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NOMENCLATURE

a Nozzle area, also reaction rate parameter

A  Diabatic heat addition term linking fluid dynamic
and relaxation processes

Reaction rate parameter

B Energy exchange term linking fluid dynan:lic and
relaxation processes o

.c  Species mass fraction

Cq Thrust coefficient
C Total particle drag term
Cg)i) Particle drag coefficient

CP Heat capacity of gas phase at constant pressure

C#  Characteristic exhaust velocity

)

N

D. Subsonic pafticle continuity term

E Diabatic heat addition term

f Derivative..

f .  Momentum exchange term

F Fr.e;e energy |

F. .S,upersonic particle continuity't.e.r.m
g . Energy exchaﬁée term

h "En;t‘hal‘py; also infegratidn increment

- H  Total enfhalpy‘ :

AHF_ Heat of forrhation
, A'Hpi‘ - Latent heat at melting L
‘I‘,spl Speci;fi\é‘:}irnpulse e

' ‘Va‘r'ivajble inérement, é.’ls;'o 'reac;tion rate parameter
' K ,, 'E'quilibrium'co,ns.taht =
Kn, 'Pa'rtic‘l-e‘ fKn.ud_s en number

iii
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NOMENCLATURE (Continued)
o
m Reaction rate ratio - ‘
m_. Bulk density /\% /)
pi o | S =
M  Mach number, also third body reaction term -
n Reé_;:tion rate parameter, also summation or -
" iteration index
<\’NP Pressure expansion coefficient
N T Temperature expansion coefficient .
Nui(o) Particle Nusselt number
P  Pressure
Pr Gas Prandtl number
r.o. P-artic?ie radius
pi | |
r* Nozzle throat radius
R Gas constant
Rei - Particle Reynolds number
- R* - Nozzle wall radius of curvature at throat
P : S Entropy, also summation term
T Temperature /
. ’ ) . K“(/;
T Melting temperatur:e .
pmi . ,
V. Velocity
x  Axial distance
y> Dépendent variable
ozi' »Partial-d“erivative, Bfilax,
" B. . Partial derivative, 8f/8y o
L i,y T bl 9419y |
' 51 ;'Infc’.l‘emeh"cal"errdrf L
jj Kromeckerdelta  °
e Area ratio
L = - P = ‘ L S o _~ "'_J“L ndhe




Subscripts;

Cc

o

pPi
Superscripts:
C
P

<ls
“<

(o)

NOMENCLATURE (Continued)
Density
Particle density in gas phase
Gas viscosity

Nozzle cone angle

Refers to chamber conditions
Refers to ith species or equation
iiéfers to jth reaction or variable
Refers to reference conditions

Refers to ith particle size group

Refers to corrected increment
Refers to predicted increment
. 3 A
Refers to throat conditions \ N
" .'\“\l:“
Refers to no slip condition .
= |
/
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1. INTRODUC TION

This report contains a complete engineering description of the
second computer program being developed by TRW Systems for NASA
(MSC) under Contract NAS9-4358, Development of Six (6) Computer

Programs for Analytical Prediction of Delivered Specific Impulse.

The objective of this contract is to develop a family of six computer
programs to calculate inviscid, one-dimensional, and axisymmetric non-
equilibrium nozzle flow fields. Assuming that equilibrium conditions
exist in the combustion chamber, these programs will calculate the non-
equilibrium nozzle expansion of propellant exhaust mixtures containing
the six elements: carbon, hydrogen, oxygen, nitrogen, fluorine, chlorine,
and one metal element, either aluminum, beryllium, boron or lithium.
These computer programs will account for the nonequilibrium effects of
finite rate chemical reactions between gaseous combustion products and
velocity and thermal lags between gaseous and condensed combustion

products.

The computer program described in this report calculates the
inviscid one-dimensional equilibrium, frozen and nonequilibrium nozzle
| "é‘)‘};.pansion of propellant exhaust mixtures containing the six elements:
TTxc‘f‘é;‘“a‘gbon, hydrogen, oxygen, nitrogen, fluorine, and chlorine and one
: ﬁ}e%al element, either aluminum, beryllium, boron or lithium. The
"cﬁ:)mputer program considers all significant gaseous species present in
the exhaust mixtures of propellants containing these elements and all
gas phase chemical reactions which can occur between the exhaust products.
The computer program is designed for engineering use and is specified
and programmed in a straightforwardf manner to facilitate its use as a
development tool. In order to reduce the computation time per case to
a minifnum, the pfogram utilizes a second order implicit integration
methdd. This inte_gra..tio.n method has been demonstrated to reduce the
' COmputation time per Case several orders ’o‘f magnitude when directly
compared with theA computation times requif‘éd ﬁtilizing standard e;‘xpli}cit
integration methods such as fourth order Runge-Kutta or Adams 7"M0u1_ton

' méthods .
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Section 2 contains a derivation of the equations governing the inviscid,
one-dimensional flow of a two phase reacting gas mixture in the form in

which they are integrated in the computer program.

Section 3 contains a brief discussion of the use of both implicit and
explicit integration methods to integrate relaxation equations, and a com-

plete derivation of the second order implicit integration method used in
the gomputer program. | !
Section 4 contains a detailed engineering description of all the calcu-

lations performed in the computer program.

At the completion and delivery of this computer program to NASA
(MSC), an updated version of this document describing the engineering
analyses, a similar document des cribing the programming and program
logic, and a user's manual describing the use of the program will be

delivered to NASA (MSC) to‘complete the program documentation.
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2. CONSERVATION EQUATIONS

The conservation equations governing the inviscid one-dimensional
flow of a two phase reacting gas mlxture can be simply derived utilizing

the following assumptmnS'
e There are no mass or energy losses from the system

e The gas is inviscid except for its interactions with the
condensed particles

e FEach component of the gas is a perfect gas

e The internal degrees of freedom (rotational and vibrational)
of each component of the gas Are in equilibrium

® The volume occupied by the condensed perticles is negligible

e The thermal (Brownian) motion of the condensed particles
is negligible L
4 ‘\\1\\%\ -

® The condensed particles do not interact

e The condensed particle size distribution may be approximated
by groups of different size sphersgs

® The internal temperature of the condensed particles is
uniform

. Energy exchange b.etween the gas and the condensed particles
occurs only by convection

® The only forces on the condensed parﬁcles' are viscous
drag férces
e There is no mass transfer frorn the gas to the condensed
phase during the nozzle expansion |

These assumptlons have been previously used in all studles of reactmg

astt) (2)

and gas- part1c1e nozzle flows.

The conservatlon equations. are derlved here in the form used in

the presenf ana1y51s

For each \componen’c of the gas the continuity equation is s

o0

| < ;’ E ) " (p Va_) = wlr"‘a L : | n (2_1)
EON
o 2-1
. . % <f~» e - T N T e



where the axial coordinate (x) has been normalized with the throat radius

Summing over all components of the mixture, the overall continuity equa-
tion for the gas is obtained

4 _
= (pVa) =0 (2-2) |
By use of the above equation, Equa.’cion (2-1) can be rewr’i}te&n as t
dci’ w, T A
= = oV | e o (2-3)
For each particle size group the continuity equation is
4 v .V .a)=0 | (2-4)
dx ppi( pi~’ -

since there is no mass transfer from the gas to the condensed phase.

The change in gas and particle momentum at any station in the nozzle is

d L
-a-;{- (pVa.V) ~

and
N o
d ¢
dx igo (p-pivpia'vpi)

while the pressure force acting at any nozzle station is a% . Thus the

overall momentum equation for the mixture is

d d [ o _dP _ 3 ,
. (pVavV) + I (igoppivpiavpi)+ ags = 0 (2-5)
which Be’come‘s |
AV . e
Z pp1‘p1 dx + dx 0 e T (2 6)

- through use of the cq_n"c’inu'ity“equa,tions

S2-2
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Simil/iﬂy, the overall energy equation for the mixture is
5

| :
% : N dh_. dv _.
) v (dh', VdV _pi _pil _
- PV g t o )+i§o ppivpi(dx tV dx)-o
where for the gas phase
N
h= ) ch

i=o
and

T

h =f c_.dT + h,
i), i io

and

For each component of the gas, the eqiia;tion of state is

Pi, = piRiT

(2-7)

(2-8)

(2-9)

(2-10)

(2-11)

(2-12)

Summing over all components of the mixture, the overall equation of

state for the gas is obtained

P = pRT

where

av_. BEsTE e
ViTde sz 2 VeV
: X
- pipi L
2.3
-l A .. g . = ey ‘4‘ - £

(2-13)

(2-13a)

.(2514)  5 



and the particle heat transfer equation is

S

dh_. 3pg .r¥ CP ;
v i.-c-l-xﬂl-«;: - P12 (T_; -.T) (2-15)
P m_.r°, Pr P -
pl p1
for each particle group. l
Since the expansion through a nozzle can be specified either by the %
expansion process or by the nozzle geometry, two forms of the above
equations are of interest. - -
If the expansion process is specified and the pressure is known as
a function of distance through the nozzle, the above equations b?acﬁome !
dci wir*
dx = pV L (2~'516)
dp_. 2
pi _ |1 M=-1 dP D . | ~
= |- - D. ., i=1,2,---,5 2-17
dx [\/P L?12 dx i ppl ( )
v _ _tfap, ) | 2-18 ¢
dx = oV S ( - ) o

do [ 1 dP 1
T k7 dx-AJp o (2-19?

It

dT _[y-11 dP .
S odx v P dx

.

T | _ (2-20)

while if the nozzle geometry is specified, the above equations become

dci wir* |
d=x = pV ‘ , (2-21)
dp . ~ ; ' R ; , ik
- = - ég%-_}rg;‘ , i=1,2,000,5  (2-22) o
h » av . [—1— da _ E] R ” . (2-23)

. . ; L “ : . B ." . .
_ . R STt : Y i ..x.hgi
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(2-24)

(2-25)

(2-26)

(2-27)

(2-27a)

(2-27b)

(2-27c)

:(z;z7d);

'(2527e) 

A12_27£)

(2-27g)




and

N |
(2-27h)

= c.C .
=1 ' P
The first set of equations is completely specified at the sonic point

while the second set of equations is .‘singular. Thus, if the expansion
through the nozzle is specified by the pressure distribution, the equations
governing the expansion can be directly integrated through the sonic point”
without mathematical difficulty.- The exp'e.nsion from the chamber through
the sonic point is specified by the pressure distribution in the present
program in order to eliminate numerical difficulties at the sonic point.
In the expansion section downstream of the soi:%.fl@ point, hOWever, the area
variation is spelcified 'a‘,nd the second set of equations is integrated through

i ‘ . o . N
the supersonic expansion section. v ‘

In specifying the nozzle pressure distribution from the chamber
through the sonic point, rather than the known area distribution, a ques-
tion naturally arises regardin.g how accuratelythe calculation represents
the flow through a specified nozzle geometry. Experience has shown that
by iterating on the inlet pressureudistribution, the difference in the expan-
sion and predicted performance caused by utilizing the inlet pressure dis-
tribution to specify the inlet expansion process rather than the inlet nozzle

geometry is negligible.

