 4B,
A, = 5B

The constant, A6’ was computed separately from Equation (15), the
appropriate values of the heat of formation 298.16 and the relative enthalpy
at the reference temperature. In Appendix B the method used for calculating
the heéts.of formation at the reference temperature is presented. Also
contained in this appendix is a tabulation of the heats of formation at
298.16°K and at 09K for each compound considered in this report.

The value of A7 was defermined as the constant difference between the
tabulated free energy data and the remaining terms of the free energy

-

polynomial as computed from the previously determined constants.

A, A ATt AT ffe-nc
i I 24 5 _('T o)

Ay = A (Q-InT) - 5 - == - 5 T 55 RT

@17)

.. In this report constants were evaluated at  two temperature ranges
for all species of interest and are listed in Appendix A. The ranges considered
considered were 1000-7000°K and 5000-18000°K. The overlapping and extension
of temperature ranges was necessary to overcome accuracy limitations at the
extremes of the fit. For completeness, polynomial coefficients as determined

by other investigators have been included for several additional species for

the ranges of 300-1000°K and 1000-6000°K.



III. DISCUSSION OF RESULTS

The above procedure for determining the polynomial coefficients was
implemented using a Fortran IV Computer pfogram, a listing of which is given
in Appendix C. The polynomial constants as determined by this program are
given in Appendix A. As previously noted, constants from various other
sources ;re given for additional species of interest. In Appendix D
tabulations of free energy, eﬁthalpy, heat capacity and entropy as predicted
by the polynomial curvefits of this report are given for each of the _ ,
species considered.

The constants which were evaluated by thé method of this report give
predictions of freé energy and enthalpy which are accurate to a minimum
of four significant figures. For most species reported, predictions are
accurate to five significant figures. A random sampling of accuracy with
respect to predictions of entropy and heat capacity revealed a maximum
deviation of 1.58% with a mean error of 2.12%.

To further test the applicability of these results, the thermodynamic
constants as determined ih thié study were used in several free energy
minimization calculations to determine the equilibrium compositions of air
and of phenolic resin-nylon composites. A.comparison of these ;esults
for air at 0.68 atm. is given in Fig. 1. The thermodynamic data required
for ablation products was used to compute equilibrium coﬁpositions for
phenolic nylon with an.elemental distribution, in mass percent, of 73.03%C,
7.29% H, 4.96% N, and 14.727% 0. These results which are given in Figs.

2, 3, and 4 are in agreement with those of Stroud and Brinkley, Ref. 12,
In another comparison, the equilibrium compositions of air at 1 atmosphere

were then used in conjunction with predicted values of heat capacity and
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enthalpy to compute the mixture heat capacity of air byvthe following

equation,

. aYi
cp° = zyicpi + T H° —a—T—-) (18)
The results were then compared with those of other investigators as shown
in Figure 5. The comparison is again quite favorable.

V. sumRy

The objéctive of this report was to construct a standard gat of
polynomial curve-fits of thermodynamic data for species of interest in
hrigh temperature studies of ablating thermal protection systems. In
line with this objective, polynomial coefficients for temperatures from
1000-6000°K and from 6000-15000°K were determined for 53 chemical species
using the method described in Section II.

Making use of coﬁpatible curve-fits from other sources, this list
was exﬁended to 99 species, many having constants reported for three
temperature ranges from 300-15000°K. Counstants for the remaining
species are reported either for the 300-1000°K and 1000-6000°K ranges
or the 1000-6000°K and 6000-15000°K ranges. It should be noted that
those species whose coefficients are not reported for a particular
temperature range, are not likely to exist.in equilibrium within the
omitted range..

Using the computer program given in Appendix C, similar curve-fits
can be obtained for any given component from tabulations of its free
energy and enthalpy functions and the heat of formation of the desired
componént. Thus as a result of this report, a standard set of poly-
nomial curve-fits is now available for all species of interest for

studies of ablating thermal protection systems,
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APPENDIX A

TABULATED CONSTANTS FOR POLYNOMIAL APPROXIMATIONS

OF THERMODYNAMIC PROPERTIES

This appendix contains in tabular form the necessary constants for

prediction of enthalpy, free energy, heat capacity and entropy, by the

following equations.

