UNCLASSIFIED

0282658

Reprocluced
by he
ARMED SERVICES TECHNICAL INFORMATION AGENCY

ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

7

UNCLASSIFIED




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT

'NUMBER OF PAGES WHICH DO NOT
 REPRODUCE LEGIBLY.



= e ot ST

NOTICE: Wwhen govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any

patented invention that may in any way be related
thereto.




6245

REPORT NO.
TDR-89(2240-81)TR-2

:
g

i

8

28269

=
)
<T The Aerospace Corporation Computer
A - Programs for the Solution
o
(S =2  of Multielement Chemical Equilibria
5
o
——] ,
=T =T 28 JUNE 1962
) -
= s
Prepared by 4
S. A. GREENE ‘. )
Materials Sciences Laboratory T . L
and - i
H. J. VALE

Computation and Data Processing Center

i Prepared for DEPUTY COMMANDER AEROSPACE SYSTEMS
! AIR FORCE SYSTEMS COMMAND
| UNITED STATES AIR FORCE

Inglewood, California

282 658

A)

LABORATORIES DIVISION « Al ROSPACTE CORPORATION
CONTRACT NO. AF 04(695)-69




s s g ST S SIS

|
|
|

iy
+

Report No.
DCAS-TDR-62-138 TDR-69(2240-51)TR-2

THE AEROSPACE CORPORATION COMPUTER PROGRAMS FOR THE
SOLUTION OF MULTIELEMENT CHEMICAL EOUILIBRIA

Prepared by
S. A. Greene
Materials Sciences Laboratory

and

H. J. Vale
Computation and Data Processing Center

AEROSPACE CORPORATION
El Segundo, California

Contract No. AF 04(695)-69

28 June 1962

Prepared for

DEPUTY COMMANDER AEROSPACE SYSTEMS
AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE
Inglewood, California



Report No,
TDR-6Y(2240-51)TR-2

.« e

THE AEROSPACE CORPORATION COMPUTER PROGRAMS FOR
THE SOLUTION OF MULTIELEMENT CHEMICAL EQUILIBRIA

28 June 1962

P reparedg(%a /}jt//é

Prepared s
S. A. Greene ~H. J. Vale

Approved @QE_

B. A. Troesch, Head
Computation and Data
Processing Center

Approved

Inik, Head
Department of Chemistry
Materials Sciences Laboratory

AEROSPACE CORPORATION
El Segundo, California

i

e s i



ABSTRACT

Work has been completed on a generalized method for the
analytical solution of complex multielement chemical equi-
libria under all conditions of pressure, temperature, and
mass balance. The programs are written for the IBM 7090
and use a unique technique of majors and minors to guarantee
automatic convergence. Variations of the basic solution
method are applied to problems in chemical synthesis, ther-
mal stability, and chemical compatibility. The programs
are also used to obtain theoretical rocket propellant per-

formance and Mollier diagrams.
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NOMENCLATURE

speed of sound

number of atoms of ith element in jth chemical constituent

area
specific heat
characteristic velocity

total specific heat of mixtures

molar heat capacity

thrust coefficient

coefficient matrix of the jth constituent based on element
tolumns (column matrix)

inverted coefficient matrix of major products based on element
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free energy
gravitational constant
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heat of formation
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sum of sensible energy and heat of formation
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mechanical equivalent of heat
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vii



m weight flow rate

M molecular weight

n moles
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P pressure
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molar entropy
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T temperature

u velocity
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Y isentropic exponent
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Superscripts

] gaseous species

s condensed species

Subsc riEts

e exit conditions

g gaseous species
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constant pressure
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constant volume
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I. INTRODUCTION

The position of equilibrium in complex (multielement) chemical systems
can be computed from first principles. Given selected thermodynamic and
thormochemical data associated with reactants and all possible products, the
distribution between products and reactants may be uniquely determined at all
pressures, temperatures, and stoichiometries. Required data include: heat

capacity, entropy, and heat of formation of products and reactants.

The thermodynamic equations that describe systems which contain many
elements cannot be solved in closed form and require iterative procedures.
These procedures use thermodynamic properties of constituents as input data.
It is the purpose of this report to outline the capai:ilitiea and applications of a
unique computational procedure for the solution of multielement chemical equi-

libria. The approach uses a technique of majors and minors to assure auto-
matic convergence.
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II. OUTLINE OF PROGRAM

Computer programs which solve complex chemical equilibria may be
divided into two categories. One type defines equilibria between constituents
and their atomic gases; the other, between the constituents which are present
in major quantity and the remainder of the products. These are known as

methods of minors and majors, respectively.

The former has the advantage of being general in approach, but it is
logically complex. It also leads to numerical difficulties at low temperatures
where the concentrations of atomic gases become vanishingly small. The lat-
ter has the advantage of rapid and certain convergence provided products are
selected which are indeed present in major quantity. However, during expan-
sion (and cooling) of equilibrium products, the major products generally change

and provision must be made to examine and reselect major products.

The prégram system described herein combines the flexibility of the
minors approach with the convergence advantages of the majors technique. The
detailed logic and numerical methods utilized by the program will not be pre-
sented here, but they will be the subject of a future report. The calculational

procedure is qualitatively the following:

a) The problem is solved at 3000 K using the minors technique. At
3000 K, the concentration of atomic gases is adequately high and

convergence is assured.

