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STRETCH TDF - A CODE FOR COMPUTING THERMODYNAMIC FUNCTIONS

By William R. Gage and Charles L. Mader

ABSTRACT

This report is a description of a code for the IBM 7030
computer for computing the ideal gas thermodynamic
function for monoatomic, diatomic, and polyatomic gases
and the thermodynamic functions for solids. The output
of the calculations is designed to be the input to the
STRETCH BKW code.

STRETCH TDF is a translation and integration of the GMX-2 thermodynamic
function codes for the 70943.A For monoatomic, diatomic, and polyétomic g;ses
STRETCH TDF will calculate the free energy, the enthalpy, and the entropy as
a functioﬁ of temperature. These functions are then fit to a 4th degree

polynomial by the method of least squares. The integration constant IC in

the equation Ho—Hg ~/”T%% dT + IC is computed from the fit of entropy as a
function of temperature. As an option, the moments of inertia can be found
in tﬁé.polyatomic case. For one Debye Theta and two Debye Theta solids,

the heat capacity is computed as a function of temperature in additiom to
the above quantities. The output from STRETCH TDF is designed for input to

1,2

STRETCH BKW and is similar to that found in previous GMX-2 reports3

A detailed description of the equations may be found in the appendix.




INPUT

The following is a list of units for input parameters.

Molecular welght .eeeeecccecercensones graﬁs/mole
TEMPETALULE «cacsovsevossssssoscoscsss K

Moments qf inertia sccececccssccocanss gm-cm2 X 1039
Fundamental frequency ...eeesseessss.. l/cm
Vibrational frequency ..ecsseeesssses. l/cm
Anharmonic coefficient .eeeecececesans 1/cm
Rotational coefficient seceseeecssces. l/cm
Rotational-Vibrational coefficient ... 1/cm

Term value of electronic staté ceseess. l/cm

Coordinates for mement of inertia .... K

Debye Ttleta ee s co s 00 st eee N s ROCEOR RO °K



INPUT FORMAT FOR STRETCH TDF

1st card - Identification (col 2-80) (Format B+ +)

" 2nd card - Col 2-5 type of molecule as follows: (Format V1%4)

0001 monoatomic -gas
0002 diatomic gas

0003 polyatomic gas
0004 1 theta solid
0005 2 theta solid



INPUT FOR MONOATOMIC GAS

3rd card - (Format E0.1.11.3)
col 1-18 Molecular weight (grams/mole)

4th card A (Format 3E0.1.11.3)
col 1-18 Initial temperature (°K)
col 19-36 Temperature increment (°K)
col 37-54 Final temperature (°K)
Note: Maximum number of temperatures is 1000.

5th card - (Format E0.1.11.3, V1%4)
col 1-18 Go E Statistical weight of Oth state
col 20-23 N2 - The number of electronic states
(may be 0, maximum of 30)
Note: This is the last card if N2 = 0.

6th and following cards - (Format 2E0.1.11.3) .
col 1-18 Term value of it? electronic state (1/cm)
col 19-36 Statistical weight of ith electronic state



. 3rd

4th

5th

6th

7th

INPUT FOR DIATOMIC GAS

card -
col 1-18
col 19-36
card -
col 1-18
col 19-36
col 37-54

(Format 2E0.1.11.3)
Molecular weight (grams/mole)
Symmetry number .

(Format 3E0.1.11.3)
Initial temperature (°K)
Temperature increment (°K)
Final temperature (°K)

Note:- No more than 1000 temperatures may be spec1f1ed.

card -
col 1-18
col 19-36
col 37-54
col 55-72

card -
col 1-18
col 20-23

Note: This
and following

col 1-18
col 19-36

(Format 4E0.1.11. 3)

We - Vibrational frequency (1/cm)
WeXe - Anharmonic coefficient (1/cm)
Be - Rotational coefficient (1/cm)

Ae - Rotational-Vibrational coefficient (1/cm)

(Format E0.1.11.3, V1%*4) h

Go E Statistical weight of 0 state
N2 - The number of electronic states
(may be 0, maximum of 30)

is the last card if N2 = 0.

cards - (Format 2E0.1.11.3)
Term value of 1tD electronic state (1/cm)
Statistical weight of ith ejectronic state




INPUT FOR POLYATOMIC GAS

3rd card - (Format 2E0.1.11.3)
col 1-18 Molecular weight (grams/mole)
col 19-36 Symmetry number
4th card - (Format 3E0.1.11.3)
col 1-18 Initial temperature (°K)
col 19-36 Temperature increment (°K)
col 37-54 Final temperature (°K)
Note: No more than 1000 temperatures may be specified.
. 5th card - (Format 3V1%4)
col 2-5 L, L = 0 for linear molecule, L = 1 for non-
linear molecule
col 7-10 NA, NA = 0 if moments of inertia are read in.
Otherwise, NA is number of atoms in a
molecule for the moment of inertia calculation.
col 12-15 NUM, Number of fundamental frequencies
(may be 0, maximum of 10)
For NA=0
6th card - . (Format '3£0.1.11. 3) 2
col 1-18, 19-36, 37-54 Moments of inertia (gm-cm~ x 10 )
(If the molecule is linear, only the lst moment,
col 1-18, need be entered.)
7th card - (Format E0.1.11.3) th
col 1-18 Go E Statistical welght of the 0 state
Note: This is the last card if NUM = 0.
8th and following card - (Format 2E0.1.11.3)
col 1-18 Fundamental frequency (1/cm)
col 19-36 Degeneracy of fundamental frequency
For NA # 0 (max 50)
6th and following NA-1 cards - (Format 4E0.1.11.3)
col 1-18 Atomic weight of atom
col 19-36 X-coordinate of atom (R)
col 37-54 Y-coordinate of atom (&)
col 55-72 Z-coordinate of atom (R)
Next card (Format E0.1.11.3)

col 1-18 Go E Statistical weight of the 0 state
Note: - This is the last card if NUM = O.