H_° A, A A A A

'r R R T

RT = Al + Z'T'F 3T + aff + ST + 3

F_° : A, A A A A

T _ - 2. 3.2 43 54 76 _
rr - Ay (F1eT) - 5T - T - T - QT o - A
c° -
P - 2 3 4

P Ay + AT AT 4T AT

S.° A A A

T A2 B3 A

R = AllnT +A2T + 2T + 3T + A +A7

The constants, A1 through A7, are given in Table A-1 where the following

notation is used:
SPECIE
CADE

B1l, B2, B3

D1, D2

M1, M2

Al-A7

pure component

the reference source of data

data source from Browne (2,3,4,5) for temperature
regions 300°K to 1000°K, 1000°K to 6000°K and
6000°K to 15000°K respectively.

data source from Duff (4A), for temperature

regions 300°K to 1000°K and 6000°K to 15000°K
respectively

data source from McBride (9), for temperature -
regions 300°K to 1000°K and 1000°K to 6000°K
respectively

constants computed in the reference shown

the constants for the thermodynamic functions
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APPENDIX B

DETERMINATION OF THE HEATS OF FORMATION OF PURE
COMPOUNDS AT 298°K

As indicated in the introduction of this report, several sources used
for the thermodynamic functions gave tabulated properties of enthalpy
and free energy relative to elements at 0°K. TIn order to transform this
reference temperature to 298.16, it is necessary to know the heat of

reaction at- the latter temperature. The method used can be best illustrated

by Figure B-1. '

Reactants (AHf) 298.16°K Products
at 298.16°K . at 298.16°K
(unknown)
298.16 : 0
AH. = T AH M, = T AH
1 T lo. - 2 P {298.16

v : v

Reactants ' (AHf)0°K Products
at 0°K B at 0°K
(known)

Figure B-1. Determination of Heat of Formation at 298.16°K from Heat
of Formation at 0°K

By definition, the heat of formation of a compound is the enthalpy change
incurred by its production. Since enthalpy is a point function and as
such is independent of path, we can cool the reactants from the reference
temperature of 0°K, allow the formation reaction to occur at the lower
temperature, and then heat the products back to-the new reference tempera-

ture of 298.16°K. Through this process we can establish the enthalpy of
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the reaction products relative to the reactants or the heat of reaction

at 298.16 by the following relation,
(MHe D298.16 = (MHg Do + Ay + aH, (B-1)

Some care must be exercised in selecting the reaction for the formatiom
of a particular compound. The enthalpy of the reactants must be specified
relative to the reference species. It is therefore convenient to use the
reference species as reactants in formation reaction. The reference elements

used "'in this analysis are; HZ’ N2, 0., Ne, Ar, He, carbon solid and e~. The

2’

reaction used for the formation of each compound are listed in Table B-1.

Also included in this table are the heats of formation at 0°K and 298.16°K.
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Table B-1. Reactions and Heats of Formation

Component Reaction
N 1/2 N, = N
0 1/2.0, =0
C(gas) C-C
At A LAt + e
Nt 1/2 N, = Nt + e”
ot 1/2 0, ~ ot + e-
ct Cg = CH +e”
Net Ne — Net + e~
At A - At 4 2e-
Nt 1/2 N, - N+ 2e-
ott 1/2 0, - ot + 2e-
ctt C, —ct + 2e"
Nett Ne — Nett + 2e-
At A o AT 4 3e-
N 1/2 N, - NP 4 3e”
ottt 1/2 0, - 07FF + 3e”
cHH Cg = CHH 4+ 3e”
NeTHH Ne = Nettt 4 3e-

o 1/2 0y + e~ = 0"
H 1/2 H, - H |
OH 1/2 0, + 1/2 H, - OH
H20 1/2 05 + Hy = Hy0
HOj 0, + 1/2 H, - HO,
HCO c, + 1/2 0, + 1/2 H,
H,CO ¢, +1/20, +H, 5
ncot c, + 1/2 0, + 1/2 H,
H30™ 0, + 3H, - 2H30 + 2e-
Co C, = C,
CH c, + 1/2 H, - CH
CH, Cg + H, - CH,
CH, 2C_ + 3H, - 2CH,
CH,, C, + 2H, — CH,