Assuming that eqnilibrium conditions exist in the combustion chamber,
the present program has been written to calculate the nonequilibrium noz-
zle expansion of propellant exhaust mlxtures contalnmg the six elements:
carbon, hydrogen, oxygen, nitrogen, fluorlne ‘and chlorme and one metal
element, either aluminum, berylllum, boron or lithium. Gold( ) has
established that the species and chemu,al reactmns glven in Tables 2- 1
through 2-7 need to be considered in calculatmg the nonequilibrium nozzle
expansions of propellant exhaust m1xtures conta1n1ng these elements. T
- Considering these species and chemical reactmns, the net spec:1es produc-

‘ §
tlon rates (w ) for each species con31dez“ed by the progrfa,m are:

/.

et e i




For CO2

_ 2 -
W, = -44,. 011ip ‘:Xi +X13 +X14 - X18 - X21 +X50 - X111 +X165
" Xi66 T %203 - X245]
For HZ_
‘\ o, 2
w, = -18.016p [XZ +X15 +X16 -i-X17 - X31 +X110 +X120 - X130
X34 T X938 7 %147 T X165 T X203 T X234 T X235
t X553 - X258 = X259 ~ %260 t X266]
For CO
o ng 2 |
w3 = 28.011p [X1 "Xyt Xy ¥ Xy 2Xyg - Xyg - Xy - ¥y - X2z
x50 - Xgp m Keg - Fgg - Ep1r P14t X6
" X166 " 2167 T X172 T 2203 ~ %204 - %236 " *245|
For Clz
_ a2 a0
w, = -70.914p [X4 - Xp3 - Xy - Xog - Xgp - Xg5 - Xgg - Xy3q
- Xy88 “ %1927 X193 - X196 - X276 ~ *280
]:""01"-]?‘2 - |
w5 = -38.000p7 [Xs-" %27 = %29 ~ X888 " %o1 ~ %95 " %143 - %208
- X213 = *214 = %220 ~ ¥267 " Xz7z]




For HC1

w6=-36.465p2l:X6-X FX. . F2X. +X

15 T X553 24 T X5 = Xog - Xy + Xy

-X67-X69+X77—X + X + X, ,, +X

80 84 92 112

T Xyo1 mF128 " X34 T X35 - Xy37 T X 39

+ X - X + X - X

168 ~ £189 T X194 "~ X195 - Xyg9g * X505

+ X - X + X

217 ~ %244 +X

+ X - X

246 258 265 276

- X - X - X

277 278 279 X281]

For HF

- , 2
w, = -20.008p [:X., Xy b Xy 4 Ko +2X,0 - Ko+ Ky + X

- Xgg T Xgs = Xgg = Xgy t Xg3 - KXoy +X 5

+ X + X

122 + X - X

169 T X183 = X205 T X306 - X509

" %215~ %a17 t %218 T X202 T Xp37 T X4y

) f

+ X - X + X - X - X - X '

254 ~ %266 T %267 ~ %268 ~ ¥270 ~ %273
| t X277
Fdr H2 |
wg = 2. 016p2 ':Xg SX - X, - X,g ) Xy + Xy + Xy + Xy,
" Xy31 * Xpsg t Xpag T Xpss %259 - Xp43
_ Y68+ Xarm)
e » | R
g = -28.016p ¢ ‘[Xﬁ) +X35 +’X346 : X.iéo "X16‘3]'




For NO

2 | 4
g0 = ~30-008p [Xio - Xpo tXpy ~K3p - 2Xgq t Xgq T X + X

‘g
i

X563 T X570

X + X

X 86 ~ X117 T %161 T X462

66+X

X171~ %200 - %250

€
n

17.008p [X -X“+X13+X15+X16+2X1 X g+ X%,

+ X4 - X,, +X,, +2X,, +X + X

30 - %31 T %33 34 T X37 T Xgg T Xgp ¥ Xgg

+ Xy + X, + Xy t X t X, g + X, 4 +X

- Kgg F Kgg ¥ Xgy + Xga + Xgg + X gg + X K5

X +X, 554X - X - X + X

+X11.6 ~ 123 129 132 140 141 168

+X. .. +X + X +X - X +X

TXigg TRy75 T Xyg3 1 X495 T X194 - L4955 T Xy99

+ X + X + X - X - X + X

T X8 T Xpp3 P Xpog T X553, - Ko = Loy X o4g

+ X + X + X - X

+X,., - X 261

- X, 251 ~ %260

249 262 264 269

- %270 - Xz79]

For @)

w , = -32.000p [Xn s Xyg oy T Xy t Xz - Xy t X349 - Xy

~ % 99 " %118 = %170 ~ %177 ~ %186 ~ %201
P Xy - X249] |
For C

T St 001" [X +X18 +X19 + X5 +Xzz * X5y ,X64 - X4

X X2 T X004 F Xzsé]



For C1

T Xo5 - X5

w

4 15 23

= 35.457p° [ZX tXg - Xy - X 32 T 42 7 P43

14 -.X +X, ., +X

T Ryy TRy - Ky 1 Xgg - Xogp - Xogg - Xgg - Xgg

“ %94 * X100 * X104 ~ F115 ~ X124 - ¥i28 - X129

“ %436 " Fra2 X5y Y X5z X537 Xy73 - Xygy

- X188 T %190 ~ %192 " %193 ~ %196 = X197 = X207

-X,,, - X - X

- X9 T X7 ~ Koy T X 261 ~ %271 ~ %280

219 227 244 246

+Xog2 T Xpg3 t X284]

For F

©,. = 19.000p" [ax FX_+X

5 - 26"X27+X28+X. +X,, +X , +X

15 30 31 46 47

T Xyg t g - Xgg T Xy tXgqy - Xgg - Xy +Xgy

" Xog5 = Lgg T Xy01 T X405 T X3 +X(/119 X4

TXia2 - Xz T X g5 T X5 T X 5 *\\fim tXi58
N
- X + X -X +X - X X.. &

174 T 2207 = *208 * ¥210 - *213 - X214 F X219

" %220 - ¥221 F ¥o24 t Xo2g T Xp37 t Koy T X5

269 * X271 ~ X7 T Xa7a ¥ X;75]

Y

2-10




For H

g = 1.008p [Xz PR bR, F 2K+ K - X X -X X,
tRoq mXpg T3y ¥ X33 - Xy - Xy - Xgg T Xy
- Xgg - £go - ¥gy t Xg5 - Xgg - Xg7 - Xgg + X 3
" X116 - F125 ~ Xq30 " F131 T35 - Xy37 - Xgg
" X146 " *1a7 " %175 ~ X185 ~ X189 ~ F198 = Xyg9
X506 ~ %209 ~ X215 " Xa22 ~ X3 T Xpz6 T Xpp
o X35 T %238 t¥o40 T Xou3 - Xose - X262 ~ %263
/// o Xagz - Koy - Xogy zsz]
For N | )
w o = 14.008p [zx9 * Xy - Xp0 + Xy, +Sc35 TSNS S M
T Xge ~Xq17* X143 T X160 T 2162 T X171 - %476
- X‘19q - X500 - X210 - X250
For O
w g = 16, 000p> '}(1 X, X O HX 42X, -X  -X X, - X,

= X390 " X33 K35 - Kyg t X3 T Xy T Eyp T Xy

/// F Xyt Xgg - X3 - Xgg - gy t X - Xgg T X 0
' \—.%—ﬁ/ L - - S ) - 4 ‘ .
oy TR 7 Fp1e - Fp26 - Fusz ~ Xyas T X9 T Xy 50
74 : : ' v .
/- ' L ’ : ;
< FX5a T X 50 T X1 T Ru73 T R e Y X6 - Fy7

= T %48 - X186 T X197 - %201 ¥ X221 ~ Fa2sa F ¥230

-t Xo39 F Xou1 - Xa57 - Xopa ~ Fo15 - X283]




For Al

19

For Al1O

©20 T

For AIZO

w =

21
For AIC1

()] -

22

For AlCl2

Wa3 T

For A10OC1

W -

24

For AlF

25

b
W

= 26.97p° ng +X

+X 0 +X, , -X. -X_, -X.. -X X

-X55+X59 +X61 +X68+X

+ Xg]

69 T Xqq T Xg3 + Xgg

2 .
-42.97p [sz " Xyy - Xyq - Xyg - Xsp - Xgy - Xy - Xgg

—X55+X57+X58+X59+X6 +X

0t X61 " Koz 2X¢g3

- Xgp - Xagg - Xq3 - Xgg - Xgy - Xgg - Xgg - X97]

- |
-69. 94p [X41 " Xpy - Xgg - Ko T Xgp T X3 - X72:|

+X, . +X

PRyt X T X

.
-62. 427p I:X42 - Xy3 - Xys - Xss m Xy

+X,., +X

67 T Xgg t Xgg + Ko 12X, + X + Xy + X

70 71 72 73 74

- X5 - %q6 - Xg1 - Xga - Xgy - X87]

2 1. - .

- X + Xt X + X

74 77 /8 79

HXgo T Xgy T Xgp - Xgp - X%]

-78. 427p° l:X44 FX o - X,

5g ~ %74 T 2%g3 * Xgy

T Xgp T Xgy t Xgg T Xgg T X

gy - Xy)

+X - ?;;91

85 90
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For AIFZ

— 2 M - d
W, = -64.97p [X47 - Xg, - Xgg - Xgg +Xg, - Xg3 - X%]

For AIOF

+ X - KXoz T Xyn + X

74 86 90 92

@, = -61.97p° [x_48 Xy X - X

27 9

tXgg +Xgy tXgg t Xgg + Xgg + Xgg + X99]

For B
g = 10. 82092“.&{148 +X 49 + X5y *Xy55 - X160 - X161 - ¥pe62
*Xiea P X166 TE 72 T X7 P77 P E7g Y X g0
Xig7 t X188 T X189 ¥ X202 ¥ ¥208 T X209 t qu]
For BN
wyq = -24.828p° [X148 " X160 - *161 " %163 - (70 " %176
- X190 ~ X210_
For BO
w5q = -26.820p" [X149 " X150 " %458 " X162 ~ X163t 2X164T3(165'
& | F %166 T X167 " F168 T *169 T X170 Xt ¥
FR173 TR 70 T 295 T 076 T X y77 T X7 T X y7g
tX1gotX1gy * X(g3 - 185 = *186 = X196 ~ X198
S .“.Xz_iz i Xé,zo - XzZz} (\ 4
FQr BOé |
gy = e 520" [st'o "~ *164 " 165 - X{g7 - X1’7‘1 " *179 " 182
|  +va18‘3 * X;84 +"?éiss X186 = *195 ~ %215 - X504
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For BC1

i 2
wy, = -46.277p [X151 " X152 " %i54 - X168 - Xy73 T Xy78 - Xyqg

t2X g7 t X188 T Xyg9 ¥ Xygg tXygq - X{9gp

- %199 = %200 - %201 ~ X205 ‘.Xzo7]

Foxr BC1

X -X + X - X - X

2
w33 = -81.734p [Xisz‘ 153 ~ 187 © 7192 T 193 194'Xi97]

33
For BC1

_ 2
w,, = -117.191p [X153 +X193]

For BOCI

) 2
w35 = -62.277p E<154 " X178 T X179 ~ Xiga ~ X191 T X194 T Xygs

(X g7 T X gg + X, gg t X, 00 +X

+X 197 T *198 T 199 T 4200 ¥ £201

19

- X217 " sz]

For BF

“36 155 ~ Xi56 " X15'”9 - X169 - X X182

1
i

n

O

oo

o

o

=
oD
=

174 ¥ X180 -

+ X -+ X

“ %191 T 2¥%502 T X203 t X204 t X205 T X206

191 202 203

+ X, + X + X

207 + X208 FXpp0 t Xy TX

209 T 210 T F211 T 212

- X213 - Xzzs]

For BF

oo

37 = ~48.820p [X156 " X157 - F181 7 %202 " %206 T X211 " <212

8'/’ .
|

- TE T TP PT- R

X

218 ~ Xzzi]