Following cards - (Format 2E0.1.11.3)

col 1-18 Fundamental frequency (1/cm)
col 19-36 Degeneracy of fundamental frequency



INPUT FOR ONE DEBYE THETA SOLID

3rd card -
col 1-18
4th card -
col 1-18
col 19-36
5th card -
col 1-18
col 19-36
col 37-54
Note: No

be

(Format E0.1.11.3)
Debye theta (°K)

(Format 2E0.1.11.3)
Number of atoms per unit cell
Dimension (1, 2, or 3)

(Format 3E0.1.11.3)
Initial temperature (°K)
Temperature increment (°K)
Final temperature (°K)
more than 1000 temperatures may
specified.




INPUT FOR TWO DEBYE THETA SOLID

3rd card
col
col

4th card —

col

5th card
col
col
col
Not

1-18
19-36

1-18

1-18
19-36
37-54

(Format 2E0.1.11.3)
Debye theta transverse (°K)
Debye theta longitudinal (°K)

(Format E0.1.11.3)
Number of atoms per unit cell

(Format 3E0.1.11.3)
Initial temperature (°K)
Temperature increment (°K)
Final temperature (°K)

e: No more than 1000 temperatures may
be specified.




On Film

Off Line Print -

On Line Print4-

OUTPUT

1. The ID card and input parameters.

2. The 4th degree fits to the thermodynamic
functions.

3. A listing of the values of the thermodynamic
functions plus the integration constant
for the range of temperatures specified.

4. The variance of the fit on the entropy and a
listing of values computed from the fit.

5. Graphs of the thermodynamic functions.

1, 2, and 3 above.

(Sw 34 on, 37 off) - 1, 2, and 3 above.
(Sw 34 on, 37 on) - Just the ID card.
(Sw 34 off) - Nothing.

Sw 34 and 37 must be set before reading in
the data for the case to be listed.
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Caée
Case
Case
Case
Case
Case

Case

one

two

three

four

five

six

seven

The following are seven cases illustrating
the input and film output of STRETCH TDF.

Monoatomic S SULFUT +vesicesvsccoscssccccsscnssssnse
Diatomic PO Phosphorus Oxide ................;....
Linear Polyatomic AIFO .seiscecececcscccsceccaancancses
Non-Linear Polyatomic CF4 Carbon tetrafluoridg cens
Polyatomic with Moment of Inertia LiZO sevesscssanen
One Debye Theta Solid B BOron ....ceccececcccavonce