(AHf )298.16
(Kcal/gmole)

- H, CO
- HCOT + e~

112.951
59.544
171.301
364.828
449,709
374.867
432.357
449.071
1003, 252
907.179
1186.408
995.898
1447 .366
1947.934
2003.648
2454.520
2101.403
2918.493
24.156
52.008
9.3575
-57.8018
5.0244
-3.224
-27.8168
206.5688
140. 6009
197.0259
142.3965
94.8097
31.8032
217.8964

(AHfo)o

(Kcal/gmole)

112.
58.
169.
363.
447.
372.
429,
497.
1000.
.023
.600
991.
1444,

905
1182

1943

1998.
2449,
2095.
2914,

25.

51.
.300
.107
.700
.311
-26.
.000

205

141,
195.
141.
.000

34,
=15.

95

507
972
990
345
564
942
537
186
280

689
350

.490

760
470
690
050
193
620

900

000
000
600

400
990

Reference

WM L Lt ittt W0t NNNRNRNNN NN NN NN
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Table B-1. (cont.)

Component Reaction (£ )298.16 (AHfo)O Reference
: (Kcal/gmole) (Kcal/gmole)
C,H 2C, + 1/2 H, = C,H 117.6488 116.700 5
C,H, 2C, + H, - C,H, 53.8670 54.330 5
C,H, 4C, + 3H, = 2C,H, 64.9850 66.900 5
C,oH, 2C_ + 2H, ~ CyH, 14.4926 14.520 5
C,H, 4Cq + Hy = C,H, 111.7205 111.300 5
NO 1/2 N, + 1/2 0, = NO 21.6009 21.477 3
co c, +1/20, - CO -~26.4179 -27.202 3
0, 0, = 0,t +e- © 280.2099 277.918 3
N, N, — N,* o+ e” 364.9392 359.306 3
Not 1/2 N, + 1/2 0, = NOt + e 237.3239 235.836 3
. cot c, +1/2 0, - cot + e- 298.2493 295.977 3
0, e + 0, = 0," -19.0502 -23.000 3
CN c, +1/2 N, ~CN 109.7865 109.000 4
CoNy 2C, + N, = CoNy 74.1277 . 73.400 4
Cs 3¢, = C4 189.6115 188.000 4
c- - C,+e = 142.2300 141.000 4
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RTRAN IV G LEVEL 18 MAIN DATE = 71062 18705746
(‘,*#*************##****************#*
o PROGRAM F0OR CURVE-FIT OF THERMODYNAMIC FUNCTIONS %*
c *
o THIS PROGRAM CALCULATES THE VALUES OF THE CONSTANTS Al1-A7 FOR *
o THE POLYNOMIAL FORMS OF THE FREE ENERGY, ENTHALPY, HEAT *
c CAPACITY, AND FNTROPY RELATIONSHIPS AS USED IN MCBRIDELET AlL., *
C NASA SP-3001, PP. 14-15, *
C *
o THE FOLLOWING INPUT DATA ARE REQUIREDx
o *
o 1. IDENTIFICATION CARD-- CONSISTS OF SPECIES %
. C NAME IN COLS. 1-8, REFERENCE TEMPERATURE *
o IN COLS. 16-22, DELTA H OF FORMATION AT THE *
C REFERENCE TEMPERATURE (CAL/MOLE) IN COLS. 32-46, %
c AND THE VALUE OF THE ENTHALPY FUNCTION AT THE *
o ¢ REFERENCE TEMPERATURE (CAL/MOLE) IN COLS. 51-60. *
c ALL NUMERICAL ENTRIES ON THIS CARD ARE TO BE IN %
C F-FORMAT, %
o 2. SOURCE CARD -- COLS.1-79 ARE AVAILABLE *
o - FOR A BRIEF BIBLJOGRAPHICAL CITATION. *
c 3, FUNCTION DATA CARDS —-- THESE CADS CONTAIN *
o TEMPERATURES IN COLS. 1-6, AND THE *
c CORRFSPONDING VALUES OF THE FREE ENERGY *
o AND ENTHALPY FUNCTIONS RESPECTIVELY IN #
c COLS 7-20 AND 21-34, THE FORM OF THESE *
c FUNCTIONS AS REQUIRED FOR INPUT CAN BE VARIED. #*
o IN GEMNERAL, TABULATED DATA IS OF THE FORM OF *
i C ~(F=-H*)/T. IF THE DATA IS OF THE FORM QOF —(F=Hx%x), *
o THE NUMBER 1 CAN BE INSERTED IN COL. 80 OF : *
c THE SOURCE CARD AND THE INPUT WILL 8E TRANSFORMED %
c INTERNALLY TO THE GENERAL FORM,
o 4, TERMINATION CARD--A NEGATIVE VALUE IN COLS. 1-6 %
c WILL TERMINATE DATA INPUT. AFTER THIS PACKAGE HAS &
C HAS BEEN PROCESSED A NEW SET OF CARDS WILL BE READ. *
C *
. C *
o DONALD D. ESCH *
c LOUISIANA STATE UNIVERSITY %
C AUGUST 1970 *
C***#*****#*********.#***************
001 DOUBLF PRECISION T(100),H{100),B{(7)
502 DIMENSION SOURCE(39),SP(2),F(100),HC(100),FCILD0),A(T)
c03 DIMENSION S(100),CP{100),H4{100)
004 INTEGER RANGE '
005 R=1.98718
N06 10 I=1
a¥ol/ READ 100,SP, TRER,DELH,HREF
008 READ 101, SOURCE,NTYPE
n09 20 READ 102, T(I).FLI), H{T)
C19o IF(T(I).LT.C.0IGOTO3C
011 I=1+1
212 607020
013 30 NUMBER=]I-1
N14 TREF=298,16 .
; o
Ce=-=- SET UP ARRAYS FOUR LEAST SQUARES FIT.
(%