216 ~ %
Zg‘or BF
wyg = -07.820p" [}{157+ %181~ %211 T %214 +X215]’ ‘
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For BOF

w

For Be

39

40

For BeO

w

41

For Be.O

w

For BeOH

W

For Be

- Yy4q C

43

2

42

i

1

c1

e S B
44200 [Xioo -X,_1‘04_J,'.X1‘12,.J,‘X115 *121 T * 12 4 %129

2
-45.820p [X158 tXi59 ~ X180 - X181 t¥182 ~ *183 T 104

- X503 " Xo0a T X2 T 2% v X517 X548

tXo19 T X220 * X221 T %222 ¥ X223 7 X224]

2 |
9.013p [Xioz * X104 T X105 * X106 * F107 7 F109. T Fa11

)

Xy T X e TR 7 P8 T X2 T X271 T X3

TRi33 T X3t Xy37 ¥ Xyg3 X144]‘

2
25.913p [X‘“iOS “ X106 T X107 ~ 110 T P11 - Fr1z ~ Fa3

"Xy - Xyys - X106~ F117 - X118 - Frag F ¥ 23

t X4 T 2% y56 ¥ Xypg T X3y T Xy5p T Xyg0 t Xyys

-34.026p [X107 “Xy19 P Xyp0 T Xypy T X0 T Ey23 T X i2e

X425 F X126]

-26.021p [Xioz tXy03 " X108~ F110 ~ F113 T Fyz0 T ¥t

- Xyaa " Xy23 ~ Ko T 2R 17 T X108+ Xyp9

tXy30 VX35 X350 - X34 - Fyzg - Xian 'X1v4z‘]

' ,"T~‘3.X,‘1‘33. - X134 - Xy35 - X/136 X 37, H‘:139 * X442

2-15°



For BeClZ
= -79.927p% |X, . - X, .. - X
W T 7 740P 12400 T 133 T 135 Py
{ o
For BeF

i 2
Wy = 28.013p __[X101 " X105 ¥ 2X409 ~ X119 T X422 - X438 ~ Xy39

" X140 " F1a1 " Fra2 " Fpa3 " Fpaa - Kyt X14£J

For BeFZ .
0y = -47.013p :[X101 X109 +-X146]
For BeO,H,
04y = -43.029 [X108 " *127 fxi‘”]
For Li

_ 2
wgq = 6.940p [X225 t X227 Y X228 T X229 T X230 ¥ X331 - X3y

- X235 = %236 ~ %237 ~ %238 ~ F239 ~ X240 ~ ¥auy

i e e

PSR AP o

- X4z - Xz4; tXou tXpus T Xpg0 T Xpgp T Xy
+ X0 F X281]
ﬁ For LiH |
wgq = -7.948p° [?229 - Xp33 - Koz - Xpz7 - Xpzg - Xpuy T Xpus
R YRS T 'X254 - X,55 - X5 - X26‘1 - Xo66
| ~ X267 - %213 ~ %75 - Xo77 - Xsz 3
' Fér LiO - S o
wg, = 22..940p2 [Xzzé‘ X23°J ‘+ X2'31;+X236 +’XZ4'0'+XZ’41 + X242 ,
- Xous 4,X246 - Xo47 ‘Xz48 - Xy - X250 ~ X251 :
- X552 + XZS(’% 2X257 +jx‘~2;6‘0 +Xppq X?_64 + X, |

270
T X5 ¥ X379 +X283~f~X284] i

' ’2—’;1,‘.6 ‘




For Li,O L
_ 2 |
W5y = -29.880p [X231 “ %243~ Fas1 " Xzs2 T ¥a53 t Xp54 T Xoss

+X, . - X

T Xos6 v E257 - X265 - X284]

For 1.iOH

_ 2 ;
@53 = -23.948p -[X225~*~+ X226 " %235 T X242 T %243 - X246 - X247

+ X - 2X - X - X + X + X + X

251 253 ~ X254 = Xop5 T Xogg T Xp59 T Xj4p

+ X261 T X2 T o3 T X3 H X0 TXps
B ;2 269:]

For LiF

_ 2fx Y
Wgq = -25.940p [Xz.zs - 2%532 T X520 ~ Xogs T X6 T Xpe7 T Xops

tXo69 T Xoqg T o7y T Xoqp ¥ X0 ¥ X0y
t X275 - X217]

"For LiC1

W55 = -42.397p [X,227f 2%233 ~ %258 ~ X261 T ¥265 - X271 T X276

¥ Xa77 X8 ¥ Xo79 ¥ X0 * X281 T X2g2

tXog3 t X284]

For Li F,

1%
3 — S0 RN
g 51, 880p [Xmg/.

) F»or ‘LiZCiZ

wgp = -84 ‘7949 [x2333 -

‘ " where the net productlon rate for ea,ch reactmn (XJ) con31dered by the 5

o program is glven in Sect1on 4. ? 1
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Table 2-1.

Gaseous Chemical Species Considered in the Program

Species Chemical Species Chemical Species | Chemicall
Number Species Number Species Number | Species
| co, 20 AlO0 39 BOF
2 HZO 21 Ale }}40 - Be
3 ofe 22 AIC1 4 BeO
4 - Cl, 23 AlCl2 42 YBeZO
5 Fs 24 Al0Cl1 43 BeOH
6 HC1 25 AlF 44 BeCl:
7 HF 26 AlF2 45 ."BeClz
8 H‘2 27 AlOF 46 BeF
9 N, 28 B 47 Ber
10 NO 29 BN 48 BeO,H,
11 OH 30 BO 49 Li
12 O, 31 BO, 50 | LiH
13 32 BC1 51 LiO
14 C1 33 BCl?_ 52 Li0
15 F 34 BCI, 53 LiCH
16 H 35 BOC1 54 LiF
17 36 BF 55 'LiCl
18 @ 37; BF2 ‘56 | Lii‘ze
19 Al 38 BF3 57 | ,;/'//: '- L12C12
Table 2-2. Condensed Chemical Species C.ons_idéredfv

~Aluminum Specie

Al

\]K

2

R

0,(c)

in the Program

- BeO(e)

 Beryllium Specie . Boron Specie

B(c)

BN(O)

2-18
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Table 2-3. Chemical Reactions Considered in the Program
Involving C, H, O, Cl, F and N Species Only

Reaction Chemical Reaction Chemical
Number Reaction Number Reaction
1 COo, +MIZCO+0+M zi co+No:C02+N
2 H20+M:OH+H+M 22 co+o:oz+c
3 CO+M=TC+0+M 23 HCl + C13=Cl, + H
4 Cl, + MZ2C1 + M 24 2HC1Z=CL, + H,
5 F, +M<2F + M 25 HC1+OZZO0H + Cl
6 HCl+ M= H+Cl+M 26 HF + CI1=Z=HCl + F
7 HF+M:I;I+F+M 27 HF+F:F2+H
87\ | H2+M:_2H+M 28 HF+H;’_H2+F
95 N, + MZZ2N + M 29 ZHF:FZ +H,
10 NO+MZIN+O+M 30 HF + O=“OH + F
11 OH+MITO+H+M 31 HF + OH& H,0 + F
12 0, +MIT20 +M 32 H, + Cl=HC1 + H
13 CO, + HZCO + OH 33 H,+OX OH+H
14 co, + O=CO + o, - 34 H, + 02:’. 20H
15 H,O + CLZHCl + OH 35 N, + O NO +N
16 ~  H,0+HIH, +OH 36 N, + 0, 2NO
17  H,0+O0Z20H 37 NO + HZ=OH + N
18 z,cé’:coz +Cc 33 NO+OZTO,+N
| 1_9_ - co + HZOH+C 39 0,+ H'__-CH +0
2’0_ - C-_O + NINC})‘"-.L C |
7 |
. R = 1 DI »



Reaction
Number

40
41
42
43
44
45
46

47

48
49
50
51
52
53
54
55

56

57
58
59
60
61
62
63
64
65
66

67

68

69

Table 2-4. Chemical Reactions Considered in the Program

Involving Gaseous Aluminum Species

2-20

Chemical Reaction
Reaction Number

AlO + M==A1+0 +M 70
Al,0 + MS=Al+AlI0O+M 71
AIC1+M==Al +Cl + M 72
AICl, + M3 AICL+ C1+M 73
AlOC1+M=2= AlO +Cl1+M 74
AIOC1+M== AIC1+0 +M 75
AIF+M== Al+F+M 76
AlF,+ M= AIF + F + M 77
AIOF + M=AIO + F + M 78
AIOF + M==AlF + 0 + M 79
Al +CO, 2= AlO + CO 80
Al + COz2=AlO0 + C 81
Al + NO ==AlO + N 82
Al +0,2=AI0 + O 83

Al + AlOCl'_‘,—-_-_-AIZO + C1 84
Al + A1OC1=z=Al10 + AIC1 85
Al + AIOF 2=A1,0 + F 86
AlO + HF —=AlF + OH 87
AlO + Fz=AlF + O 88

. AlO + H==Al + OH 89
AlO + AlF;:AlZQ + F 90
AlO + AIF z=Al + AIOF 91
A1,0 + Clz=AlIO + AICI 92

 ALO + 022410 93
AIC1 + COz=AIOC1 + C 94
AIC1 + HClz=AICL, + H 95
AlIC1 + NO ==AlOC1 + N 96
AIC1 + OH==AlO + HC1 97
AIC1 + Cla=Al + Cl, 98
'AIC1 + Hz*=Al + HC1

99

AIOF + Fz=AlO + F
"AlOF + O ==AIF, + O

Chemical
Reaction

AlIC1 + O==AlO + Cl
2AIC1==A]1 + AIC1,

AlC1 + AlOC 12A120 + C12

AIC1+A10C1 = AlO +AICL,

AIC1+ AIOF == AIF +AlOCI
AICL, +C1==AIC1+Cl,
AIOC1+CO = AIC1+CO,
AlOC1+HC1 z=AIC1, +OH
AIOC1+Cl==AlO +Cl,
AIOC1 + C1==AIC1, + O