Two Debye Theta Solid BN Boron Nitride .ocececscnces

11

Page
12

20
28
36
44
52

61




_ZT_

GMX-2 LOADING FORM FOR STRETCH

. L ’
PROGRAMMER. PROBLEM:. /DA~ DATE PAGE OF
T,V T T+[ 41 v L} Ta )
+ + X + + Gl
XXX FEEE[EX.XX LEEE [1X XX + EEE [+ X.XX FEEE [ G2l aue.
| T} 33 |3y L |55 B89 |73
1 - fl 4
1}1 t t + t
M ATaHTC S SiLFiL, CAlSE, & /
7447 ! -
L Lt GRS B SIS 57 A CAPC GME Ly A
nCiclcnll y gy . Ly P S S N T W Y W T M 1 1 ' TR I L Y y 1 Y A
L B A B 1 | R N N A D Y N B N N 1 1 T i +— L e e R t—t | L Rt o
7‘—u 3 - .‘Qn .(.én [ I +€ npnj § ADIO0 WD WY IS NN NN U SR U NS S WO | [\ I | TR T | ! [l O Y U VO VO (S U 1 [ | T .| l'gl b
L L N O A L B T Ll Tt Tt L | LI | T 1 LI | LIRS DA L LR L —1 T L S L
f‘g.( RTINS TR N S SR 1 i fGIO,.,?+,/, 27 VU VRUUNT U VG WA VRS WA N N G | folqg 7‘;61" 1 T B ] * c)‘?f P U S N B W O A | JEY } | T VA
—T1T &+ 1 1 F 11 1 LI { L I I D O A L I O L L L L T LA 1 & 1 T T LI . D L . BB — T LN IR S LA S
. d
L L {AC &0 1516_’1013. N R S S A L Ly Ly | L [0 U S A A S Y L L I I =
v 1 I Tt I LI IR L R L L L L T LA LI L T LI | LI SR AL A S L 1 LI B I AL |
‘/._g.' .q‘é‘.g PR I fonc]n? 7‘1 PELEN S ST U U R SN W N S S | F [2X4X % SN [ s 1 [ U U G S T | ] | IR | lé'l :
i IR LR T LI | L L L LI LML v 1 T T LENRAEE S SN SRS S N § T + Tt
*151'|7l'glél J O N 1 *0101‘2 |/|’I R N WS WS N T B S W | '/- c'IOIc1 I S —t 1 ! il TEE S K WS RN S W | | | —a bt 1l )
1+ 1 T Tt T T T LI | L L L L L R 1 | LI LR L T T L I L AL O B e § — T Tt T
[ c) g
7‘1/1'1231 I S R B 1 7[(’10.3 "nonn I NN W NN N S S B | /“610104 1 I | Il [ [ I N AN SN W S T | T 1 TR W léfl |
| L L 1 LI ¢ 1 1t 17t 11 | L LB B T LI § | L L L L LI T | LA O L L
R T NS N SR U N U S : Il DN TR N U W SN Y T NN S —14 [ -1 1 | | i I W T S S S N B | J - 4 [ R T S |
T T T T ] T T T T L] T T 1 T T T T Al 1 LI T LRI 1 T T T T Ll T 1 T T LI Tt LI M T L T T T v T T LE. | T I S
JFORNEE TR W TS N N G N G 1 1 1| PR SR S N S NN N N S S S N ¥ —t [ PR | | 1 " U I S R B B G} [ } T N T U
L T L] L —r & 1 171 LI | LI | 1 T T Tttt T t +—t+—t—1+—1T1
P TR N TS S0 OO W B | Il [ PR T W W S S N U O RO | [ ) [ | ) [ R N S R N B TS 1 } P N N U
T T ¥ L L LA L T LR T T LR T T LA LI T I L T LA B | T T T 1 —f 1 T 1 1 & 1 T T T T v T 1 T T 1
[} I 11 4 3 - } ]
IS S O e i f LN 0 N B B B s s e e e -+ -t + 4 Ft 4 -~ 4
U N WO WO UNON T N S S 1 1 PR W S W OV WS VY WS WA NS MR | ! PR | S | N I PR S U T B S R . i [ I BT |
| L L L L T LI LA N S B I B B S N B MM | 1 T LI T L 7 T T T L L L L AL
| I I W I S W N R 1 1 [ YRS U O N IO V00 NS WO W WO I —1 ! [ ! [ | U S N S G N W S JRY 1 PR U U R B S Y
L L LR T LA L L L B L LIR! LIk LI AL ™ T 1 T T Tt Tt L T 1 T
TIN0 N T T | 1 | | [ | N W T S T SN S W [ 411 N | ! | T I O J T Il [ U N N T |
41 1 T 17 | 1 1 1 1 1 1 &t 1T &7 LR | LS AR T L 7 S SR G S SN S S S LI t Tt
[ FE A WD U T A N | f J P [ RS WY N VO WS (U0 S TNY U S N N —t 1] I | i | U TV I U WU Y P { I WS N S T T |
11T r1 171 I LI 1T 117 1T YT LR UL LR T LI LR B B L L T M 1 1 1 {7
[ERTE WS SO WU, U R 4 [ FRT S TR A N N URS VN WA SRS N ST s 1 [ | 1L 1 1 | I N W I U S S 4t : I W I B §
e ! LI IR L L L L — T LA B B | —t LA S B B S B S S T t —t—r—t—+
PR S U SR SO N T B 1 1 4 IO NN U SR S (N [ T B AU [ [ Loy L [ ) I O I S S S S| 9 Il (I W VO N N 'Y
v T 7 T LI 1 et L) LI B | [N B ¥ L LN It N B BN BN N} LI T LI L
PSS U S WU ST SN W M1 N R [ T VR R TN R T B AT — P PO NN — — [ N WD S ST SR S | L . PR N I B |
| R L L | 1 11 11T i LI LI L T T T T LB L LI 1 T
U U WY T T W S S | ' P P VPR U VAU WP S S RS [T A | T S T 1 T | A S N ST T W 1t 1 U S B S T S )
1+ 1 17T 17T V17 17 T LI T 1T 11T 1T | LI B T 7 | L 71t 1T 1 1 T 1 LA B L B | T T T LDE LR DL L
[ T W NN WO WY SN T I I Ly T T VR WO T TS N S A | 1 i T T s 1 1 W U W W W I O | S 4 I N N R
T 1117 77 T 1 —r 1 rrrr1 1 1t LI T 1 LRI T T LANNS S I S RN N RN SN T—1 T LIS SEED BN SN SEEt S
S ST VN WO T W Y W " ' NS W N U T T S T S — a1 11 N 1] P N S SO NN T T 1 i U TN B W T T |
LI L L T T 1 | DL L AL L L B L L T LA mi Tt T L | Tttt —T 1 ———t—r—
F WS WS S N T W N S 4 —t U WS G VAN NS [N W U N S N B § 1 —4 P '} T T I | Y 1 [ WD T WD RN WS S B S - + FUE S G
LI SNN0 SN SN SN NN GNNN SN | T T LIRS AN SR S SRR B B I N B B M | T i LA B B | T T LR L LN | LI T | LR
[ W T S S U T T | 3 L IS W B S U R SN G B B G| L 1 [ W il e | S R T R W G S S | 1 I ) TS N N B B |
T v 1 1 T rT T L 1 5 17 &+ ¢t 17 T 1 71 —r T ™t 1T LENEE B RREN Snm o T T | G B S SEEE B S
[T U S B Y N N Y A PRI WD U WD U G S W A S Wt Ll il i ISR | : Lol FEE W N U S S SRV A J N T T




ONOA TOMTC S

3.20440000000001

3.96£00000000+002
3.73800000000002
9.2390000000000)

FO-MO/T = -3,20838760848+001

LR

st =

WOLECULAR Wi

TERM VALUE 1/Cm

= -2.57131073873-00)

SULFUR CASE ONE

¢0 € MONCA TOMIC

s .c00000000004000

STAT wil
3.00000000000000
1.00000000000400G0
3. 00000000000000

~1.,270985265(12-00271
~3.098776271

5.99964933146-0037

1.2%604911168-002T

-4 . 44 1060GAGYT-(06 TR

TEMP (DEC K)