‘015 NDOS0I=1,NUMBER



'RTRAN IV G

016
017
cl8
019
020
021
922

023

024
D25
026
027
028

029
030

031
032
033
034

035
036
037

038
039
040
041
042
043

D44
C45
046
047
048
n49
150
51

LEVEL

50

60
70

¥EY O

1

88

HeXeeEtXeReNeNe]

18 MAIN

HIT)=H(T) /R
F{I})==F(I)/R
ITF(NTYPE.EQ.0)GOTO70
DO60T=1,NUMBER
H{T)=H(I)/T(1)
FLIy=F(1)/7(1)
CONTINUE

CALL LSFIT(T,H,NUMBER,4,8B)

A{l)=B(1)

Al2)=B(2)*2.
A(3)=B(3)%3,
Al4)=B(4)*4,
A(5)=B(5)*5,

DETERMINE THE VALUF OF A(6)

HZERD=DELH-HREF
A(6)=HZERD/R

DETERMINE THE VALUE GF A(T)
SUMA7=0,0

DO80I=1,NUMBER
TEMP=T(1)

DATE

71062

35

18705 /4!

FEST=A(1)%(1.~ALOGITEMP) }=A(2)%T(1)/2.=A{3)5(T(I)%%2)/6.-A4)%

(T(L)%%3)/12. =A(5)*={T(1)%x%4)/20.