2
AlOC1 + H==AlO + HC1

AlOCl + H==AIC1 + OH
AlOC1 + O ==AIC1 + O
ZAIF ==Al + AIF

2

2
AlF + HC1z=AlCl + HF
AlF + HF 3= AlF2 + H

AIF + NO 5=AIOF + N
AIF + Clz=AIC1 + F
AIF + Fz=Al + F,

AlF + Hz=Al + HF

AIF + AIOF s=AIO + AlF
AlF, + Fa=AIF + F,
AIOF + HCl==AIOCl + HF

2

AlIOF +HF g=AlF, + OH

2
AIOF + Clz=AlOCl + F

2
2

AlIOF + H=z*=AlO + HF
CAIOF + H==AlF + OH
~ AlIOF + O z=AIF + O,

) v
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2

Be.O + OH=BeO + BeOH |

e |

. BeF

R TR BTN I A R TR WA

Chemical Reactions Considered in the Program

Chemical
Reaction

Be

20 + C1ZZ BeO + BeCl

Be, O + HJZBe + BeOH

2

Bez

2BeOH = Be + BeOzH2

BeOH + C1=™ BeO + HC1

O +03Z2BeO

BeOH + C1 2ZZBeCl + OH

BeOH + HZZ=Be + H,O

2

BeOH + HZZBeO + HZ

BeOH + O :BeO + OH
2BeCl ZZBeCl + Be

BeCl + H O= BeOH + HC1

2
BeCl + HC1 :BeC12 + H

BeCl + C13Z Be + Clz

BeCl + HZ3= Be + HC1

ZO_._"’ BeOH f- HF

BeF + HC1ZZ BeCl + HF

BeF + H

BeF + OHZ=BeO + HF
BeF + OH==BeOH + F
BeF +ClZ=BeCl + F

BeF + FZZBe + F,

BeF + HZ=Be + HF

"BeF +O0==BeO + F

, + HEBeF + HF

BeO,H 20

Table 2-5.
Involving Beryllium Species -
Reaction Chemical Reaction
Number Reaction Number
100 CeC-lz + MZZBeCl+Cl+M 124
101 BeF2+M:BeF+F+M 125
102 BeOH + MJZT Be + OH + M 126
103 BeOH+ M3XBeO +H+ M 127
104 BeCl+ M 2ZBe +Cl1+ M 128
105 BeF + MJZBe +F + M 129
106 BeO + M3ZBe +O + M 130
107 BeZO +MIZBe +BeO + M 131
108 BeOZH +MZ»BeOH+OH+M 132
109 Be + BeFZ‘.."_‘ZBeF - 133
110 BeO + HZO:BeOH’-!- OH 134
114 BeO + CO ZZBe +CO2 135
112 BeO + HC13ZBeCl + OH 136
113 BeO + HF 2= BeOH + F 137
114 BeO + CEFBe + CO 138
115 BeO + Cl:.’.:;\}:\?)eCI + O 139
116 BeO-i-"H:'I:’;/e + OH | 140
117 ~ BeO +-N‘:’Be '+VNO 141
118 Be’O'.-l-‘O:'Be + 02. 142
119 - BeO” +‘Be}F:"Be2(.) + F | 143
120 B'ezo + H,0 2 2BeOH 144
121 Be,O + HC122BeCl + BeOH 145
| 122 Be,O + HF == BéFJ}-B{eQH ; 31'46_"
123 147

, + HE=BeOH + H

A . o are




1

Chemical Reactions Considered in the Program

2

Table 2-6.
Involving Boron Species
Reaction Chemical Reaction
Number Reaction Number
148 BN+MIZB+N+M 172 .
149 BO +M=ZB +0+M 173
150 BO, + MZ=BO +0 + M 174
151 BCl1+MZTB+Cl+M 175
152 BCl, + MZZBCl+ Cl+ M 176
153 BCl, + M BCL, + X1+M 177
154 BOCI+M=ZBCl1+0 + M 178
155 BF+MZ=ZB+F+M 179
156 BF, + MEZBF +F +M 180
157 BF, +M:BF2+F+M 181
158 BOF + M2 BO +F + M 182
159 BOF+M=ZBF +0 +M 183
160 B +N,==BN+N 184
161 B + NOZ®BN + O 185
162 B + NOZ*BO + N 186
163 BN + NOZ=BO + N, 187
164 2BOZB + BO, 188
165 BO +CO, 2= BO, + co 189
166 'BO +COZEB + CO, 190
167 BO +COZ=BO, +C. - 191
168 BO +HC1==BCI + OH 192
169 BO + HFZZ BF + oH;_ 193
170 .~ BO+NOZ=BN+O, 194
"_‘-B'o. + No,:Bo,k' + N i 1‘9:5 S

A

A
¢t
N

2-22

- BC1

Chemical
Reaction

BOTC:B+CO
BO;CI:BCI-FO
BO+ FIZBF +0
BO + HZ2Z B + OH
BO + NZZBN +O

BO + O==B + O,

BO + BCI=*B + BOC1

BO + BOC-I;E'BO2 + BC1

BO + BFZ2ZB + BOF

BO + BF ;2= BF, + BOF

BO + BOF ZZBF + BO2

BO, + HF 2=BOF + OH

2

.]':’»O2 + C1&& BOC1 + O
BO, + HZBO + OH

=
BO2 + 0= BO + 02

2BCL==B + BCl,

BCl +Cl==B +Cl, |

BCl + HZ® B + HC1
BC1 + N 2=BN + Cl
BCl + BOFZ= BOCl + BF

5 + Cly....BClr + CIZ'
BGCl, + C1Z=BCl, + Cl,-

BOCI + HC1=2= BCL, + OH

+ HC1

BOCI + OH==BO,



Table 2-6. Chemical Reactions Considered in the Program
Involving Boron Species (Continued)

Reaction
Number

196
197
198
199
200
201
202
203
204
205
206
207
208
209

210

 BF4+F™B+F

Chemical
Rea.ction

BOC1 + C1¥=BO + Cl2

BOC1 + Cl== BCl2 + O

BOC1 + H="BO + HC1
BOC1 + H=a=BC1 + OH
BOC1 + N== BC1 + NO
BOC1+0&BCl1+0

2

2BF2= B + BF2

BF + coz: BOF + CO
BF + CO&BOF + C
BF + HC1Z= BCl + HF

BF + HF&ZBF, + H

2
BF + Cl1==BCl1 + F

2
BF + HZ= B + HF

BF + N==BN + F

Reaction
Number

211
212
213
214
215
216
217
218
219
220

221

222

223

224

‘2;23: ,

N

IR T TFULESUCEY Jf

Chemical
Reaction

BF + BFZ: B + B.'E"3

BF + BOF=BO + BF,

BF2+F-.—BF+F2

BF3 + F__BF2 + F2

BF3 + H:BF2 + HF

2BOF aa- BO2 + BFZ

BOF + HC1<~ BOC1 + HF

BOF + HF :BF2 + OH

BOF + Cl~ BOC1 + F

BOF + F= BO + F,

BOF + Fa= BF_ +O

2
BOF + HZ BO + HF
BOF + H=ZZ BF + OH

BOF + o:BO2 +F

e R e



Table 2-7.

Reaction Chemical Reaction
Number Reaction Number
225 LIOH+MZTLi +OH + M 255
226 LIOH+M=LiO+H+M 256
227 LiCl+ MZZLi+Cl+ M 257
228 CLIF+MZLi+F+M 258
229 LiIH+MZTLi+H+M 259
230 LiO+M==Li+0 +M 260
231 Li,0+MZZLi+LiO + M 261
232 Li,F, + M=Z2LiF + M 262
233 L12C12 + M3JZ 2-L1C1 + M 263
234 Li +H,07Li H + OH 264
235 Li + H,O = LiOH + H 265
236 Li + CO==LiO +C 266
237 Li + HF &=LiH + F 267
238 Li+H,=LiH+H 268
239 Li +OH="LiH + O 269
240 Li + OHZ LiO + H 270
241 Li + 02: LiO+0 271
242 Li + LiOH <" LiH + LiO 272
243 Li + LiOH2> Li,0 +H 273
244 LiH + C1== Li + HC1 274
245 LiO + COZZ Li + co, 275
246 LiO + HC12Z LiOH + C1 276
247 LiO + HFZ® LiOH + F 277
248 LiO + H, = LiH + OH 278
249 LiO + OHZE LiH + O, 279
250 LiO + NZZLi + NO 280
251 LiO + LiOH== Li,O + OH 281
252 LiO + LiF ZLi,0 + F Y282
253 Li,O + H,0== 2LiOH . 283
254  Li,O + HFSTLiOH + LiF 284

A

Joo

o)

, L1C1

Chemical Reactions Considered in the Program
Involving Lithium Species

Chemical
Reaction

Li,O + H, = LiH + LiOH

LiZO + HJZ LiH + LiO
LizO + 03X 2LiO

'LiOH + HC1=LiCl + H.O

2

LiOH + HZ: LiH + HZO

LiOH + OH=" LiO + H,0

LiOH +.C12LiCl + OH
LiOH + H==LiH + OH
LiOH + H==LiO + H,
LiOH + O= LiO + OH
LiOH + LiClz‘Lizo + HC1

LiF + H,0== LiOH + HF

LiF + HF <= LiH + Fz

LiF + HZ: LiH + HF
LiF + OH<"LiOH + F
LiF + OH<=LiO + HF
LiF + Cl== LiCl + F
LiF + F= Li + F,

LiF + H=Z Li + HF

LiF + H= LiH + F

LiF + O= LiO + F

LiCl + HC1 =" LiH + C1,
LiCl + HF =2 LiF + HC1
LiCl + H == LiH + HC1

2
1LiCl + OH== LiO + HC1
Cl==Li + c1 !

LiCl + HE Li + HCl
LiCl + H:._"’LiH + C1
LiCl + O= Li0o + C1 .

‘ L1C1 + L1O¢- Li,O + C1

"2

e ia —— il i
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The dissociation-recombination reactions have a distinct reaction

(4)

rate associated with each third body. Benson and Fueno "~ have shown
that the temperature dependence of recombination rates is approximately
T.-1 independent of the third body. Thus the rates associated with each

third body can be considered by calculating the third body term (Mj) as

=1 »t?

=¥ m, .c (2-28)

where m. . is the ratio of the recombination rate assdciated with the ith
3

species (third body) and the recorﬁbmahon rate (k ) associated with the

reference species (third body) in the calculation.

The above equations are all of the form

dyi
—&}?:fi(x’ Y}"':Y) ’ 1:1:2:""111 (2"29)

n
The numerical method used in the program to integrate these equations
is described in detail in Section 3. All calculations performed in the

program are described in Section 4,
§
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3. NUMERICAL INTEGRATION METHOD

It has been shown by Tyson(s)

that in the numerical integration of
relaxation equations in near equilibrium flow regions (such as the cham-
ber and nozzle inlet in rocket engines), explicit integration methods are
unstable unlesa the "integratio'rfl step size is of the order of the character-
istic relaxation distance of the relaxation equations. Since the charac-
teristic relaxation distance ig orders of magnitude smaller than the
characteristic physical dimensions of the system of interest (such as

the nozzle throat diameter and length) in near equilibrium flow regions,
the use of explicit methods to integrate relaxation equations in these
regions results in excessively long computation times. Implicit integra-
tion methods were shown to be inherently stable in integrating relaxation
equations in all flow situations (whether near equilibrium or frozen) and
can thus be used to integrate with step sizes of the order of the physical
dimensions of the system of interest t’hr\%)ughout‘ the integration reducing
the computation time per case several orders of magnitude. Since it has
been demonstrated that there are significant advantages in using implicit
rather than explicit integration methods for integrating relaxation equations,.

- e o4 s . - .
a second order implicit integration method has been chosen for use in

TRW/NASA One-Dimensional Nonequilibrium Performance Programs.
3.1 STABILITY CONSIDERATIONS

The numerical considerations leading to the above conclusions can

be illustrated by considering the sunple relaxation equation

% N | (3-1)

which represents the relaxation toward equ111br1um of chem1ca1 reactions,
gas particle lags, etc. In this equation, ye is the equ111br1um condition
and T is the characteristic relaxation distance of the evqua;tlon. In the
equilibrium limit, "r is very svmall‘ compa.'r‘ed‘to the physi(:al dimensions

of the system of 1nterest Wh11e in the frozen limit, T, is very large com-
pared to the physical dimensions of the system of interest. The mathema-
tical behavior of solut1ons to the above equation can be found by consider-

“ing the 51mp1e case where T is constant and

3.4
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Vo = Voo T a(sz - x ) (3-2)

which is equivalent to terminating the Taylor series for Ve after the first

term. The exact solution of Equation (3-1) for this case can be shown to be

‘y(XO + h) = y(xo) + l:y'eo - Y(XO) = a{] [1 - e-h/'r

+ ah (3-3)

where y(xo) is the initial value of y and h is the integration step.