3.00000000+02
4.,0000000002
$.00000000602
€. 00000000+02
7.00000000+02
8,00000000+02
9.00000000e02
1.00000000+03
1.10060000+03
1.2000000003
1.3006G0000403
1.40000000+03
1.50000060+03
1.60000000+03
1.700000G003
1. 80000006003
1.9000006G003
2.000000G00403
2.10000000403
2.20000000403
2.300000G0+03
2.40000000+03
2.50000000+03
2.60000000+03
2.70000000+03
2.00000000+03
2.90000000+03
3.00000000+08
3.1060000003
3.20000000¢03
3.300000G003
5.4000006G0+08
5.5000006G0+03
3.6C000000e0S
3.70000000+403
3.80000000e08
3.9000000040)

3.753637801 784001

FO-MO/T (C/M/0)
-3.47813107¢0¢
<3,63279922+01
-3.7%3368577+01
-3.83253762401
-3.93392914+01
-4.00791423+01
-4.07116189+0
-4.12751590+01
-4.17R30218+01
-4.22450245+0
-4.266863744+01
-4.30896700+01
~4.3422726R+0)
-4.37615171+(1y
-4.40730720403
-4.43778994+01
-4.46600971 01
-4.49274370+01
-4.518142R4+08
-4.54233669+01
-4.56543722+09
-4.587541R0+01
-4.60873553+01y
-4.62909344+0
-4.64860143+01
-4.66755822+01
-4.68577599+01
-4.70338145+01
-4.72041644+0
-4.73691867+01
-4.7529221FR+01
-4.76848778401
-4 .783553434C1
-4.79R234734+01
-4.01252498+(1
-4 .R264453740
4. 040015584071
-4 . R832534R0y
-4 .8661757R01

MO (KC /M)
1.60146243¢00
2.16247671400
2.71181883+00
3.25038872+G0
3.78049748+00
4.304207224+00
4.82307501+00
5.33R25022+00
5.850890142+00
6.36075922+00
6.8692964 7400
7.37666467400
7.88327707+00
8.38951292+00
8,.89872406+00C
9.40223680+00
9.90934939+00
1.04173330+01
1.09264269+01
1.1436838R+
1.19487437+401
1.2462284740¢
1.29775741 401
1.34946946+01
1.40137021401
1.45346277401
1,50574807+09
1.58022508+0
1.61089100+09
1.66374176¢08
1.79677198+01
1.76997823¢01
1.823534443¢0
1.076R71 7840y
1.93N54908+0)
1.9043671584+0)
2.03R31907+09
2.09239419401
2.14630427401

-13-

4.43271817537-006T22

AL =001 182

SG (C/M/0)
4.01195188+001
4.17341841401
4.,29604948+01)
4.39426R8 7401
4.47600021 401
4.54594013+01
4.6070888240)
4.66134092+0
4.7101 7408909
4.754365724+01
4.79827116+01
4.083287162401
4.867R82449+0)
4.90049627+09
4.93118509+01
4.96013641401
4,.9A0755448+01
§.01361038+01
5.03R844RAA+(Y
5.0621930040¢
$.0R4947R1 40
5.10680367+01
5.127R3A58 401
S. 14812015401
S.16770744401
5.18665206+01
5.2049994 7401
5.22278980401¢
5.24008R70 01
5.25683797¢01
$.27515611+01
5.2R9N387340)
$.3N450904 401
5.3195ARNE*G
$.33429500(t
5.34064T741¢08
5.36266146¢01
5.37635203+5)
$.3R378292401

-7 . 6RSA2EATRI2-1 N0}

B (R1AG4A329T-("1110)

Ic
1.11154(91+03
1.332%6662+03
1.47656167+03
'1,.55637115+03
1.5A81010R+03
1.57448027+03
1.5346R126+0)
1.474481R 403
1.4012R233403
1.32155246+03
1.24064397403%
1.16306575+03
1.09247072+03
1.03177963+03
9.83206415+02
9.4R314390+02
9.28063917+02
9.220859111402
9.32594626402
9.56703064+02
9.94203193+02
1.04574901403
1.10367952+03
1.17206315+03
1.24677856+0)
1.32550873+03
1.40883728+03
1.4R%29953+03
1.5614105703
1.63172949¢03
1.69391021+03
1.745749R7403
1.70824068+03
1.R1061394403
1.82042060+03
1.81382106403
1.7891981R¢0y
1.7471619703
1.6ATE381445%

4.929%2€377247-1"14124

-6.02349143344-11187r4

T.I9763397AR2-010TeY -8 0103224200317 14 08



4.20000000e03
4.30000000403
4.40000000e0)
4.30000000eGY
4.8000000008
4.7000800003
4.80000000+038
4.9300000000)
$.000000G0eS
s$.10000000e03
3.200G0000«03
3.350000000+03
S.4000O000«0S
3.800000000)
S . 80000000603
8§, POO00O00s0Y
5. 80000000403
S . INOA0PN0e0Y
6. 0000000003

4. 8187977740
-4.89113363+011
-4.90319632+0)
-4.91499868¢0)
-4.9265318C0
-4.937R888001
-4.94893089¢0)
-4.9%9R1887+0¢
-4.970471084 4+
-4.98092397+01
-4.991181 3501
-3.0012309901
~9.01113974+01
-5.02083400+01
-3.0303998A8+01
-3.03928%t2+01
-3.0490093 7401
-3 . 08SR0A321 01
-8. 0670014401

2.20088082+(1
2.29%27431401
2.3091871740
2.3643208re0
2.41898742¢M
2.47365913+0
2.%52R41801401

T2.58322R18401

2.83R8082R8+0}
2.69297442401
2.74T789738(01
2.802P0439%+M
2.857R1467+0)
2.91279R4 001
2.96779229+01
3.02273182+M
3.00779273+409
3.13279104+M
3_1A77R306+40Y