Since iterative procedures are utilized, it is necessary to initiate
the problem with an estimate of the concentrations of atomic gases.
These estimates are stored internally within the program and ob-
viate guesses by the program user. Mass balance and pressure
balance equations are applied, and the solution at 3000 K is attained
even though the initial atomic gas concentration guesses may be

incorrect by factors of 1010,



b) When initial convergence has been attained, a generalized major
product sclection routine is given control. A setl of major
pruducts may be defined as that list of products in which cach
element appears at least once and which contains the majority of
the elements. * As many major products are chosen as thcre are
elemental types. Only gaseous products are considered as candi-
dates. The routine can select a new set of major products at any

time during the problem solution.

A. Basic Equations

Some of the basic equations which are solved in the program may be
represcnted by the following:

1. Conservation of Atomic Types (Mass Balance)
B8
o, = E 35N (1)
j=1
2. Conservation of Pressure
o B
P = P (2)
4 J
j=1
3. Chemical Equilibrium
5 3
K, = 4 (3)
Ja, .
i‘{ll'(p‘) i,

3
The mathematically rigorous definition will be presented in the previously
mentioned, future report.



or using matrix notation for the gencralized major product solution

) -1
In Ky = In py - (C.M.)"" (C)) (p,)

s s e PSR I SOOI
L) a-
-

and, since

AF = AH - TAS = -RT In K

(4)
we have
In K, = '_%P'II' * 9R§ (3)
4. Conservation of Static Enthalpy
g
= E AHS 6

B. Minors Technique

Using the method of minors, equilibrium constants for constituents are
computed in terms of equilibrium between the constituents and their atomic gases.

To illustrate, consider the system H, O, OH, and HZO; equilibria are set up
in terms of

OH

11}

O+ H (7

HzO O + 2H (8)

The thermodynamic state of the system is fixed by specifying the total
amounts of the elements, oy and the total pressure, p. The state of the
system can be redefined in terms of pressure, temperature, and concentra-

tions of atomic gases, from which the concentration of the chemical constituents
may be computed.



For solution at a given temperature, cstimates of the concentration of
atomic gases are made from which concentration of constituents follow; the
mass balance and total pressure restraints arc, of course, taken into account.
The equilibrium constants for OH and H,O are, respectively,

il

) ) o ) o
In Koy (H7) on (*:{'1;} n - (H7)o

[ (s© - {s® - (s®
. (T")OH (RT)H ( T)O (9)
L

r-(H%)Hzo - 2(H3) 4 - (HY) o]
H,0 RT
[ (5%)1.0 - 2(57)u - (57)0]
+ " "~ (10)

L J

From the In Kj values, the partial pressures of the jth chemical

constituents are computed using Eq. (3). Wherc the problem is one of com-
bustion at constant pressure, and a flame temperature is sought, the restraint

of Eq. (6) must be considered.

Estimates of concentration (and temperature, when necessary) are
repeated until convergence is obtained: the iteration controls and sequencing

arce complex and are beyond the scope of this report.

C. Majors Technique

Each element in a problem requires a major product, and all elecments
must be represented in the major products at least once. If we select H,O

2
and H as the major products in the system H, O, OH, and HZO' then

HZO - H - OH (11)



H,0 - 2H = O (12)

and all products are represented. Equations (9) and (10) then become

- (H:)on - (HT) H,0 ¥ (97 ]
« M B0OH T RT
| (57)on - (s%)n_,_o + (ST ]
+ ® (13)
! i
()0 - (H;‘)HZO + 2(H1)y
In KHZO = RT
[(ST)o - (S%)Hzo + 2(Sp)y
+ K (14)

For each nonmajor product, one equilibrium constant needs to be computed.

D. Program Construction

The program is coded in the FORTRAN system ard will run on any IBM
7090 EDPM with two on-line channels of at least 7-tape units per channel.
The program will consider up to 150 chemical constituents and a maximum

of 15 chemical elements per problem.

Each complete program consists of an input or precomputation section,
the main computation program, and an output program. A schematic is shown
in Fig. 1.

When the program recognizes the chemical elements involved in the
problem, the thermodata tape is searched, andall constituents which contain
these elements are transferred into core with their corresponding tabular
thermodynamic data. A program sophistication allows the program user to

specify these constituents which are to be considered, if he so desires.
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Fig. 1. Program Construction
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The technique for the solution of chemical equilibria is sufficiently
general and independent of application so that it may be incorporated into a

variety of special purpose programs. To date, the following computation
programs are included:

1) Chemical Equilibria,

2) Adiabatic Flame Composition,
3) Mollier Diagrams, and
4) Theoretical Rocket Propellant Performance,

In the FORTRAN programming system, all main programs form chain links

and use the same program library and thermodynamic data reference tapes.

The precomputation, or input, program produces the mass balance and

data verification sheets, The input data consists of the following information:

1) tape unit specification of all tapes including input, output, data

library, and program library;

2) titles;
3) control indicators to select the proper computation program;
4) ingredient formulation consisting of name, elements, and

coefficients contained and heat of formation of the ingredient;

5) combination ratio of ingredients: either moles of each, mole

per cent, weight per cent, or mixture ratio;
6) specifically included or excluded constituents - optional; and

) any specific data applicable to the computation chain involved,

such as enthalpy-entropy boundaries in the Mollier diagram.

All control is internal within each computational program; no computer
console settings are required. The only special treatment involved is the
loading of the thermodynamic reference tape and the program library. All
iteration loops are checked for iteration limits, and an exit procedure is

initiated in case of excessive loopings,



The programs named above use a basic solution block consisting of
four subroutines. These perform the functions of examining major products,

building and solving the iteration matrices, and applying the matrix answers.

|
|

The same subroutines are used in all main calculation programs. The vary-
ing types of solutions arce obtained by means of control indicators sct in the
main program and used in the basic block. The basic block can construct

and solve any of the following c¢quation systems:

1) constant temperature solution of mass balance and pressure

balance equations;

2) solution of mass and pressure balance equations plus an

centhalpy balance-seeks a flame temperature;

3) system (1) plus entropy balance (isentropic expansion to assigned

pressure);

4) constant total enthalpy solution and entropy balance (expansion

to assigned mach number);

5) constant entropy point solution {to obtain (E)p/&)p)s for acoustic

velocity determinations); and

6) constant pressure point solution (to obtain (an/E)T)p for Cp

determination).