It is seen that the solution consists of two parts, a term which varies
slowly with x and a term which exponentially decays with a relaxation
length of v, the characteristic relaxation length of Equation (3-1). Thus

after a few relaxation lengths

y(x) ’_\'.yeo +ah , h>>r~7 | (3-4)

which 1s independent of y(xo) the initial condition. Since explicit integra-
tion methods construct the solution of Equation (3-1) as a Taylor series
about the initial condition y(xo), the above éxampl_e indicates that éxplicit
integration methods should be limited to step sizes of the order of a few

relaxation lengths.

That this is indeed the case can be shown by explicitly integrating
Equation (3-1) using Euler's method. The explicit finite difference form

of Equation (3-1) is then

y(x +h) - y(x) o yix ) -y _.» .,(-3_5)
~h T &
which yields the truncated Taylor series
' b h .
: : = { -=]+y = -
y(xo + h) y(xo) (1 ' 'r) Yeo“'r (3-6)

Wherzff solved for y(xo + h). After n integration steps, it is found that

T

3.2



Examination of this equation shows that the dependence on the initial con-
dition y(x ) will decay only if 1 - h/7 < 1, otherwise y(x  + nh) will
oscillate with rapidly increasing amplitude. Hence the calculation will
be stable dniy i:f‘ h/T < 2. Similar results are obtained for other explicit
integration methods. (The stable step size for Runge-Kutta integrations
is h/T < 5. 6.) Thus the stable step size for explicit integration of relaxa-
tion equations is of the order of the relaxation distance which explains the
large computation times associated with explicit integration of relaxation
equations in near equilibrium flow regions. As shown below, theiuse of
implicit integration methods allows the integration of relaxation equations

on a step size which is independent of the relaxation length.

Implicitly integrating Equation (3-1) using Euler's method, the finite

difference form of Equation (3-1) is

y(x0 +}}11) - y(xo) ) —y(xo +h) - Veo - ah | 3.8)

T

which yields-

h |
 y(x) +(y__ +ah) = o -
yixg +B) = e tp T (39
T

when solved for y(xo +h). After n integration steps it is found that

yvix) n y_ _ + iah
y(xb + nh) = —0° 4 z 29 h

n L n+l-i T
[1 +11_] 1-1[1 +_1_1J .

Examination of this equation shows that the dependence on the initial con-

(3-10)

dition y(xo) ‘aj.lways‘ decays, regardless of the step size. Hence the im-
- plicit calculation will always be stable. Asan extreme example, consider

one integration step, h = x - xo. From Equation (3-9), it is seen that

Yy tah , k> (3-11)

|
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when the step size is large compared to the relaxation length and

)
are

y(x) = y(xo) ( -1—;) +Yeo % + e, h0 << T (3-12)

when the step size is small compared to the :/cla cation lengt .

It is seen that in the equilibrium limit (7 small, h/~ la;jge) the exact
solution and the implicit integration of the relaxation equation go to the
same limit which is independent of the relaxation distance and depends
only on the rate of change of the equilibrium condition. In the frozen case
(T large and h/T small) the implicit and explicit methods are essentially
the same (terminated Taylor series). Thus, implicit numerical integration
methods can be us ‘ed to integrate relaxation equations using step sizes of
the order of {the phys1ca1 dimensions of the system interest in all flow
situations whethe; near equilibrium or near frozen. For a complete dis-
cussion of the numerlcal integration of relaxation equations, the reader

is referred to Refgerep/ce 5.

In choosing a numerical integration method, the primary items of
concern are the stability, accuracy and simplicity of the method. As

shown by Tys on( 2

and discussed above, implicit methods are to be pre-

- ferred for numerically integrating relaxation equations due to their inher-
ent stability. Having chosen the basic integration method for stability
reasons, the order of the integration method is determined by accuracy
and simplicity considerations. In general, the higher the order of the
integration method, the niore ,_cemplex the method becomes requiring
more information in the form of pé.st values or past derivatives of the
function bremg 1ntegrated Second order methods (accurate to h2 with
error of order h ) have the advantage of simplicity and flexibility since
they require only one past Value of the function Whlle reta1n1ng sufficient
accuracy to allow the use of reasonably economical step sizes. Since 1t
is also desired to usé this numerical integration method in characterlstlc
: mesh calculatlons which are 1nherent1y limited to second order accuracy,
‘a second order implicit numencal 1ntegrat1on method was chosen for use
in the TRW/NASA One - Dlmensmnal Nonethbrmm Performance Programs.

_'”A complete derlvatlon of the numerlcal 1ntegra.t10n method used in these

"programs is given in the followmg section.




3.2 DERIVATION OF NUMERICAL INTEGRATION METHOD
Consider the coupled set of first order simultaneous differential
equations.

dy.

L= , AR ) 1i= . o _
5 = Lxyy, yyNy) o 1= 102 , N (3-13)

It will be assumed that the equations are not singular and that a solution

exists which may be developed as a Taylor series about the forward point

dy. d?y. 2 . 3ty | .4
_ i i h i h i h L,
k. = e h- | + . - _ S+ .o (3-14)
*n x_+h | +h * lx +h
n n
where ki -+l is the increment in Vi and h is sufficiently small. For
equal integration steps o
d a® 2 3
LY Yi h Vi h
k. y + k. = 2 - h - 4.' r—an + 8 5 5 '——-
i, n+1 i,n dx +h dxz 2 dxj 6
| x +h - x_+h
n
oot 4
LS h
16 = ) 57 + - , (3-15)
* lx_+h
o

Solvingflth'e.se equations for the derivative at the forwé.‘rdi“jfpoint, it is
found that | | . ‘

i - A I (3-16)
dx | +n — 2h dx3 3 |

Expanding the .,function;fi‘(x, V.ot ,YN)as a Tayibr‘s series about the back

point (x_), it is found that

dy, | g | Bl w2

—_— +f ,+tae h+ Y B . ok _ +EL] S+ (3-47)

dxfy 4y bR Lo Syihgingatl g3y 2 |
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where

£ = 50y yy) (3-18a)
o1,

@, = - (3-18b)
af,

pi,vj - 3y, ‘(3.-18Ac)

. evaluated at

and the subscript n refers to the functions £ di and B,
3

the point x_ - Since
_C}‘__X :_d_l _d_X h4--- (3—193.)
dx3 d 3 d 41
X x +h ¥ lx +h
n n n
. and . » S o
4| 4 ”
4 4}3: =9]"4I —cee (3-19b)
o dx % dx x +h a
Equation (3—1.7). can be rewritten as | \\
3
dyi N ; d i hZ
ax it att L B nKian T3 R (3-20)
n ‘ Xn+h

Equating the two expressions for the derivative at the forward. pomt
[Equatmns (3-16) and (3- 20)] , it is found that

3ki n+i~ Ti,n , N . , le , nZ ,
~%h Gttt L P a3 T G2
J—1 , dx : .
ML : x +h
n
or
k Lk, +2(t _+p h+§[~) h it/ | B S
i, n+1 3171,n i, n i, n L i, 3n j,ntl) 3 -9
j=1 dx
o . x +h
n o
(3-22)

) bk i el i




Neglecting the third order derivative term and solving the set of N linear

nonhomogeneous algebraic equations

2 _ 1
(1 -3 Py, 4, nh) K opgr ™ L (1-8; By o Ko 4y =3 E<i,n+2(fi,n+ai, nh)h]
(3-23)

where 6i . is the Kronecker delta thus yields a second order implicit

solution of the above set of coupled first order simultaneous differential

equations.

For unequal step sizes, it can be similarly shown that solving the

set of N linear nonhomogeneous algebraic equations

5 -
h h h N
+1 nti
1 - 5o B. . . h |k, =— ) (1-6, )B. . k.
2h_. +h i,i,n ntl i,n+l " (2h ., +h )h = i, j'"i, jynj,n+l
= x k : _
(2h +h )h i,n * (fi', n+ ai, nhn+1) h (hn-l-i + hn) (3-24) ‘
n+i n" n | n+i

i
yields a second order implicﬁ\it solution of the above set of coupled first

order simultaneous differential equations.

Similarly, if the integration begins at an equilibrium point

\ ( il )

\ 1 dx |
X

R o .

solving the"“sg}\t of N linear nonhomogeneous algebraic equations

(1 I 1 ~
:(.‘Eﬁi,i‘,oh)k' s Y-8 0 .k =te n (3-25)

yields a second order implicit solutlon of the above set of coupled first

‘order s1mu1taneous d1fferent1a1 equatlons




In Equation (3-21), the third derivative term was neglected which

resulted in an integration error of

Kk -k =4y B (3-26)
i i dx3 3 o ;
x_+h
where ki(C) is the correct (true) vaiue of the increment ki, Thus the ratio

of the neglected third derivative term to the first derivation terms in.
Equation (3-21) can be used to determine the allowable integration step

size. Since

3 k, -2k, +k, 4 S
C ,(_1__13’; - _L n+1i 31, I’l 1, n—1 +% _(il_% h+ - (3_27)
dx x +h ' h dx x +h
n . n

the absolute value of the ratio of the ;neglécted term to the remaining

terms in Equation (3-21) is

1|74, nti ~ 2'ki, n + ki, n-1
3 - 3k. - k.
i, n+i i, n

Since this ratio varies as the step size squared, ‘doubting'or'halving the
step size will change this ratio by a factor of four. Thus in order to
maintain this ratio within prescribed limits without doubting or halving
each step, the prescribed limits must differ by at least a factor of four.

Thus in the present program, the integréti'on step size is calculated from

k. - Zk.

- + k.

_ i, nt+i i,n i, n-1 6 _

b2 =2 o TS S 10 3-28
. n+tf i, n S R R
M | 1 k. -2k, +k,
b2 = 20 0 [ n;’f( . n-dlss 0 (3-29)
i, n+i i,n ‘

_ ) i, n+1 i,n; i,n-1f_ o
b2 by 10 =7 3 o N =8 (3-30)
. . B . +1 - in :

where is the maximum allowable ratio of the neglected term to the

‘ remalnlng terms in Equatlon (3-21).
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4. PROGRAM SUBROUTINES

The program internally calculates in engineering units (lbm, ft,
sec, OR) where the poundal has been chosen as the unit of force in order

to eliminate conversion constants in the calculations.

The engineering nomenclature used in deriving the conservation
equations (described in Section 2) and the integration method (described
in Section 3) has been retained in specifying the program subroutines so
that all calculations performed in the program can be readily related to
the equations being solved. The program has been organized into seven
subroutines to separate logically independent calculations in order to
facilitate?programming and program checkout. The logical and calcula-
tional functions are summarized below:

o The Input Subroutine (described in Section 4’. 1) processes
the input data, converts the data to the proper units, stores

the converted data and calculates those quantities required
during the nozzle integrations.

e The Derivative Evaluation Subroutine (described in Sec-
tion 4. 2) calculates the derivatives and partial derivatives
of the chemical relaxation equations and the fluid dynamic
equations which are used in the Integration Subroutine.

e The Integration Subroutine (described in Section 4. 3)
integrates the chemical relaxation equations and the fluid
dynamic equations usmg the second order implicit integra-

" tion method derived in Section 3.

e The Species Thermal Function Subroutine (described in
Section 4. 4) calculates the required species thermal
functions from the input thermodynamic data.

e The Equilibrium Function Subroutine (described in Section 4. 5)
calculates the required equilibrium function for the
d1ssoc1a.t1on -recombination reactions.

e The Gas Thermal Function Subroutine‘ (described in Sec-
tion 4. 6) calculates the required gas mixture thermal
' prope rt1es

e The Output Subroutlne (described in Sectmn 4. 7) processes
“the output data, converts the data to the proper units and
(,alculates the 1equ1red output quant1t1es

A deta11ed descmptlen of the calcula‘i:lons performed in these sub-

routlnes is glven in the followmg sectlons

4-1
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4.1 INPUT SUBRQUTINE

0
This subroutine processes the input data, converts the data to the

proper units, stores the converted data and calculates those quantities
required during the nozzle integration. There, calculations are per-

formed in the following order:
@ The species gas constants are calculated

e The species thermal functions are input, converted from
chemists' units to the units in which the program computes,
and stored.