DF=FEST-F{I)
SUMAT=SUMAT+DF
A(7)=SUMAT/NUMBER

DETERMINE TEMPERATURE RANGE---RANGE 1 INCLUDE TEMPERATURES FROM
AND RANGE 3 FROM 6022 TO

J TD 1200, RANGE 2 FROM 1C3J TO 6000,

18000 DEGREES KELVIN.,

RANGE=]
ITF(T{NUMBER}.LE.1000)G0T085
RANGE=2
TF{T(NUMBER).LE.8C00)GOTO8S
RANGE=3

CONTINUE

ouTPUT

PUNCH OUT THERMO DATA CARDS FOR CHEMEQ PROGRAM

DO88N=1,20

WRITE(T4117)(A(I),1=1,7),SP,RANGE

PRINT 113
PRINT 103,SP
IF (RANGE.LT.3)G0T047

IF (T{NUMBER).EQ.1C0C0)} GO TO 51

ITLO=600N
ITHI=15000
JANE=6
JIM=24



'TRAN IV G LEVEL

¥152
153
154
)65
156
57
)58

159
360
161
162
363
164
265
366
JeT
268
169

o070
n71

072
073

074
N7
nT6
077
078
n79
080
081
082
083
084
085
086
087
0R8
089
090

£91
092
093
094

1096
‘Ng7

51

47

49

90

95

18 MAIN

GO T0 49
ITLO=60CO0
[THI=10000
JANE=6
JIM=26

5607049

ITLO=1C00

[THI=6000

JANE=1

JiM=26

PRINT 104,ITLO,ITHI
PRINT 105,TREF
PRINT 106

PRINT 108
DO90T=JANE,yJIM
TEMP=T(T1)

36

DATE = 71062 18/05/46

FCUII=A(1)* (1. ~ALOGITEMP)Y ) ~A{2)*T(I1/2.-A(3)*{T(I)*%2)/6.
- A(S)*(T(IV%%4}/20. - A(T)

1 “A(4)R(T(I)*%3)/12.
FC{I)=-FCI(T)

HCUIYI=A{1) + A(2)*T(1)/2
I+ A(S5)*=(T(1)*%%x4)/5,

o + ALBYER(TLINNX2) /3. + AL&)X(T(1)%%3)/4,

CPUIN=ALL1) + AL2)%T{I) + A(3)H(T(I)*%2) + A(4)*(T(1)*%x3) +

& A(S)IR{T(I)*x%4)

SUIN=ATL)RALDGITEMP) + AL2)*T{I) + A(3)*(T({1)%%x2}/2,
& + AC4IX(T(I)I*«3) /3, + A(SYR(TIV¥*4)/4,. + ALT)

HYO=HC{I) + (A{(6}/T(I))
NT=T(I)

PRENT 112 ,NT4FC(I),HC(I)S(I),CP(]),HTO

PRINTY 108

PRINT 109

PRINT 110,(A{1),1=1,7)
PRINT 111,SOURCE
NN=JIM=-JANF
NCOUNT=26-NN
IF(NCOUNT.LT.1INCOUNT=]
DO95N=1,y NCOUNT

PRINT 116

PRINT 114
WRITE(6,117)(A(1)41=1,7)
PRINT 115

G0OT010

STOP

s SP 4y RANGE

- FORMAT STATEMENTS

FORMAT (25X, 'POLYNOMIAL CONSTANTS AND THERMODYNAMIC PROPERTIES OF *

FORMAT( 25X, 'OVER A TEMPERATURE RANGE OF ', I5,' TO *415+' DEGREES K

'yF6.24/7)

100 FORMAT(2A3,9X3F6e2910XsF14.5,5X,F10.2)
1C1 FORMAT(39A2,12)
102 FORMAT(F6.0,2E14.4)
103
1 +243)
104
1ELVIN.Y)
105 FORMAT(37X,'REFERENCE TEMPERATURE =
106 FORVAT

IP/RY 411X, "H/RT ")

(IQXQ'T(K)'1SX""(F"H*)/RT.,7Xy.(H‘H*)/RT.110X,'S/R'113X1'C
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RTRAN IV G LEVFL 18 MAIN DATE = 71062 18/05/4¢

098 108 FORMAT(10X,18(%===-- )4 /)

n99 109  FORMAT({ 16X PALY y 11X, VA2, 11Xy *A3" 11X, " A4 11K, *AST,
1 11Xy 'A6Y 411X, AT?)

100 110 FORMAT(1CXs7(EL13.6),/)

1671 111 FORMATI8X," SOURCE OF DATA% ',5X,39A2)

102 112 FORMAT(10X,18,5E16.6)

103 113 FORMAT{1H1,/,22 (' ====- 1970/ 4% 1,108X," *))

104 114 FORMATI 22(V—m e ")

105 115 FORMAT{1HI)

106 116 FORMAT(' ',108X,*' *) »

107 117 FORMAT(TELO.4,2Xs2A341X,11)

108 120 FORMAT(F20.2)