The only program using all the available matrices is the Rocket
Propellant Performance Program. The Chemical Equilibria, Mollier Diagram,

and Adiabatic Flame Composition Programs use combinations of (1) and (2).
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III. THERMODYNAMIC DATA

From Eqs. (9) and (10) we see that thermodynamic data required for

the solution of equilibrium constants include entropy and enthalpy. Since
HY =AH°+/TC AT (15)
T f A P

we find that Hg. is the sum of the sensible enthalpy and chemical energy

(heat of formation). Aside from entropy, we require heat capacity and heat
of formation data. |

Data which are currently available to the Computer Program include
the important products of the elements listed in Table 1. While ionic
species are not yet included, provision has been made for their incorpora-
tion (E is electron). Data on the thermodynamic data tape are composed of
heat of formation and heat capacity, enthalpy, and entropy in tabular form
from 0 to 6000 K in 100 deg increments. Table 2 illustrates a dump of a
constituent contained on the tape.

A. JANAF Thermochemical and Thermodynamic Data Tables

In order to furnish Department of Defense contractors with consistent
tables of thermodynamic and thermochemical data, the Joint Army-Navy-
Air Force Thermochemical Panel was established in 1960. Under
AF 33(616)-6149 and numerous other contracts, thermodynamic data were
to be compiled, generated, evaluated, and disseminated in tabular form and
on IBM cards. Main contributors include the Dow Chemical Co. (who issue
the Tables), National Bureau of Standards, U. S. Bureau of Mines
(Bartlesville), and the University of Wisconsin. Table 3 illustrates the

format of the tables, while Table 4 shows data documentation observed on

their reverse side.

10



Table 1
Elements Contained on Thermodynamic Data Tape
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JANAF THERMOCHEMICAL DATA

Compiled and Calculsted by THE DOW CHEMICAL COMPANY, THERMAL LABSORATORY, Midlead, Michigan.

v

Bery!!lium

(]ldeal Gas)

(Be)

Table 3
JANAF Thermodynamic Data Table

Mol. Wt. = 9.013

cal. mele~ dog. ! s,

T, °K. [ 8°  (F'-Hi)/T H°-Hiy
0 «000 0000 INFINITE = 1481
100 4908 27.110 o062 =~ 004
200 8,000 300961 92,909 -~ 008
200 4068 24949 70549 «000
00 40960 32976 3203549 009
08 4,900 34,009 320700 +306
00 4,960 9%.114 %108 14003
*
600 4988 38,019 930520 10500
700 40960 36,789 93,099 1990
800 4,968 37400 4,392 24493
900 40068 38.0% 711 20990
1000 A.068 304557 1%.070 o7
1100 4,988 39,091 19.407 34904
1200 4,960 30,403 98,720 Aot}
1300 4,980 39,061 0 A 077
1800 4,988 400229 Sea76
1500 4,008 400572 2.071
1600 40948 404892 36+0%0 [ X1 ]
1700 40940 Alele 97.097 64909
1800 40940 Alear? 37932 Tedsl
1900 40960 410748 937957 T+9050
2000 40060 424001 7778 [Z1] 1]
2100 4,949 424249 37980 0992
2200 4,970 424474 8,179 Pe400
2900 40972 424009 284971 Pe048
26000 Seb74 42,907 .59 100443
2300 LY 24 4%.110 MeT% 1004}
2800 40002 4%.%8 30.908 13030
;’ o 8900 43,404 19,072 _ 11.937
[ [N 64,878 WIve "~ " T4
2900 430051 19390 124097
3000 440021 30.541 13030
3100 440108 39,600 1394}
3200 She 308 9.0832 JEYY ]
%00 440502 .07 14099
3400 840654 400106 1%.402
3500 A40002 400290 159078
9600 440940 40,967 1600003
700 45000 404403 17.010
3000 4%:2% [} 1799
9900 454308 10000
4000 450909 10.9%
4100 19:1600
4200 19.007
4300 200202
4400 200000
4300 2)e97
4600 46,203 210992
av00 L XYY{} 22990
4800 480539 2% 1%
4000 o000 41,013 23,742
5000 e T0S 41,9 24499
Steo 404900 42.010 260995
S 200 07098 a2.10% 294023
i S %0 A%.:1%56 2199 20.27
400 %279 424202 209%0
%00 70002 42,34 27,000
s600 47,929 020479 20,209
3700 47,040 42,%0 20497
Ss00 02,8%) 29,001
3900 42,71 30+390
000 2,000 $lelle

september 30, 198}

———keal. mole

AU

77.26)
77.720
78.007
70,253

70257
700315
700307

780202
706187
78.089
77:969
77029

77058
77466
77253
77.¢12
T 748

73:706
73910
79309
73103
2,002

T2.076
720496
724220
T1.098
1.7

s

T2V

t50
+000

——
Ar leg Ky
TTe26} tnFingte
75,020 » 103:.000
72177 - 70,887
[12%2)) - 50768
69,175 - 90.902
864137 - 38196
43,099 = 27570
604099 “ 21.07Y
37,024 = 178V%
54,007 = 140793
81,004 - 120389
48.01% = 10408
43,062 =~ 0e049
42,005 - T804
99.146 = $e90)
960229 = 9094
334318 LI 7Y 1 1)
90,511 = 6107
27.017 = 9970
250398 - 30092
220084 = 2904
19804 - 20100
17199 =  le708
140916 = JebN2
11.000 = el