S.40281894¢01
§.41881802400¢
$.42R14133¢0y
S.4404033240
$.4%241101 401y
5.4641 76080
S.47870477601
$.4R700821 ¢Ci1
S.49RORR21 (Y
8.50RI5R1 740
5.51962318+0¢
§.5300R9AS+0Y
3.54038467401
5.53048371409
$.56036279401
$.87009747+0
$.57966309+(1
S.5A9N6474+01
5.59R30731 401

1.611372%6¢03
1.51972887+03
1.4148RR08¢0)
1.29R9487240)
1.17592493403
1.043841022+0G)
9.2515085R+02
8.(9593813¢02
1.(A2aR8540e02
€.2957A1RA (2
S.R24TRTAGe0?
S.T7692RI0Ne (02
6.24031059402
7.356092373+02
9.266811125402
1.2103R63640)
1.60353627+08
2.12355827%+0%
2.709343964+03

s



ENTRCAY FiT

VARTANCE

3.439929649%7-002

TEM® (CEC K)

3.0000000002
4.0000000002
4., CO000000402
6. 0000000002
7.00000000+02
&.00000000402
9.00000000402
1.00000000403
1.10000000+03
1.200000000%
1.30000000403
1.40000000+08
1.90000000+03
1.60000000+03
1. 70000000403
1. 80G00000+G3
1.900000G0+03
2.00000000403
2.1000000003
2.20000000403
2.30000000+03
2.40000000403
2.30000000403
2.60000000403
2.700G0000+03
2. 80060000+03
2.90000000+03
3.00000000+03
3.10000000+03
3,20000000+03
3.30000000+03
3.40000000403
3.80000000+03
3.60000000+03
3.70000000+03
3.80000000+03%
3,9000000003
4.00000000+03
4.,10000000+03
4.20000000+03
4.30000000+03
4.40000000403
4.50000000+03
4.60000000+403
4700600000403
4.80000000+03
4.90000000403
5.00000000403
s.10000000+038
8.2000000003
S . 3000000003
S AGOGACG0+0S
§.SOGONCE0NY

S0
4.01199188401
4.173418410¢
4.29804948+01
4.39426857+01
4.47600021 08
4.354%94013+01
4.60708882+01
4.66134092+01
4.71017404401
4.7%54563724+01
4.79%271164014
4.83287162401
4.86782449+01
4.30049627+01
4.93118509401
4.96013641+0
4.96875%441+01
5.0136103540G1
5.03844888+01
§.06219300+01
5. 0R494 781 +0i)
8.10680367+01
§.12783055401
S, 1481201501
5.16770744401
5.18665206+01
5.20499947+01
5.222789R0+01
$.24008870+01
5.25683797+01
5.27315611+01
$.,2689036873+01
5.30450904+01
$.319%R8N6+01
$.33429500¢01
5.34864741401
5.36266146+01
5.57635203+01
5.38973292+01
$.40201694401
5.41561602401
5.42014133+01
5.44040332401
5.45241101401
5.46417605401
5.47570477401
$.48700621 01
$.49808821+01
5.50895817+C1
$.51962315401
§.830089685+C1
$.54036467401
§.55045371401

-15=

SO FROM FIT
4.092%4709¢01
4.18986097401
4.28008580401
4.36357467401
4.44078R%52+401
4.51209811+01
4.51787402+01
4.638486674+01
4.69428633+01
4.74561307+01
4.,79279482+01
4.83614732401
4.87597414401
4.91256669+01
4.94620423+01
4.97715381401
5.0086703840
5.03199685+01
5.05636301401
S.07898R12+01
8. 10007809408
5.11982699+01
S.13841672401
$.18601697+01
$.17278532+01
5. 18886714401
5.20439564401
§.21949187+01
5.23426470+01
5.24881085+01
5.263214685+01
5.27754906401
§.29187369+01
5.30623678¢01
5.32067417+01
5.33520957+01
5.34985450+01
§.36460831401
5.37945820+M
5.39437910401
5.40933409+01
5.424273634+01
5.43913629+01
5.45304€643+01
5.46R32421401
5.40246565401
5.49616257+01
5.509292644+01
5.52172136401
5.83330206401
5.54387590401
§.58327187401
§.561306R0+0)



8. &BCHO0G00Y
3. IGO000G0e0)Y
8. 8GO0OGGENe0S
8. I0GAOOCHIGS
& GOLOGAGGTGS

3.56038279+01
5.897009747401¢
5.57968309+01
3.3R9084 7411
3.538307 3108

-16-

8.56778333401
$.97249994 401
§.57823097+0
8.5757488500
$.873RG2864411



31.88e

208,.83%¢

29.82¢

22.19+

19.77¢

16.744

13.71¢

10.668¢

7.68¢

4.63¢

MONOATOMIC S
ENTHALRY (KC/M)

+ +
&rp 1440

SULFUR
vS TEMPERATURE (DEC K)

2010

2580

CASE ONE

-17-

3180

yre¢

4290

4860

sa30

6000



34,78

-36.37¢

-37.964¢

-39.%%¢

-41.14¢

-42.713¢

-44.314

-45.90¢

~47.49¢

-49.08¢

-s0.67¢ . e . . . . .. A .
300 €10 1440 2010 2380 3180 3120 4290 4860 sas0 €000
MONCATOMIC S SULFUR CASE ONE |

FREE ENERGY (C/M/D) VS TEMPERATURE (DEC K)




93.90¢

84.40¢

82.01¢

81,22+

49.049

48,05+

. 46,464

44.084

43.29¢

a1.714

40,12 L4 4 . + +
300 earo 1440 2010 2580 3150
MONOATOMIC s SULFuﬁ CASE ONE.