£
7

e The temperature derivatives of the species thermal func1:1on:5>
are calculated and stored

e The heat of reaction for each of the recombmatmn reactions
is calculated

e The reaction rates are input, converted from chemists' units
to the units in which the program computes, and stored

e The case data are input and those quantities required during
the nozzle integration are calculated

The calculations performed by this subroutine are described in the

following sections.

4.1.1 ‘Species Gas Constant Calculations

L
.\.

\ L,;«7

The species gas constants are calculated fromthe following i'elationships:

R, = 1129. 74 R, ;= 261«6.;89, R,q = 2002. 62 Ry, = 1910.80
R, =2759.82 R, = 49326.4 Rgo = 1853.88 R, = 1118.08
R, =1775.05 "R, = 3549, 47 R,, = 1161.16 R, = 622,08
R, = 701.15 R g=3107.56. Ry, =1074.42 - R, = 1774.93
R, = 1308.45 R,q = 1842.88 R,y = 608.33 R, =1057.60
R, = 1363.53 Rpo = 1156.84 Ry, = 424.27  R,g = 1155.52
R, = 2485.06 Ryp = 71074 Ryg= 798.38  R,g=T7164.41
Ry =24663.2  R,,= 796.34 Ry =1667.37 Ry, = 6255.79
Ry =1774.74 R,, = 507.91 Ry, = 1018.46 R, = 2167. 44
R, = 1656.92 Ryy= 633.90  Ryg= 73313 R, = 1664.02
R,, = 2923.39 ‘R,;=1081.36  Rgo=1085.14 R, = 2076. 21
R,, = 1553. 78 Ryq= 765.17 R, =5516.59 = Ry, =1916.77
R, =4139.62 R, = 802,21 R, =1987.81 __',R55w=.j* 1172.75
R, = 1402.29 Ry =4595.29 Ry, = 1461.27 . Ry = 1 958.38
| o 1‘157‘ , ’586;‘38‘_»




4.1.2 Species Thermal Functions Input and Conversion

The species therina}. functions tabulated at 100°K temperature incre-
ments between 100°K and 5000°K in the JANAF thermochemical tables are
input and converted to a set of tables in the required units which include
the enthalpy of formation. Using the JANAF nomencléi‘ture, the con)y}'er?:ed

tables are calculated from

F° - H 298
e { 298 i = « o :
¥, =198 |- T g T y i=1,2,---,57

o 1000 (H" _ u° )
O

_ . o ) o ) ) .
h, = 905. 770R, [H - HY g - (H - HZ%)O + AHF]i  i=1,2,---,57

R. ~
z et c°
pi 1.98726 Tp ;

C , 1i=1,2,"*,57

and stored as functions of temperature at 180°R temperature increments

between 180°R and 9OOOOR.

4.1.3 Speéies Thermal Function Temperature Derivative Calculation-

At each temperature between 180°R and 9000°R, the species thermal

function temperature derivatives are calculated from

o

91 =__1_.|E1c. { _3c_.| -c.l ]
dT ™ jygo 360 [ Pil3eq ~ ~ Piligy Pilgyg
éd—z—(‘—:RT =——-i——[C. _2cl sc. ]
dT” 186 64800 | pi 540 ‘P1‘|360 ~PHigo] -
L Eop :J_[c ! o _c | ] L 360 </fr”:/sszo
4Ty 360 | "Piipryge  Pilroige) T T 7 T
Tar? |, FE00 otheaago * ol * ol oo fuamsIaie
4.3
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ac . .
T 000”555 [othoon ~ “olgsan * oilgeac)
9000 Pll9000 Pilggag Pllg¢40
a‘c i 4
— B = C l - 2C . +C . ]
aT? 64800 [ Pilg000 Pilggag  Pllggag
9000 |
A\
dh,
| =c .
dT T Pi|p
a%h. dc
il _ _pi
5| T 4T
aT® |, T
dF. F. - h.
1 - 1 1
il I
a°F. C .
il - _pi
— T
ar® |, T

and stored with the species thermal functions.

4.1.4 Heat of Reaction Calculation

The heat of reaction for each of the recombination reactions is cal-

culated from the following relationship:

AH, =905 770 [ AR® "+ AH® - AH® ]
o ' 2HE, 3 T, 18 F, 1
 AH, =905.770 bAHF’,“ fAHF’ 16 AaHp 2
AH S 905. 770 | AH® L AEC AHP® T
3 SR SR, 13 0 ¢ Fz,,_18. ", 3_j
o Ae®  Ax o 7 |
AH4\ 905. 770 _‘ZA\HF’ 14- ‘_AHFAJ
| \\\ . b _ e .. RERECR oy
AH, =905.770 [2aHS, - AHS | By
) o '
/ _
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'l

0}

AH = 905.770 |AHp |, + AHP. o -

AH., = 905.770 :AH% 15 +AHD o -
AHg = 905.770 :_ZAH%’ 16" AH;l,g,:
AH, = 905.770 :ZAH;,, 17 - AHR 91
AH, , = 905. 770 :AH%,’ 17 +'AH§,, 18
AH, , = 905. 770 :AH;, 6t AH"F, 18

AH, , = 905. 770 :ZAH;, 18 AH%, 12}
AH, ) = 905. 770 :AH% ;8 HAHD o
AH,, = 905. 770 }H§ 19 ¥ AHE 2
| AH42 = 905. 770 :AH%, 1at AH% 19
AH,, = 90~5 ._ 770 :Aﬂg,: (4 AHR 22
Aﬂ44 = 905. 770 :"“Hg* 14 T AH;‘.,_ZO
MM = 905.770 [aRY o+ AT
AH,, = 905. 77v0»’:AH§, 45 T AHR g
AH47. = 905.770 :AJH§,15+ AHOF 25
AH, = 905.770 :AH"F 5t AHY. Lo
AH49 : 905. 770 :AH§18+AH%25
aH ) = 905, 7?O:AH;"14 + AH;’ 44

g |

s T




AHiOi

AHy 42

AH 43

AI—1104

AH, 5

AHy 46

107

AHy g

AH

AH, 49

AH, 5
AHy 54

AH

AH

153

AH

A15

AH g

an

152

154

I

= 905.
= 905.
= 905.

1

= 905.
= 905,

905.
905.
905.
905.

905.

905.
905.
.’905.‘
905.
905,

905.

32~

28"

770 :AH%, 5 AH%’ 16
770 :AH%’ 1t AH°F8 40
770 -AHF 6t AHF A1
770 _AH;, {4 FAHD 40
770 -AH%, 15 AH%; 40
770 :AH;“, 18 T AHE 40
770 k:AH;‘, 20t AH;,’ 4t
- P o

770 |AHE |, + AHD .
770 :AH%’ - AH%’ 28
770 ::AH%’ g ¥ AH%"'ZS
770 :AH%, 18 +.AH%{3O
770 :AH%, ot AH% -
770 :AH;,, 14 ~+-AH§,’. »
770 ’:AH;‘, 14+ AHD 33 
770 :AH;, gt AHF

7\70 '_AHF 15 AHF

770 ~:AH;‘,~ 15t AHE

770 -AHF 15 »':»AHF »37’

aes

AH®

AH®

o
AHF »43

o
AHF,‘ 43|

o]
AHL 44

AH®

(e]
AHE 44

AH

o
AHE 45

O
AHp 29,

AHO

F, 47|

F, 46|

F,4_2_‘ ;

F, 30

‘o
AHF, 31

. AHO

F, 32
F, 33

AHE 34

AHF335_J

o
“F, 36)

et PRRR s Wt




AH gg

AH, g4

AH,,5

n AH,,4

AH, 54
‘AH

AH,,

AH, 4

AH, 4,

AH, 3,

AH, 44

= 905.

= 905,

905.

= 905

905.

905.
= 905.
= 905.

= 905.

i

905.

= 905.

770

770

770

. 770

770

770

770

770

770

770

770

4.1.5 Reaction Rate Input and Conversion

[ ..o o o
AHp, 15 1 AHR 30 - AHp 39
{ .0 o o ]
AHp, 18 ¥ AHE, 3¢ - AHE, 39]
P o o 7
AHp, 11 ¥ AHp 49 - AHp 53
. ..o -0 o
AHp (¢ + AHgp 51 - AHp 53
.o 0 o 7
AHp 14 7 AHp 49 - AHp 55
AHC + AH® AHS |
127F, 15 F,49 - °°F, 54
AH® | + AHC NN
12F, 16 F, 49 F, 50,
) o 0 \
|AHp, 18 * AHp 49 - AHp 54| 1
AHO + AH® _AH® |
2 F, 49 F,51 = °FF, 52,
[~ .0 .0 B

LZAHF, 54 - AHp, 56 |

. ..0 o 7]

|24Hp, 4 - AHD 57

~ The reac‘ﬁon rate parameters aj, n. and bj are input and converted

to the requi'réd units. (Since the reaction rate parameter nj is a dimen-

sionless temperature exponent, it does not require conversion.) The

converted reaction rate parameters are calculated from the following

- relationships:

; bj = 905. 770 bl o, = 1,2,

a, =0.11815

o
i

0.30101 -

. 101
10-9

0.36853 - 10~}

n

| Ll R T P T

1.8y Lar a. =0.14295 - 107 10(1.8) % aL

: i 5 | | , 5
L 2 ' o ‘ e - ‘g‘. _:9 6 Fo ; o
,(11.;8) | a‘2 - "‘a‘6;",0" 14043 1,0 | (1.} .8) Cag
0, o3, VT ORI S A
(1.8) “ay  a,=0.26945-107°(1.8) ap

4: —7 (\ \X\Q&{ A
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224

25

=0.11205 -

= 0. 26562 -

{

= 0.26299-110710(1.8) 7 a

= 0.23025 -

il

0.31997
= 0.20158 -
= 0. 33623
= 0.17871 - 10
= 0.25828 - 10
= 0.46717?-
= 0. 55375 + 10
= 0.30302 - 10
- 0. 78412 - 10
- 0. 44443 - 10

0.25982 - 10

L

= 0.41676 - 10

= 0.22409 - 10

i0

10

-4

-4

-3

10

-4
-4
-4

-4

- 107%(1. 8)

107 %1.8)
(1.
(1.
(1.
(1.
(1.
(1.

(1.

-4

(1.

-4

-3

-3

(1.

-4

(1.

(1.

8)
8)

8)

8)

n

= 0.50793- 1078(1.8) 8 a

n

n

1071014, 8y 10,

n

11

n

107101, 8y 12

43

n

8) 14

n
8)

8

9

10

o
211

f
213

.
214

15

L
a5

M6

8)

8)

20

n

N22

n

8) 23

Ry

7
8).25

19

§
216

1
17

¥
218

o
219

1
220

21

1
321

1
422

;)
%23

)
825

.
212

o
%24

1

= 0. 23120

='0.41819 -

0. 20909

il

0.55375

0. 38107

T}

il

0. 67234

H

=0.44503 -

n

4.8 :

- 107 (1.