%.271 - <084
[T U} - *9502
40003 - o342
...... 12070 - ell®
. )
000 «OUU
«000 «000
+00V o 00U
000 «000
«000 200V
«000 «000
«000 «000
«000 +000
«000 «000
+000 +000
«000 2000
*«000 «000
«000 000
«00¢ «000
*«000 «000
«000 «000
<009 +000
+000 «000
«000 ° 000
«000 2000
«000 «000
+000 +000
«000 +000
«000 «000
«000 «000
+000 «000
*000 «000
+000 « 000
« 008 +000
2009 «000
«00¢ *000
«000 «000

13



Table 4

Data Table Documentation

H
¥
Y
¢
¥
3

BERYLLIUN (Be) (IDEAL GAS) MOL. WT. = 9,013
M3 = 77.241 kead. mole”) B3 gq.15 = T8:25 ¢ 0.5 keal. wole™!
eround State Configurstion 1S, 8308.15 = 32:545 cal. deg.”! more!

Electronic Levels and Multiplicities .
€1. on."} _g_& €y on. "1 _‘_1 €1. om."! [N
00 1 67943 15 73089 s
21900 ’ e8 781 5 ma 1
azs6s s §9009 s 73520 5
52082 ) ses22 1 73600 1
54677 1 69634 9 73803 18
58432 5 70806 15 73867 s
58791 9 T002 5 73930 1
59696 9 niez 3 10n 15
60187 ) 71320 1 70117

62054 15 nees 9 74163 1
seezs s 49 1 uze 15
84507 s 2030 18 24301 s
65245 1 72881 5 76416 18
65949 9 72388 3 74443 5
s7220 ) 2408 1 73430 18

72882 15

75017 s

Reet of Pormation.
Derived from a third law anelysis of the vapor pressure datsa. See Be crystal for references.

el t city and ®ntropy.
Rlectronic levels and multiplicities from C. B. Noore, Netl. Bur. Standards Cire. 487 (1949).

14
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These data are used almost exclusively. Data are updated biannually
by the Panel, and working meetings are held triannually. Information on
almost 550 solid, liquid, and gaseous constituents are available over the
0 to 6000K range or where applicable.

While the tabular data are currently available only to 6000 K, no
difficulties are anticipated in extending this range. The Tables may simply
be extended by appropriatr. calculation or a simple routine utilized within
the computational program which would extrapolate data to temperatures
greater tha: 6000 K. There is no limit to the maximum temperature, pro-

vided ionic species are considered.

B. Calculation of Thermodynamic Data

The bases for thermodynamic data calculation are standard to
statistical mechanics.

Assignments for ideal monoatomic gases include translation and
electronic contributions.

For ideal diatomic gases, contributions from translation, rotation,
vibration, and electronic transitions are included, When available, spectro-
scopic constants are utilized; otherwise, appropriate molecular models are

used. Anharmonicity corrections are made when adequate data are available.

For linear polyatomic molecules, anharmonic corrections are
neglected.

The rigid rotator, harmonic oscillator approximation is utilized for

nonlinear polyatomic molecules, and anharmonic corrections are neglected.

Thermodynamic data of condensed phases rest upon either measured
or estimated heat capacity data. Heats of transition are either experi-

mentally determined or theoretically estimated and are included in enthalpy
and entropy totals.

[
The present computation system automatically adds a charge balance
equation when ionic species are included in the problem.

15
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C. Determination of Thermochemical Data

Generally, the most important thermodynamic or thermochemical
datum is the heat of formation of the constituent. Heats of formation are
directly obtained from calorimetric measurements or indirectly from bond
energy contributions as estimated from spectroscopic data or calorimetric

data. Second law heats are utilized as indirect estimates when necessary.

D, Thermodata Tape Monitor Programs

Programs which maintain and update the thermodata tape are inde-
pendent of the calculational program. The monitor routines will alter any of
the data as given in Table 2 as well as add or delete elements or constituents,
In every case of data alteration, the tape identification nuraber is updated as
the first action, Where different individuals requirr their specific data tapes,
a number of tapes may be written. l

16
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1IV. PROGRAM APPLICATIONS

The development of the capability to predict chemical equilibria in
systems under analytical or experimental investigation is a valuable adjunct
to problems involving chemical synthesis, materials development and test-
ing, laboratory flames, chemical propulsion, and aerodynamics. Whenever
possible, thermodynamic calculatione should be applied to experimental pro-
grams. Consideration of the thermodynamics of the situation can save a

great deal of experimentation in terms of a priori analysis.

A. Chemical Synthesis

Experimental attempts to create new molecules through synthesis or
high temperature equilibration can be placed on a sound basis by computing
the equilibrium composition of products under specified reaction conditions.
For illustrative purposes, consider the synthesis of nitric oxide (NO) by the
high temperature equilibration (over a catalyst) of an arbitrarily chosen
equimolar mixture of nitrogen and oxygen. (See Tables 5 -10.) Input data

to the program include the following which must be specified:

1) molar or weight concentrations of reactants;
2) total pressure(s) at equilibration; and
3) temperature(s) at equilibration.

For an example (only a few points are illustrated), 69 temperatures from
6000 to 300 K were computed at a total pressure of 1 atm in 2. 6 min. Be-
tween 6000 and 1000 K, temperature increments were 100 K; 1000 to 500 K,

increments were 50 K; and 500 to 298. 16 K, increments were 25 K.