!Nyﬂoﬂ'((/ﬂ/b) vS TEMPERATURE (DEC K)

Pl

-19-

sr20

4290

48e0

s8¢0

soq00
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-

TemiC L1

L ECULAR wl

w E
1.23004000G00G0S

[UN 3
2 . CLER0GHOARGeBOG

TERM VALUE 1/Cwm
2.2 3AN0GLDaGNeR0R

pmaSeraRUS X ICE

SYMME TRY WO,
1. GOARGONCOGOSGH0

wE xE
€. 3206000000 GGE

STAT wl
OOGPOGS GGG

2.00

7.737745%R639-003T

-1.7R434348983-Gt721

CASE Twl

Clatcmic

8 €
7,629000GNENG-10)

$.19872783838 -7 12

§.3180G27907R -6 T2

AE
5. SELABGERHAGN -0 Y

-8.92101R03RE2-1111 T3

-1, 00438169931 -1 ITS

€. 4023197887 1-" 1414

8§ RITL28AZARE-18Tr4

FO-mi/T = -4.17633403226400¢
w2 -1, 74072446396 -000
Stz 4.83614474922+001

TEMP (CEG K)

3.00000000+0G2
4., 06000000402
8. GNO000000G02
6. 0G000000+02
7. G0ON0000.02
8.,00000000402
9.00000600402
1.00000000+03
1. 10000000403
1.20000000+03
1.30000000403
1.40000000+03
1.50000000403
1. 60000000403
1.70000000+03
1. A0000000+03
1.90000000403
2.00000000+03
2. 10000000408
2.20000000+03
2.30000000403
2.40000000403
2.80000000+03
2.6000000003
2.70000000+03
2.80000060403
2.9000000040)3
3. GONAOOGNeCS
S IOGCOCN060S
3.2000000G003

FG-RO/T (C/M/D)
-4.%6539453+01
-4.782408166+01
-4.951773RA+(1Y
-5.019124953+01
-5.,21029926+01
-5.314430244+01
-5.40713666+01
-5.49078276+01
-5.56704842401
-%.63717399+01
-5.70210364 4001
-5 .76257521+01
-5.813175674+01
-5 . A723R1 71401
-5.92258549+01
-5.97011393+01
-6.01524260+01
-6.05820609+01
-6.09920878+01
-6.13041596+01
-6.17598R80+01
-6.21205654+01
-6.24673752+M
-6.26013555+01
-6.3123433%01
-€.34344391401
-6.373511760t
-6.40261414+01
-6.430R1187401
~6.45R16019+01
-6.4P4T0341401
-6.51080549¢My

1 .8ReA17RITE6I-D2T

HO(KC /M)
2.26031211 400
3.6G2520041 400
3 .80833141+0C0

-6.199863R293(1-006 T#2

S0 /M0
5.3188321G+0)
§.53878177(1
§.71344616401

4.611R5R90O0 5.889R9268401
$.433155RS+C0 5.98646438401
6.268R1026400 6.09RN31524+018
7.11583083400 €.1977R449401
7.97185529+00 €.28796R29+0)
8.8380820940¢ €.3702377104+01
9.7041480800 6.445852754+01
1.08780088+01 €.51579687401
1.14558664+01 6.5808%1 3840
1.23371101+01 6.6416496R+01
1.32212%26+M 6.698709994+01)
1.41079102+04 6.75246255401
1.49967757+01 6.R0326R1 3401
1.58876008+(1 6.85143212401
1.67801 024+ 6.897215214+01
1.76743536+01 6.94084167401
1.85699757+01 6.9A250577+09
1.94669325+01 1.02237687401
2.0365%t263401 1.06060347+C1
2.12644240+0 7.09731648401
2.21649050401 7.1326318940
2.30663584401 7.16665292+01
2.39687818+0Y 7.199471R3+0)
2.4R072129R 01 T.2311T1141901
2.57763627401 T.261R2623 0y
2.66R14489¢0) 7.29150367+0
2.7507348R¢0Y 7.320264R440)

2.04940446°M
2.94015098401

-21-~

7.34R168310)
T.3782857740

1.04343052900-0097#3

-6.61365504407-1"14 18

Ic
1.51663157403
1.76078039+03
1.91920415+03
2.01105402403
2.04314009403
2.045990C1R«(3
2.00811064403
1.94129376+03
1.R6N85964403
1.7701180C+0N3
1.67634144403
1.50472220403
1.499R78RCN3
1.42557592+03
1.3647440303
1.31954279¢03
1.231378R5+03
1.20097423403
1.2RR4139R0)
1.313206302+03
1.35432396403
1.41029621403
1.47923603403
1.55A91735403
1.646R3313¢03
1.74025714¢03
1.8383060R(Y
1.93200206+08
2.02433aR1403
2.1103251003
2. 1AIGREIISECY
2.2510910R0S




AR ]
4.000006¢
4.
4. 2000000006
4. 30000000603
4. 40000000y
4. 300600GR0S
4. 8G00000000G8
4., 70000000603
4. AOONO0GNeNY
4.3000000003
8. 0000000008
S IGONN0G0eGS
8., 20000000403
8, 300000000
S, 400000000
13000000003
8.60000000 (73
8 TOCOOGONe0S
8. AGONANGO NS
8. 9NO0OGNN0Y
€.00600 ety

-6.9%3989081 M
-8.9600031008
-6 .5RITIARYOH
-6 .808951152+0)
-6.829%4Ra3 ¢y
-6 .83160GAY 40
-6.87313382eMy
-8 . 8941011201
~8.71473%RJ111
-6. 13404302+
8. 75483019401
-6.7P3797R3 0
-6.73266321+01
~6.R111654 ¢
-6, 8292R708+01
-6 .04 70630801
-6.R6480212+01
~6.FR1G1632+01
-6.RIRE1951 +0
-6.91492124+01
-6.931132R9+01
-6.34708464 +101
-6.9627261€+01
-6.97012661 401
-€.93327471+0
-7 OOAYTATIN