109 END



IRTRAN IV G

co1

no2

003
204
cos
206
007
nece

AL
01c¢
011
n12
013
014
t15
D16
217
018
019
020
221
022
023
024

D25
C26
027
228
r29
330

LEVEL

o CICIOI O OYOO OO0 OO0

aEeNeNeNeNe

OO0

13

28
29
30

21

22
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18 LSFIT DATE = 71062 18/05/4¢

SUBRBUTINE LSFIT(XsY,NUMBER,M,C)

LEAST SQUARE CURVE FITTING OF ANY ORDER POLYNOMIAL
JF ORDER FQUAL YO OR LESS THAN 10

NUMBER IS THE ACTUAL NUMBER OF X-Y DATA PAIRS.,MAXIMUM 0OF 200

M IS THE DEGREE OF THE POLYNOMIAL,,MAXIMUM OF 10

N IS THE NUMBER OF EQUATIONS{=M+1)

X9Y IS THE ARRAY FOR THE DATA PAIRS

A IS THE ARRAY FOR THE SUM, WHICH BFCOME THE COEFFICIENTS OF THE
UNKNOWN IN THE SIMULTANEOUS EQUATIONS.

B IS THE ARRAY FOR THE CONSTANT TERMS IN THE SIMULTANEQUS EQUATIONS
C IS THE ARRAY FOR THE UNKNUWNSe, WHICH BECOME THE CCEFFICIENS IN
THE POLYNOMIAL,

P IS THE ARRAY FOR THE POWERS OF THE X{I),FROM 1 TO 2M.

REAL*8 X(10C)yY{100) 4A(T47)4+8{T7),C(T),P(2C)

MX2=M%2

DO 13 I=1,MX2
P(I}=0C.0

DO 13 J=1,NUMBER
POWER=1
PII)=P(I)+X{J)**POWER

DEVELOPING THE COEFFICIENTS AND THE CONSTANT TERMS OF THE NORMAL
EQUATIONS.

N=M+1

DO 30 I=1,N

DO 30 J=1.N
K=l+J4-2 :
IF{K)29,29,28
A{I,J)=P(K)

GO TO 30
All,1)=NUMBER
CONTINUE

B{1)=0.

DO 21 J=1,NUMBER
B{1)=B(1)+Y(J)
DO 22 1=2,N
B{I)=C.

DO 22 J=1,NUMBER
BIIN=BLI)+Y(J)*X{J)*%R(I-1)

PIVOTAL CONDENSATION

NM1=N-1

DO 3C0 K=1,NM1

KP1=K+1

L =K

DO 400 T=KP1,4N
ITF{DARS{A(T,K))-DABS{ALL,K)))400,40C,401
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TRAN Iv G LEVEL 18 LSFIT DATE = 71062 18/05/46
31 401 L=1
32 400 CONTINUE
33 IF{L-K)500,500,405
34 405 DO 41C J=K,N
3s TEMP=A{K,J])
36 A{KyJ)i=A(L, )
37 410 A(L,J)=TEMP
138 TEMP=B(K)
139 8(K)=R(L)
140 B(L)=TEMP
C "

« C ELIMINATION,BACK SOLUTION, AND PRINTING RESULTS
41 500 DO 300 I1=KP1l,N
142 FACTOR=A(T,K)/A(K,K)
143 A{I.XK}=0.0
yAA DO 301 J=KP1l,N
145 301 A(T:J)=A01,J)-FACTOR®A(KJ)
V46 300 B(I)=8B(1)-FACTOR%B(K)
47 CINY=BIN)/A(N,N)
148 I=NM1
14Q 710 1Pl=1+1
350 SuM=0.92
151 DO 70C J= IP1,N
152 TC0 SUM=SUM+A(TI,J)%C(J)
¥53 ClII=(3(1)-SUM)/A(I,1)
154 I=1-1
355 IF{I1)800,800,710
156 800 RETURN

157 END
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APPENDIX D

TABULATED THERMODYNAMIC PROPERTIES

In this appendix values of free energy, enthalpy, heat capacity and
entropy, as predicted by the polynomial coefficients listed in Appendix A,
are given in tabular form. Each table contains, in addition to the above
° tabﬁlations, the corresponding polynomial constants and the original source

of the data from which the constants were evaluated.
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REMAINDER OF APPENDIX D AVAILABLE ON REQUEST