0.41819 -

- 107°(1. 8)
0. 49569 -
0. 46796
0. 43579 -
0.93434 -
- 1077(1.8) “* a!
- 107 7(1.
0.17789 - 10
- 107 (1.
0.35735 -
0;58863'

0.11955 -

0. 53945 * :

-3 Do

10 “(1.8) a!

107°(1.
-3
1077(1. 8)
107 (1.
1077 (1.

10°°(1.

“4(1. 8)

-,4-'

. T T e
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246

47

248

8.49:

t

1]

Q.10067.
0. 59070 -
0. 63194 -
0. 70146 -
0. 13305 -
0.31029 -
0. 26606 -
0.23293 -
0. 64575 .

'0.59690

0. 12051

0;20483.
0;21773§
' = 0}34908:.
- 0. 12051 -

107 77(1. 8)

10

- 107°(1. 8)

,10*

n

-10

107101, 8)

-101, g

-10

n

107%(1.8) °°

' n
107%(1. 8)

n

10-%1.8) 52

n

10"%1.8) °°

n

n

|
¢ n

. n
107%(1. 8)

107%(1. 8)

1. 8)

10~

(1.8)

» nbg‘ |
. 1075(1.8) ®1 a

51

55

) 10-‘4(1 8) 56 al

57

4, 260

1
255

,
@57

56

——

il

i

It

0. 59690 -
0.96713 -
0.17003.
0.16233 -
0. 14508 -
0.10221 -
0.83690.
0.16282.
0. 10511 -
0.66648.
0. 32287 -
0. 38070 -
0.44415;

0.36178 .
 0{58292;
10-96211;
10{52556}

k0?10227,‘

107(1.
1077 (1.
107 7(1.
1077(1.

1077 (1.

-4

1o~ (1.

10~

107 7(1.

107 (1.

10~

-5

10 (1.

1077(1.

-5

-k e e e L‘A_A_.J‘_-,_‘&

(1.

(1.
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n n
- 0.10221 - 10™%1.8) 80 4 = 0.20483 - 10" %1.8) 98 .

agg 8o %98 98 [
_0.15084 - 10-%(1. 8) 81 4 ag. =0.10887. 10-%1.8) 99
agy - V- ' 81 99 ' agq
5., ..082 s %400 I
= . - 1 - . i
agp = 0.80172 - 1077(1.8) °% af, 2,00 = 0- 32728 1. 8 T |
5 fg3 N0y o
L= . 10" 1 - . i
ag3 =0.91368 - 107°(1.8) "~ al, aggq = 0.96958 10(1.8) 2401
_ a4, P84 _ Can-11,, o ™02
agy = 0.12823 - 107%(1.8) “* ap, 2,0, = 0.33665 1077%(1. 8) 2l 02 ;
' -3 g5 -9 2103 |
agg = 0. 24455 - 107°(1.8) °° ap, a3 = 0.20468 - 1077(1. 8) 2} 93
_ ' -4, o786 _, _ ~10,, o104
age = 0. 18450 - 1077(1.8) °° af, 2104 = 0-16149 - 107°°(1.8) "%y |
?
| -4 g7 -10 %105 |
= 0. 13503 . | = 0. 30 . (1. |
ag, = 0.13503 - 107%(1. 8) °/ 27 2,05 = 0.30135 « 107'7(1. 8) 245 é
) -4, .88 ) 106 |
agg = 0- 15624 . 107%(1.8) °° ag a 06 = 0- 35786 - 1 . 10.4. 8) a0 {
‘ - f
-4,, ..789 Seas . 1n-10 o7
= o . v ' = . - :
agg = 0.29673 - 1075(1.8) °7 ap 2,07 = 0- 22891 107°7(1. 8) al o7 |
o -5 90 _, O o -10,, ™08
2gq = 0.57355 - 1077(1.8) 7° ay a,0g = 0-11660 - 10771, 8) 2! 08
a5 o 91 | S -4 ™o9
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) 8 ]
_ -4, 92 o a4 o110
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~1
P B S e ey oy 111 3
ag3 = 0.14493 - 1077(1.8) 77 a), ajqq = v0.40382» 19 (1.8) "7 ay
o 4, 94 o o470 . racdi ey 112
ag = 0. 10748 - 107(1. 8) agM. ayqp = 0. 24179 - 1075(1:8) T ay,
R S R L az200% 4, o ™M13
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i e o To7 o4 Bygg
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The reaction rate parameters m, ., are input and converted to the

3

required units. The converted reaction rate parameters are calculated

from the following relationships:

1
m. oy ' _ m 15
m = 2 m. = o=
4,1 - 44, 011 4,15 ~ 19.000
m.! m!
i, 2 ™16
-— 3 m o | e ————
M4, 2~ 18.016 i,16 ~ 1.008 -
1 1
e S A I
m; 3 728,011 m; 417 = 14. 008
! {
o m; 4 o ™18
i,4  70.914 i, 18 ~ 16. 000
1 .
M - 4,19
i,5 38.0 1,19 ~ 26. 980
1 !
- ™6 = 0,20
i,6  36. 465 ', 20 ~ 42.980
m! rn'T
i, 7 i, 21

! 1
8 -, 22
i,8 = 2.016 %4, 22 T 62. 437
1 !
4,9 4,23
m

i,9 = 28.016

1
m. 1,10
i, 10 ~ 30. 008

H
- My
4,11 = 17.008

o emsnme-

m; 42 =33 000

My 13712, 011

M5 21 7 69, 960

™ 53 = G7.894

1
s -2
M, 24~ 78.437

\ !
L 25
%4, 25 "~ 45. 980

1
m; 26

m; 26 = 64. 980

1
m; 27

™27 T 61.980

m' -
i, 14 _ ™y 28

™My 14 T 3%, 457
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m; 29~

m; 30

m; 31

m; 32

m; 33

m; 34~

I

m; 35

m; 36

m; 37

f
m; 29

24. 828

i
m; 30

. 26.820

§
m; 31

42.820

f
m; 32

46.277

!
m; 33

81.734

s 1
™My 34

117.191

t
m; 35

62.277

f
Mi,36
29.820

i
m: 37

48. 820

. 1
m; 38

I

L ETWET i, 43
// !

67.820

.
m; 39

~ 45,820

s ! o
mi 40
= 9,013

f
mioa1
25.013

34.026

,v" .
M43
26.021"

m. =
i, 44

m, 45

m; 46~

m; 47~

m; 48 =

M 49 ©

i, 50

i, 51

m; 52~

m; 53 "

My 54~

m; 55

™ 56

my 577




The index, i, indicates the dissociation-recombination reaction equation

number and has the values:

i=1,2,-.-,12,40,41,--+,49,100,104,---,108,148, 149, -,
159, 225, 226, -, 233,

4,1. 6 Case Data Input and Conversion

The case data are input and the chamber pressure, the initial pres-
sure and the nozzle throat radius are converted to the required units.

The converted quantities are calculated from
P = 4633.056 P!

C o

P = 4633. 056 P'

P* = 4633. 056 P!

r)k 1

X =
r 12

If the initial species concentrations are input as mole fractions, the re-

quired mass fractions are calculated

where

57 c!
g i, m
i

R

=1 i

The case data are output to supply a permanent case record with the nozzle

integration results. »
4.2 DERIVATIVE EVALUATION SUBROUTINE

Given the flow properties at a point, this subroutine ‘ééa,'it:ulates the

derivatives (fi) and partial derivatives (ozi and ﬁi J.) ,ofv.'thvef'chemical relaxa-

tions equations and the fluid dynamic equations. These calculations are o

performed in the following order:

4-18




@ The species free energy, enthalpy, heat capacity and the
heat capacity temperature derivative are calculated using
the Species Thermal Function Subroutine (described in
Section 4. 4).

® The dissociation-recombination reaction equilibrium
constants and their temperature derivatives are
calculated using the Equilibrium Function Subroutine
(described in Section 4. 5). '

e The mixture gé.s constaht, heat capacity, gamma and the
partial derivatives of gamma are calculated using the Gas
Thermal Function Subroutine (described in Section 4. ).

. ® The contribution of the individual reactions to the net
species production rate (X.) and its partial derivatives
-are calculated. J

e The derivatives (f;) and partial derivatives (a; and ﬁi, j') of’
the chemical relaxation equations are calculated.

e In the subsonic and transonic nozzle inlet and throat, the
pressure and its derivatives are calculated from the
pressure table by quadratic interpolation.

® In the supersonic nozzle expansion cone, the nozzle area
and Mach number and their derivatives are calculated.

® The diabatic heat addition terms coupling the chemical
relaxation equations and the fluid dynamic equations are
calculated. ’

e The derivatives (f;) and partial derivatives (a; and pi, j)
of the fluid dynamic equations are calculated.

A detailed description of these calculations is given in the following

sections.

4, 2.1 Calculation of XJ' and Its Partial Derivatives

For the reactions of interest, Xj and its derivatives are calculated

from the following relétionS'hips:
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Reaction 1, CO2 + M3=CO + 0 + M ,

-n —b1/T

i

<

1 i=21 ™, 1%

Xy = [Kjey - pegeyq Mk,

Xy X | |

acfj TM, M, T 0, KMk - 83 speygM ik,
- b5 PesMk, , j=1,2 , 57

oX,

Do - ~S318Miky

X, dK | b, X,
BT T Mk g o M T T

Reaction 2, H,0 + MS=OH + H + M

-n, -b /T
kz = aZT ?e 2
57
M, = ) m
i=1
X, = [chz " PCyy 16]M k
a'cj S MZ mZ,j + 62,jKZMZk2 - 61 pciéMsz‘

516, Pe1 Mk, » J= L2, -e- 57

T '°11°1:éii1:‘"2 2




U W

Reaction 3, CO+ Ma=C +0O + M

-n, -b3/ T

W
n
o
|
®

3 i

X, = [K 13C18]M3k3

X, X,

o, T M, s, t 65, ;KgMgky - 85 ipcigMgky

'518.j"°13M3k3 3= 42, e, 5T

0%,

B35 = "©13%18M3K;

oX; Ky [ by X

3T - S3MsKs g - %3 C T T
Reaction 4, Cl, + M 3= 2Cl + M

-n, -b, /T
_ 4 4 :
k4 = a4T e

X, X

e Ta L Mk 25 o o2 ... 5
Be; T M, T4, T 04, iR MaNe T 201y, JP°14M4k4 o dE g, 0T
TR " B o o
Ep 14 4 4 | L . -
3T °4M4k4?1f'i"‘ s T|T TR L
-l - ﬁ % . Sk o LY AT PRy G vy _‘1> ,.w_‘ st I PRI, Wt ,' -a:



Reaction 5, F, + Ma=2F +M

-ng -bg/T

as‘l‘ e

Fi?
m, .C.
i=1 5,171

2
I:K5°5 - PCy5 | Mgk

X5

5

M.k, - 26

mg st 65 JKgMgky - 28,5 .PCy5

5, &

Reaction 6, HCl+ M==H + Cl + M

~by/ T

)
&
o

(¢]
(%1

6 | |

. mg 5+ 86, KoMk ™ 814, 1P¢16Me¥g

- 816,iP<14Meke + I =120l 5T

.‘ " \(;:}\/r— \ f
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.