3.03097224+0
3. 121R60844¢01
3.212031R83e0
3.308R689740)
3.3949704801
3.48614103+¢M
3.8773776340
3.66R67924 451
3,76004493401
3.0814738740
3.9429€532+01
4. 0345188740
4.12813298+01
4. 2178138«
4.309%430240)
4.40133761+01
4.43319130+01
4.38810367+401
4. 67707432+
4.769102R3+01
4.861189084+01
4.9933324R+0
S.04853290401
5.13773004+01
5.23010364 401
5.32247347+0

7.4G1502%8¢01
7.42710822401
T.4%21117701
7.4783R92040
1.800083 7340y
7.92313609401
7.%8566473401
7.5678681 7401t
7.5891649%401
7.61 010393401
7T.630724471 40y
7.650R67NJe0
7.610863R8401
T.689RT08440
T.70R7AS63+01
T.12733060+51
7.74552002401
7.76386763+011
T.7R0AREIEOY
7. 19R(ARAA 40
7.R149RS4S ¢y
7T_8318AR3NGY
7T.RAT90732401
7.R6395248+01
7.8797329%+0
7.R3825765401

2.30222159+63
2.335R86940¢0)
2.38093888¢0:3
2.34%99330e03
2.31992366408
2.27238247403
2.203404R20)
2.11396A21403
2.001841531+03
1.RRO12037+0)3
1.74124656403
1.532R2547+03
1.34006745918
1.20R32572+03
1.14665973403
1.02164R67408
9.235GaRRYI+(2
R.63137331e02

A.82R15084402°

9.66230632+02
1.03R6365+C3
1.26654418+03
1.60RS1617403
2.(iRasy10e0s
2.71€26124+0)
3.52736329408




ENTRCAY FIT

VARIANCE

4.%3304022104-002

TEMP (CEC X)

3. GO000000e02
4.00000000e0G2
3.00000000462
&.,00000000402
1,00000000+02
&,.G0000000+02
9.00000000e02
1.00000000+03
1.10000000403
1.20000000+03
1.30000000+03
1.40000000G3
1.350000000+03
1.80000000+03
1.70000000+03
1.80000000+03
1.9000000003
2.00000000403
2.1000000003
2.20000000+0%
2.30000000403
2.4000000003
2.%0000000+03
2.80000000+03
2.70000000+03
2.80000000+03
2.90000000+03
3.00000000+03
3.10000000+03
3.20000000+03
3.30000000+03
3.40000000+03
3.50000000+03
3.60000000+03
3.70000000403
3,80000000403
3.90000000+03
4.00000000+03
4.10000000+03
4.20000000+03
4.30000000403
4.40000000+03
4.50000000+03
4.6000000003
4.70000000+03
4.80000000403
4.90000000+03
5.00000000403
5.10000000403
5.20000000+03
$.3000000G0+0)
5.,400000000)3
S.SOGO0CG04G)Y

so
8.318R3210+01
8.53878177901
5.71344616+01
S .859R9268+01
8.98648438+01
6.09803192+01
6.19778449+01
6 .28796R29+01
€.5702377001
€.44563275+01
€.%1529637+01
6.380R8%138+01
6.6418496R+01
€.69870999+01
6.75246255+01
€.80326813+01
6.85143212+01
6.89721521+0y
6.94004167¢0¢
6.902%50877+01
7.022376874+G1

2.08060347401

7.09731648401
7.132683109+01
7.16665292+01
7.19947183401
T.23117141401
7.26182623+01
7.291503674+01
7.32026484+01
7.34816531+01
7.37528877+01
7.40158258+01
7.42718822+01

C7.45211177401

T.47638920+01
7.50008373+01
7.52313609+01
7.54566478¢01
7.56766617+01
7.50916495+01
7.61018399+01
7.63074471401
7.650067094+01
7.67056985+01
7.689870844+01
T.708785634(1
7.727133060401
7.14552002401
7.76336763401
7.78088636401
7.79800R44+0)
7.0149R8545401

-23~

SO FROM FIT
$.40918320+0¢
$.93R81A312¢01
$.69718738¢01
5.02672266+01
§.34732774401
€.089582554+011
6.163R2313¢01
€.26071166+01
6.35066645+01
6.43414692+01
€.51159664+01
6.583443284+01
€.65009866+01
6.7119%872+01
6.76940382+01
€.82279726+01
6.87248825+01
€.91880896401,
6.96207594401
7.0(258991 01
7.04063569,+01
7.07648224+01
7.11038269%+01
7.14237413+01
7.17327800+01
7.20269975+01
7.23102897401°
1.25043937+401
7.28308880+01
7.31111923+01
7.33665678+01
7.361681166401
7.38667823401
7.41133499401
7.435684453+01
7.46025380+01
7.40459306+01
7.50887791+401
7.53310726+01
7.55726436401
7.58131659+01
7.60521545401
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Appendix

MONOATOMIC GAS

The theory of the calculation is described by Rossinia.

Translation contribution

&)

EE = -(3/2)RInMv - (5/2)RInT + 7.28295

H
f£-= (5/2)R

Electronic contribution

- thi

i kT

_Ui
Qe=go+ Zgie
i

Fe
T = -Rane
H -U

e R 2: i
—_— = = U,g,e
o (2
F°-i° F_ F

°o_ .t e
T T T
o ,.0

o<
)
o+
n
o
ct
+
=
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DIATOMIC GAS

The method of calculation is that of Pennington and Kobes,

using the units and symbolism of Herzberg6.