Table 5 shows the problem definition and mass balance sheets followed
by an automatic statement of the products selected for consideration and their
heats of formation (Table 6). Tables 7 - 10 show the computed equilibria at
various temperatures. Included are their reactant and product concentrations

and their individual heat capacities (CP), enthalpies, entropies, and free

17



Table 5
Problem Definition and Input Verification

" AEROSPACE CCR
EXAMPLE

_ CCMPCNENT

[
IR
% 0w
W) a0 e
QW o
L, O e
"’li O .
i e @
V' oM
==l
Wt
B

-
=
[
S
"
w
x
=
w‘
W Bt
z
<
-
<
[ )
v
v
<
x

_ELEMENTS

18



o g O
-~

pPe

Table 6
Products Selected from Thermodata Ta
NZ/OZ

I 1‘1 ,'r’,

!,J.‘ ffs,n.,ml h‘llfum

Wl

N ==} Mfl n -]
oo mn Jarfffiis O [Ta)
<~ iuygio e
@B
wn g Iy li l',;:l g o
{Andheuih..
o n il :ll | O [
o \n ll": v':l : o
o ofig Bl "0 o o
N oI Y o © m
[l T3] m i ‘ - M
] ’
ZZwKEZZ2Z
Q O 5 1 =t S&’.
u
b o (| D] e e e
< < i <@ @
XX ¥ x
o 2 o o
09 gl
L TR Ty
“w u (TR TITR
00 (= Nelo]
Vi - -
‘4 < Q.
T W Wy W W W
I I Irzx

sssnsesave P




. FPEREDTIR S e

i ko

o R A e

9696°995= 9966769  S600°c0 : ,.m.ouomn.o

ENNQ°6ZN-  2£19°98 L6106 00092000°0
£101°sL__wizl-si . LESRELLO0°O

] == =T6U5°06 S L 10Z92819°0

4 NO0ESBLLS0

~ AdDWIN3 AdIVHING ] NI1LoVEd 310M

“I5v0084

MNommoo d) SV9 WILSAS

~ 0000° L (wiv) 3unssS3ud

31 0009 3® 20 pue 2y Jo uonjeaqimmbyg

L 3qelL

20

e e a1



Table 8
Equilibration of N2 and Oz at 3500 K

g -

TAPE &C T/1n/610

EXAMPLE

g¢ T

1.0000

PRESSURE (AT™)
“{DEG K} 3500.
SYSTEM GAS CP 0.31220

TEVPERATURE
SYSTEM ENTHALPY (KCAL/GPM}

SYSTEM ENTROPY (CAL/GM-DEG)

it

ENTROPY

ENTHALPY

e

MOLE FRACTICN |

PROOLCT

130.809¢

77.6383 ¢
52,7646
55.610C
30.3832
89,1995 7B
A 32.3856 - _
13.8326 e

5.0855
S5.0812
9.0858
13.7798
8.9268
‘TR TO067
9.7620

0.0001400%
0.256 18005
0.06762285
0.000CC0S5T
0.802C8521
0.0000C259"
0.278Ch8N0
0.006CC030

-
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encergics (H-TS). System enthalpics, entropies, and heat capacities (frozen
equilibria) are also tabulated. EFrom the example, it was concluded that a
maximum concentration of NO for the given stoichiometry end pressure

would be attained at approximately 3500 K.

It should be noted that the program can yield adiabatic flame tempera-
tures. Since the enthalpy™ of NO at 298. 16 K is

AHf+H°
h=_—M—2

+ 21.60 + [(1) (1.89) + (1) (z.oe)]
30

0. 85 (16)

0.85 kcal/gm, we would calculate that the adiabatic decomposition flame
temperature of NO (initially at 298. 16 K) is between 2600 and 2700 K (see
Tables 9 and 10). Plots of system H vs T over small temperature intervals

are linear, and linear interpolation is justified.

B. High Temperature Stability

In many cases it is desired to predict the thermal stability or compati-
bility of refractories or other materials at elevated temperatures in reactive and
inert atmospheres. Tables 11 - 14 illustrate thermodynamic computations of
the refractory beryllium oxide in gaseous nitrogen and water vapor. The cal-

culations refer to the stoichiometries

Stability - BeO + Nz

Compatibility - BeO + HZO

in closed systems and predict the distribution of products which would be

:'AHf from Table 6 and Hg from Table 1.
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observed after an infinite length of time. The tables show that in nitrogen
condensed BeO decomposition proceeds through the formation of the gaseous
BeO polymers. In water vapor, the gaseous hydroxides play a major role.
The partial pressures of the constituents are simply their mole fractions

multiplied by the total pressure.

C. Composition of Flames

The computer programs can be of great value to problems which in-
vestigate flame phenomena. Input data to the program would consist of
oxidizer and fuel stoichiometry and ambient pressure. These conditions
would define a premixed flame or a rocket exhaust jet. The actual flame
temperature at a given stoichiometry and pressure would easily be calcu-
lable from the thermodynamic and thermochemical data of the oxidizer and
fuel.

Tables 15 and 16 list the flame compositions of the system
tetrafluoroethylene-oxygen (CZF4 + ZOZ) at ambient pressure. The calcu-
lations were made in support of a laboratory program which will investigate
the flame in order to give insight into the phenomonology of Teflon ablation
in air. One of the surprising results is the extremely high concentration
of fluorine atoms. For a given stoichiometry and pressure, this program
does not automatically compute the adiabatic flame temperature; these would
be hand calculated as shown in Section IV. A., Chemical Synthesis. Oxidizer
and fuel enthalpy is 1. 00 kcal/gm which yields an adiabatic flame temperature
between 2000 - 2100 K. '

Calculations, suchasthose illustrated in Tables 15 and 16, would appear
to be an aid toward the prediction of the radiative signatures of rocket ex-
haust jets. Since the flame composition and temperature is predicted, the
concentration of the emitters from first principles has been established.
These calculations are, of course, based on thermodynamic equilibrium and
do not recognize the existence of excited emitters or other nonequilibrium

phenomena.
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For the premixed flame, the specification of oxidizer and fuel stoi-
chiometry is reasonable since one expects and observes predicted flame
temperatures, radiation, and compositions. However, many processes of
interest to the aerospace sciences, such as ablation, must be approximated
by a diffusion flame. There is transport of material through the boundary
layer, and the flame stoichiometry is not well defined. However, flame
temperatures near the theoretical maximum are often observed in diffusion

flames although there is no true final flame temperature.