8X6

5o - ~S14%16MeXe

89X dK b, X
5T = Mgk - |76 ¢ )
dT 6T T
4
Reaction 7, HF + M= H+ F + M
cn, <b,/T
_ 7 ~P7
k7 = a7T e
57
Mz = i; M7,i%
X?/f [K7°7 - P°15°16] Mok,
X, X, |
o, T ;7. T Oq, jKqMaky = 845, jpcyeMaky - 8¢ speygMokyr
j: 1’2,...’57
.8_}5_7_ = - c M_k
8p 1551677 /
89X dK b, X
TTZ = °71\47k7‘&"rZ "[n ""Z]"l
, 7 T | T
Reaction 8, H2 +MIZ2H+M
-n, -b,/T
_ 8 ~°8
k8 = a8T e
) if
M8 = igi m8, ici \'
Xg = [Ks,?s - Pcie] Mglkg
oX X . | ' \ 7
8 = B m, . +6, KMk, -26,, .pc, M 1,2, -+, 57
B, " Mg8,jT "8,j 888 16,jP°16™'8%g + I T 14 ’
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]
’
X
8 _ 2 ?y
T - “S16Msgkg .
oXg g [ Bg)Xg
9T ~ 888 dT 8 T| T ;
Reaction 9, N, + M<=2N + M
-n, -b9/T \ i
k9 = a9T e’
57 te a
M9 = igi m9,ici
X=[Kc-pc2']Mk
9 = F9%9 - P17 M99
Xy _ %o -
Be, T My 9, 9,59 Mo - 2619,5PC17Mgkg 3 =42 100,57 'f
90X, -
9 2
55 - ~S17MoKg
T T
5T - S9M9foaT " " T | T
Reaction 10, NO+ ME=N+0+M |
k = a T-n10 -biolT - Ly
el
57
Mg = L, ™0,
i=1
;* o %10 T [Kiocio - "°1/"7°18] Miokto
’ X X . S T
i s 0. _10 | T - SRV
,' B T M, ™o, + 610.jK%g27”£10k10 - 847,;P¢18M10¥10
- 84g,5PC17Mygkyg + F= 12 ... 5T
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10 _
Je - ~%17%18M10%10
%0 oo ox o [0 Pie] F1o
a1t - “1oM10®10aT |10 T T | T
Reaction 11, OH+ M S~ O+ H+M
-n -b,,/T
L 11 "Pyy
kyg =ayyT e
57
Mg = Lomyy o
i=1
X1 % [K‘ucu - p°16°18]M11k11 .
0y Xyy | -
Be, - My, myy 5t 00y, B Mk - 846, 5P 18M11¥yy
- 64g,iP16My1kyy o I L2 05T
o, ,
Jp = “C16%18M11%11
it Logox Fan [ Pan] B
31~ “1uMiif T 11~ " | T
- Reaction 12, O2 +MIZT20+ M
: -n -b,,/T
) 12 "Py2
kyp = ag,T e
M, = Xomyp 5 -
i=1
x., =[x N PR
12 ~ [ P12%12 T PCeg| 12712
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t 545, 812M ok

26

5
<

mMy2, ;3 12 = “%1g,;Pc18M 12Kz
j=1,2,0,57

2 2
Tp - “c18Mizki

89X, dK,, [ biz] X2
Nz -

cyoMykip —m - - | T
Reaction 13, CO, + HZ=CO + OH

1

K
13 K11

k = a T-ni3 e-b13/T
13 13

’
X5 = [Kizeqeqq - C3°11‘] k3

8K, ,
se. = 155 K13C16 = 83,1041 -~ 81y, 03 + By, 1301 %3

aX

i1

0 :

13 [ Sy g Eyy) oo [ Pis] X
T fi'a"f' a1 1311613 ~| ™13 7T T




Reaction 14, CC) +0==CO + O2

Kig =%

-n -b,,/T
_ 14 14
k14 - a14T e L

\\
- 7/
Xiq © (Kige 015 - 525! kyy

6X14

B = E1,5K14°18 - 83 35612 ~ %42, %3t 518,'jK14°1] kyg

Xy [ ¥ 1 o) o[ P1a]%ua
8T | K, dT "K,, dT | 1471718714 14~ T |°T

Reaction 15, H,O + Cl == HCl + OH

.2
15 = K,

K

-ny g —b1.5/T
e

'
i

a,.T

15 15

A
Xi5 = [K15 2C14 " 6°11} kg

X . : ‘
o, * (52, %15¢14 - 5,311 " 811, 1% * 814 K152 ] Ky

g [ 1 ) o [ Pis] s
3T "X, dF " K, ar | ~15%2%14%15 " [™5 T T [T

a . e ommn B simiain Y ma e el




Reaction 16, HZO +H «-—""-’-HZ + OH
K = -Iig-
16 K8
-n -b,,/T
_ 16 16
k16 = a16T e

Xi6 = [K16°z°16 - Cscu]kib

DX,
o, ~ [52, F16%16 - 88,311 " 011, %8 T 814, jK16C2] kie

Xy [4 9 4 &Kg] P IS BT
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Reaction 20, CO+ N =—NO + C
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Reaction 24, 2HCl ==Cl1_ + H2
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Reaction 26, HF + CI1S=HCl + F

K

7
Koo = K,
-n -b,,/T -
_ 26 P26
k26 = a T e
Xo6 = [K26 714 " 6°15] K6
X
26 _ ‘
5e. EB i€15 T 87, %2614 * 814, K267 - 515,3'96] k26
J= 19’ 2: ) ’ 57
8X26-—LdK7‘—LdK6 R -b26X26
T |K; dT "K, dT | 26°7°14726 26 - 7T |TT
Reaction 27, HF +F -\---F2 + H
- - 3 M =
&7 K5 s
) b /T ‘xzs
K -2 T n27 bZ?’T ,;
21 =~ %270 ° /

X = [Kz7 715 ~ 5°16] ka7

X

K [”55,5 16 T 97, JK27 15 * ®15, %277 = O16, j°5] ka7
" j=1,2,v, 57
o |y 1 Bl [ Par] a7
8T ~ |K, dT “K; dT | 27°7°15%27 7 21T T |TT
R

R - L& LIEL I R ek . A B siion it e ra ol eXe i e AL o




Reaction 28, HF + H == H2 + F
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Reaction 30, HF + O=—=O0OH + F
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Reaction 32, H. + CIS=HCl + H
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Reaction 34, H, + 0222;0}-1“
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Reaction 36, N.2 + OZ —-— 2NO
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Reaction 38, NO + O== O2 + N
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Reaction 40, AIO+ MSZA1+O0+ M
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Reaction 42, AIC1+ M Zz=Al1+Cl+ M
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Reaction 44, A10C1 + M ™ AIO+Cl+ M
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Reaction 46, AIF + M= A1+ F + M
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Reaction 48, AIOF + M@ZAIO+F + M
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Reaction 50, Al + CO,— AIO + CO
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Reaction 52, Al + NOSZ AIO + N
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Reaction 54, Al + AIOC13ZA1,0 + C1
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Reaction 56, Al + AIOFZT™ A1.O + F
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Reaction 58, AlO + F Z¥™AIF + O

40
K_, = =
58 ~ K,

-n -b.,/T
_ 58 58
k58 = a58T e

58 - [Ksaczocis - °25°18] kgg

8X58

e, [515,jK58C20 - 848,55 *

1

& )

20, 5815 - 25,jc18] K5g

j=1’2,...,57

Hog |4 a0 1 el [ Pss) Fss
BT~ Ky, AT K, dT | '58%20°15%58 T\ "ss T T | T

40 v 46

Reaction 59, A1O + HSIZ=Al + OH

:\\ = BN _b

Xgg = [quczocw - °19°11] k59_&

oX . k
59 _ .= - )
o, [-544, i°19 T 816, £59%20 = 819, jS1s/

0, jK59-°16] keg

/

+ O,
o2
Mo ‘\/E |

j=1,2,00,57 o

Ko [ 1 9By ¢ gy
IR, 4T ~K,, 4T

| b
40 Ky ©59°20°16°59 [ 59 ~ 7T



Reaction 60, AlO + AlF == Al.LO+ F
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Reaction 62, Al,O + C13= A10 + AlC1
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Reaction 70, AIC1 + O ZZAIO + C1

K

42

K e

70 K40
k = a T“1170 e-b7O/T

70 © 70

X0 T (K70018022 - °14°zo] k20

X
70 _ | . _
oo, [514, €20 * %48, #7022 " %20, ;%14 T %22, jK70018J K70
j=1,2,"-’,57
Koo [ 1 9Ky dEyy T P20 | £70
BT " |K,, aT " K., ar |®70°18%22%70 " [®70 ~ T | T
42 40
Reaction 71, 2A1C1 == Al + AIC1,
K = E‘g’é .
71 K43 ' N , !
-n -b,,/T
P

71
X = [K c2 C, ~C ]k
71 71722 ° 71972371

E)X,]1

Bo— = [019, %23 * 2855, KqyCpp - 8

23, i19) *71

j= 1,'2,f"3, 57

P [ g ot N Kol ,nf = P71] %7y
9T | K,, dT K,, dT |771722774 |"74 .T | T

 4.55



Reaction 72, AIC1 + AI1IOC1*™= Ale + C1

2
Koo = KguKeg
e = a T'n72 b,/ T
72 - %72 €
Koo = [K7z°22°24 - C4°21] koo
8X72=[:—6 .C -8 c, +6 K_.c + & K._.c koo
Be 4,521 7 %21, 5% F %22, %72%4 * %24, %72%2] K72

j=1,2,"',57

e |t e, 1 Feg| e [ Pr2]¥
6T T | K, AT K, AT | 72°22%4%72 T|P72 T TT [T

Reaction 73, AlC1 + AIOC1ZZAl1O0 + AlCl2

N
{
|

73 K

-n -b.,.,/T
Xk - a T 73e 73

73 73

73 [K73°22°24 - Czoczs] k73

8X73

By [‘520, i°23 T %22, %73%4 - 823, 5920 T 024, &

v 735‘:22] kis

j=1,2,---,57

o3 | ag 1 Hys] ool e Es
9T | K,, dT " K, dT | 73%22%4%73 "|™3 " 7T |7T

4-56

e ML ) am o w

R i




Reaction 74, AlIC1l + AIOF 3™ A1F + Al10C1
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Reaction 76, A10C1 + CO Z=AIC1 + CO2
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Reaction 78, AlOCI + C1 == AlO + Cl
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Reaction 80, AIOCI + H 3JZ Al10 + HC1
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Reaction 82, A1OCl1 + O 2= AI1C1 + O2
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Reaction 84, AlF + HC1 2= A1C1 + HF
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Reaction 86, AlF + NO—= AIOF + N
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Reaction 88, AlF + F_ZAl + F‘2
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Reaction 91, AIF, + FZ==AIF + F
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Reaction 92, AlOF +HCIZ—™AIOCl + HF \
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Reaction 110, BeO + H.O== BeOH + OH
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Reaction 112, BeO + HC1 =™ BeCl + OH
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Reaction 116, BeQO + H == Be + OH
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Reaction 120, BeZO + HZO: 2BeOH
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Reaction 122, BezO + HF 3 BeF + BeOH
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Reaction 128, BeOH + Cl1 = BeO + HCI
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Reaction 129, BeOH + Cl1Z*= BeCl + OH
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Reaction 130, BeOH + H2= Be + H,O
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Reaction 132, BeOH + O 2= BeO + OH
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Reaction 134, BeCl + H.O =™ BeOH + HC1
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Reaction 136, BeCl + C1 2> Be + C1
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Reaction 138, BeF + H,O = BeOH + HF
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Reaction 140, BeF + OH 3= BeO + HF
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Reaction 142, BeF + Cl == BeCl + F
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Reaction 144, BeF + H ™ Be + HF
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Reaction 146, BeF_ + HZ= BeF + HF
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