Wo We — WeXe

H

Do 4(Be)3/(We52
X = WeXe/We

Bo = Be - (1/2)Ae

s = 2Dok/(Bozch)
_ Ae Ae
T = Be (1 + Be)
Fotto : hcB
~2—= = (3/2)RlnMv-Rln = 2 _ Rlno - 7.28295

H
_E%iEQ = (7/2)R

Vibration contribution

hcWo
Uo = kT

FV 1 -O
—~= =R -
T nyl e

Electronic contribution

" - thi
i~ KT
-U,
1
Q. =8, t Zgie

i
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e 1

H -U
e R i
T ~Q (Z 8;U;e )

Pennington and Kobe corrections

_ 1
¢1 - U,
e -1
Uo
er
%=7Tv v
e -1
2U

F

C

T —R(sT+r¢1+X¢4)

HC

T = R(sT-i-r¢2 +X¢5)

o .0

F -H F F F F

© -.(7/)RlnT --& . Ioito = e ¥

T T T T T
(o] (o]

H—HO—HV+Hro+to+HC+He
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POLYATOMIC GAS

The harmonic-oscillator rigid rotator approximation is
used to compute the thermodynamic functions’.

Vibration contribution

hc\)i
Ui =T
F ‘ -
-V _ql i
T —l{Zdiln<1-e )]
i
-U

i
d.U.e
H = RT 2: 'l‘ljﬁ_—
i .

l-e +

Translation contribution

N 3

. | - (3/2) L (5/2)
t - (5/‘2)RlnT - (3/2)RlnMW - Rln ,:(g_ﬂ_) k_—:l + R1lnP
h

=]
]

(5/2)RT

Rotation contribution
Non-Linear

F
T

T

3
- (3/2)R1nT - I;—ln (1,1,I.) +Rlno - In [TT (f—;) + 3] + (3/2)R

H
T

(3/2)RT

Linear

k
- RInT - Rln he - RlnIA + Rlno

H IH’#

H |
M|
H|

| T
I’ - = H_+H_+H
[o} r .V t
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MOMENT OF INERTIA

The moments of inertia are calculated by the method of
J. 0. Hirschfel.ders. :

The moments of inertia are the eigenvalues of the
symmetric matrix: '

A -D -E
-D B -F
-E ~F C
where
My =3 m
N~ i
2 2 1 2 1 2
2 1 1 2
B —Zlmi (xi+zi)-Mw(Zm1xi) -Mw(Zmizi)
i. i i
i 2 2 1 2 1 2
D=mey-'l—-(2mx)(2my)
i~'ii Mw iii iii
E = fmaxz -2 (Znx) (Smz)
iiii Mw iii i:'L:'L
F=Zmyz-l—(}3my)(2mz)
.iiii Mw‘iii ii:'L

The moments of inertia are then multiplied by 1.66035 x 10-:L

to get the proper mass units for use in the polyatomic

thermodynamic function code.
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ONE DEBYE THETA SOLID

The formulas for the Debye approximation are given by
Menzel9 and Trasovlo. The Debye integral is done numerically

_using Simpson's Rule and 1000 intervals.

X =

X
M
M X dx
D(x)m?ﬁ =
X e -1
o

Hi®

SR[Mln(l-e ) + (2-M_)D(X)]

3SRTD (x)

c, = 3SR [(M-i-l)D(x) - ”-}:——]

s}
'
O:ﬁ
It

[3

e -1
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TWO DEBYE THETA SOLID

The theory of the calculation is described by Krumhansl

and Brooksll.

s 2 dimensional

F° -Ho 1 (1 M)D -xt -x,
T 2 “MD(x,) - Min )+ (1-0D(x)) - Min| 1-e

o .0 1
H -Ho 2SRT (2 D(xt) + D(x£)>

G, = 2R (M-i-l)D(x ) - + (MFL)D (".z) -
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GENERAL

In all cases the entropy is calculated from the equation.

The integration constant is calculated from the fit on

So as follows:

IC = H’-H, -/'T g—idT

s° 1s fit to s° = A + BT + CI” + DI + ET°, then

2 3
Ic = Ho_Ho _[?I__ 2CT 3 4 4 5]

o + =X~ + = DI"' + = ET

2 3 4 5
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NOMENCLATURE

Molecular weight in grams/mole

T Temperature in °K
o Symmetry number
h Plank's constant (6.62377 x 10-27 erg sec)
c Spee& of light (2.997902 x 1010 cm/sec)
k Boltzmann's constant - (1.380257 x 10-16 erg/deg)
R Gas constant (1.98719 cal/deg mole)
T, Term value of ith electronic state (1/cm)
8y Statistical weight of ith electronic state
j We Vibrational frequency (1/cm)
WeXe Anharmonic coefficient (l/cﬁ)
Be Rotationéi coefficient (1/cm)
Ae Rotational-Vibrational coefficient (1/cm)
vy Fundamental frequency (1/cm)
di Degeneracy of fundamental frequency
I, IB,-IC Moments of Inertia (gm-cm2 X 1039)
m, Atomic weight of ith atom (amu)
X0 ¥io 24 ' Cartesian coo;d;naﬁes of 1*F atom A
N Avogadro's number E.0238 X 1023 (gm-mole)-q
P One atmosphere of pressure
M Dimension (1, 2, or 3)
S Number of atomé per cell
e A Debye témperature (°K)
Gt Debye temperature transverse (°K)
Gz Debye temperature- longitudinal (°K)

u
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Free energy function (cal/mole/°K)

Enthalpy (cal/mole)

Entropy (cal/mole/°K)

Heat Capacity (cal/mole/°K)
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10.
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