D. Problems Which Contain Many Elements

Tables 17 - 19 illustrate a problem which contains six elements. As
seen from the Tables, condensed phases may appear and disappear. Com-
putation time is somewhat increased over that with fewer elements; there

are no increased computational difficulties.

E. Mollier Dia}rams

Isobaric and isothermal curves on an enthalpy-entropy plane for a
given stoichiometry result in a Mollier diagram. Such diagrams are of
general utility in power-plant design and thermodynamic analysis. Mollier
diagrams are usually presented for single constituents, but the computer
routines described in this report are general in nature. Thus, data for the
Mollier diagrams can be easily and automatically computed for systems

whirh contain numerous constituents.

Printouts from the current Mollier Diagram Program are illustrated
in Tables 20 - 22 and are produced at various pressure and temperature inter-
vals specified by the program user. In practice, points are generated by
computing points at equally spaced temperatures along an isobar. When com-
putations have been completed for a temperature range and pressure, the
program proceeds to the next pressure. The following data are printed out

at each pressure and temperature:
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Table 21 (continued)
Products Selected from Thermodata Ta
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Table 22
Printout of Mollier Diagram Program
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Table 22 (continued)
Printout of Mollier Diagram Program
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Table 22 (continued)
Printout of Mollier Diagram Program
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Column Datum

1 Pressure

2 Temperature
3 Enthalpy

4 Entropy

5 Indicator

6 Point Number

When condensed phases appear, the program notes their presence and iden-
tifies them (see Table 22).

The subscript COND refers to a constituent whose thermodynamic data
over the range 0 to 6000 K is associated with hoth solid and liquid phases.
The data list the melting point to the nearest 100 deg, and the entropy, heat
capacity, and enthalpy are discontinuous. System composition data are deleted
in order to reduce the amount of output but may be produced as an option. The
temperature interval selected for each isobar is identical, facilitating the con-

struction of isotherms on the diagram.

Applications of Mollier diagrams of complex systems are numerous. In
the aerospace sciences, obvious application involves determination of theo-
retical rocket propellant performance and the soluticn of a host of aerodynamic
problems. Most important in the latter case is ablation and the calculation of
the thermodynamic and transport properties of flowing, reacting gas mixtures.
Since the viscosity and thermal conductivity of a gas mixture is of importance,
gas composition must be known before its transport properties can be comp-
puted. The ability to treat flow with chemical reaction is mandatory for the

solution of contemporary aerodynamic problems.

While each point computed by the Mollier Diagram Program is an
equilibrium one, shifting equilibrium parameters such as heat capacity, isen-
tropic éxponent, and speed of sound necessary for some aerodynamic calcu-

lations are not computed. The program could be modified to compute these
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parameters, but computer time would be increased sharply. However, the
following section will illustrate how the parameters may be derived from the
current program which will be modified slightly.

F. Calculation of the Velocity of Sound

The velocity of sound is

(17)

n
1}
2]
Sk
p S
1
oo
P el
Q@
—
Sl:!
»
N’
]

and y the isentropic exponent is
_{91In . v [9p
- (), -3 )
s 8
Using the Bridgman formulas, Eq. (18) is
-+

C 2
p [ov _{ov
- R

(19)

ol<

Since
pv - BT (20)
differentiation yields
pdv+vdp:%dt-B—Tsz (21)
M
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and substitution in Eq. (19)

y = (22)
. [l+(alnM T alnM]
P

where cp' the shifting equilibrium heat capacity, is

h, - h
3h 2 1
e = (31) o T, (23)

For a nonreacting gas mixture {frozen equilibrium)
8 In M)r (8 In M =0 (24)

and Eqs. (22) and (17) are reduced to

y = —B (25)
CP -m
and
a? cpvy: T v (26)

Molecular weight changes are primarily caused by reassociation of high
temperature species; the degree of dissociation is related exponentially to
temperature and is much less sensitive to pressure. At static temperatures
below, e¢.g., 1500 K, molecular weight changes become negligible and Eq. (25)
may be utilized. At temperatures below approximately 1500 K, frozen and
shifting equilibrium parameters are essentially identical. Table 23 illustrates

values for frozen and shifting y in the oxygen/hydrogen system.
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Comparison of Frozen and Shifting y in o, /Hz Mixtures (60 psia)

Table 23

T(°K)

Shifting Frozen
1183 1.3395 1.3396
1514 1.3077 1.3079
2089 1.2550 1.2649
2329 1.2267 1.2510
2828 1.1605 1.2265
3015 1.1386 1.2182
3217 1.1174 1.2077
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E In order to evaluate the shifting equilibrium isentropic exponent and
i
g the speed of sound for areas on a Mollier diagram, we need information on

1) enthalpy

2) molecular weight
3) pressure

4) temperature

5) volume

These vrill be tabulated for each point; for a given isobar, the molecular
weight, enthalpy, and specific volume will be found on the printout. The

speed of sound and isentropic exponent may then be evaluated graphically.

A section of a Mollier diagram is illuatrafed in Fig. 2, and we wish
to calculate the isentropic exponent in the area of Py and Tl from Eq. (22).
Evaluation of (3 InM)/(81n p)T and (9 InM)/(91n T)p would be made over
the interval ) Tl - Py Tl and Py TZ - Py To. respectively, as
(A InM)/(A ln T)p. cp is simply read from the printout as the difference in
h between Py Tz - Py To' For the speed of sound we need, in addition,
pPv at p,, Tl' Since the data are printed out along an isobar

v = }%'Tﬁ (27)

Use of Correct M When System Contains Condensed Phases

Let
[ ]
c
. vy = £ (28)
\4
and for a system which contains a condensed phase
N 8 4 Nsc’
y-—£KP SP (29)
N cB+nNCE
g v s v
{
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Fig. 2.

Mollier Diagram
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Since
Nc®-NC® (30)
8 v s p
and
R
Cp - CV -I—M— (31)
then Eq. (29) is
N cg + N cs ct
y = _EP °P : P (32)
N 8 . N + N 8 c + X M
g P g M s P P g

where
= total specific heat of rnixtures
= weight of gas or solid

- weight fraction of gases

2 X 2

molecular weight of mixture
Thus, the M used in a two-phase system is actually M/X

G. Theoretical Rocket Propellant Performance Calculations

The solution of complex chemical equilibria is a fundamental require-
ment for the computation of theoretical rocket propellant performance. Fvery
parameter of performance may be computed from a thermodynamic analysis of

combustion products at selected pressure planes within the thrust chamber.

l. Performance Parameters

Generally, performance parameters which characterize a given

propellant system are
a) I specific impulse

b) o characteristic velodity
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c) CF thrust coefficient

d) € area ratio

Items (a) and (c) are a function of the area ratio, and it is usually desired

that they be tabulated at numerous pressure ratios in order to predict alti-
tude and vacuum performance. Also, it is advantageous to include tabular
material for the calculation of performance resulting from nonoptimum

expansion.

2. Specific Impulse

Specific impulse is defined and calculated from the relation

u A

e e
=gt (P, - P, (33)

Optimum specific impulse is established when the static pressure at the

nozzle exit is equal to the ambient pressure, and Eq. (33) is

ue
Topt = 3 : (34)

When the thrust chamber is at a high altitude and the ambient pressure

approaches a vacuum, Eq. (33) is

Ve AePe
Ivac ° T Y— (35)
m

Both 1
opt
latter is defined by

and Ivac are a function of the nozzle expansion ratio (¢); the

Ae
€ = xt— (36)
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Because the rocket engine is a heat enginé in which the kinetic energy of the
jet is created at the expense of combustion product enthalpy, it can easily be
shown that

JZ 3
Topt = * 5 /hc - h, (37)

The calculation of Iopt from Eq. (37) involves the difference in
combustion product enthalpy between the chamber and the exit pressure plane.
The calculation proceeds on the basis of selecting a chamber pressure and
assigning the ambient pressure to the pressure at the exit plane of the nozzle.

Calculations are made with the following assumptions:

a) Propellants are injected into a combustion chamber at a

prescribed chamber pressure.

b) Propellants are transformed adiabatically and isenthal-
pically into their combustion products at the prescribed

chamber pressure.

c) Combustion is complete, and a mixture results which can be

described by the perfect gas law.

- d) Combustion products enter a de Laval nozzle; the contraction
ratio (Ae/At) is infinite, and the velocity of gases entering

the convergent portion of the throat is negligible.

e) Jet velocity at the throat is equal to the local speed of
sound.
f) Expansion through the nozzle is adiabatic isentropic, friction-

less, and one-dimensional.

g) Condensed phases exhibit a negligible volume and are in
thermal equilibrium with gas particles while travelling with

their identical velocities,

The expansion process may be treated exactly by the methods of

classical thermodynamics with the assumptions of either frozen or shifting
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equilibrium. For the former, we assume the composition of the chamber
combustion products to be invariant with position in the nozzle. With the
assumption of shifting equilibrium, combustion product composition continu-
ally changes and is required to reflect the temperature change during the
nozzle expansion process. All performahce parameters may be computed for

the conditions of frozen and shifting equilibrium.

3. Area Ratio (¢)

Thrust chamber geometry is best characterized by the area

ratio, ¢. Utilizing the equation for the continuity of mass

PUA = m (38)
Eq. (36) becomes
(pu),
€ = .(F‘B_e (39)

The perfect gas law is

p = B (40)

and € is then

t (41)

¢ is secn to involve the evaluation of the properties of combustion products

at the throat and exit pressure plane.

Procedures for evaluating throat properties are somewhat compli-
cated., since the throat position is not uniquely known but encompasses only
basic thermodynamics. The significance of Eq. (41) is that from a thermo-

dynamic analysis of combustion products at selected stations in the thrust

55



p———

RLLSTE PR G

chamber, data on the design of thrust chambers may be deduced. Given a
propellant stoichiometry and enthalpy, chamber pressure, and exit pressure,
an optimum impulse can be computed and the area ratio of the thrust chamber

which is required to produce that exit pressure may also be computed.

Substituting Eqs. (34), (36), and (38) into Eq. (33)

I‘ = Iopt + A . (pe - po) (42)

from which can be computed the specific impulse at any area ratio (viz, exit
pressure) and for all conditions of nonoptimum expanaibn. P # 0. The
special case, I _ , namely, p = 0, is also included. The term

Ae/n'n = e/(pu)t can be expressed in more tractable terms. From Eqs. (34),
(38), and (40),

m PMu e PM e “opt & '

Thus, nonoptimum specific impulse can be computed but without specification
of ¢. However, the specification of the area ratio for optimum or nonoptimum
specific impulse will always involve the determination of throat properties
since ¢ can only be derived from Eq. (41).

4, Derived Performance Parameters - Thrust Coefficient and
Characteristic Velocity

For reasons peculiar to the experimental evaluation of a propel-
lant system in a thrust chamber, it is convenient to define parameters which
yield insight into the efficiencies of the combustion and expansion process.
Three parameters associated with the thrust chamber which may be experi-
mentally measured are the chamber pressure, throat area, and propellant
weight flow. As an excellent approximation for a given throat area, the
chamber pressure iz directly proportional to the propellant weight flow,

m
Pe o R, (44)
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Note that the term pcAt/n': has the dimension of seconds, which are those
of specific impulse; and we intuitively conclude that the term could be pro-
portional to specific impulse. Utilizing the acceleration of gravity we find
the familiar proportionately constant c*

P.A.8
C*= ct

(45).

m

to have the dimensions of velocity.

The characteristic velocity, c*, has appeared quite often in the
rocket literature and has been the source of much misunderstanding. Much
of the confusion associated with the interpretation of c* could be avoided if
its lack of fundamental significance could be kepf in mind. Unfortunately,

e

¢ is neither the velocity of the jet at the throat nor at the exit plane, and

the product of chamber pressure and throat area has no particular signifi-
cance. We find Eq. (45) to be a general equation which states that for a
given throat area and chamber pressure, propellant systems with higher c*
require less flow rate to produce a given chamber pressure. Equations
(44) and (45) are statements of a relationship between chamber pressure
and propellant flow rate for a given propellant system. The value of the
parameter c* is that while Eq. (45) may be evaluated experimentally, it
may also be evaluated theoretically from a thermodynamic analysis of the
propellants, and the results can be compared. Thus, one obtains an experi-
mental indication of whether the particular design of hardware (injector or
thrust chamber) permits the realization of near theoretical results. Use of
Eqs. (38), (40), and (45) yields

* RT
* = p_ (5,;{)t ‘{— (46)

c* is a single valued function of propellant stoichiometry inlet conditions
and chamber pressure and is independent of processes which take place be-

yond the throat. Is is a function of propellant stoichiometry and chamber
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pressure but includes the contribution of the expansion process. We define
the coefficient of thrust

I.g
and
c* C
1 = F. (48)
B8 g

We define c* and CF to approximately separate the combustion and expan-
sion efficiencies. Like I, and c*, CF may be computed for both frozen
and shifting equilibrium.

In general, c*, which is determined experimentally, is less than
c¥ theoretical, while the reverse is true for the thrust coefficient. The
reason is that combustion is usually not complete in the chamber and will
occur to some extent in the nozzle. The result is a somewhat lower than
theoretical chamber pressure. Hence, the experimental c* is lower than
theoretical, while the enthalpy converted to velocity in the nozzle is aug-
mented by an additional enthalpy of combustion. It should be realized that
the thrust coefficient is determined indirectly; thrust, chamber pressure,

and propellant weight flow are measured directly, and the thrust coefficient
is computed.

5. Theoretical Rocket Performance Printout

Tables 24 ~ 28 illustrate the output format of the Shifting Equilib-
rium Theoretical Rocket Performance Programs. Input data, such as pro-
pellant chemical formulas and heats of formation, are reiterated. Mass
balance sheets are then produced, and propellant components are listed in
weight per cent, moles, and mole per cent. A list of the combustion proﬂucta
selected and their heats of formation (kcal/mole) follows.

e e L o
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Table 26 (continued)

Thermodynamic Conditions for Each of 24 Expansion Planes

4/2/762

THERNC ODATA LIBRARY TAPE o3

M SCAL/GM)

THERPOCYNANLC CORCITICNS FOR EACH EXPANSION PLANE
S

$CAL/GM-DEG X)

CP (CAL/GM)

R o A s 4 S SR 8 AL 89 AP 4

. :
0,00006

0.00028
0.00003_

0.05023
0.00093

0.05C98
0.00131

“0.00057

0.00159

0.00127
0.56398
0.00002

0.53468

0.55499
0.00001

0.55599

00001

0.55698
0.0QOQI

0.5674%
0.00003

L4

0.00002

0.00000

-
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The problem solved in the tables illustrates the typical three-
table shifting equilibrium output format. While the selection of the chamber
pressure is infinitely variable, computations are executed at 24 pressure
ratios (Table 26). The initial pressure is that within the combustion chamber
whereas the fifth pressure locates the exact position and conditions at the
throat. At every pressure, the temperature, enthalpy, entropy, heat capacity,
isentropic exponent (GAMMA), product molecular weights, and the concentra-

tion of combustion products are printed.

Table 27 lists the rocket performance data. Characteristic
velocity is tabulated as is optimum specific impulse, expansion ratio

(EPSILON), and thrust coefficient (CF) as a function of pressure ratio.

Table 28 lists altitude performance parameters as a function of
50 unit area ratios and is utilized to read the thrust coefficient (CF EPS) and
specific impulse (I EPS) for an ambient pressure of zero as a function of
area ratio. Optimum specific impulse (I OPT) is tabulated at the unit area
ratio. The table affords the rapid and accurate calculation of specific im-
pulse under any set of optimum and nonoptimum area ratios and altitude

conditions. The exact equation for these effects is

I EPS

H

1 OPT + A - Bp_

p_c*e P e

P8 P.8

u

O
g

-
+
'

(49)

Table 29 illustrates a portion of the thermodynamic properties of
the propellant system NZO4 with BeHz‘ Solution was obtained with the

presence of three condensed phases.
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