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ABSTRACT

A fast computer program for predicting nonequilibriumrocket plume
properties is described. The analytical model assumes parallel turbulent (or
laminar) rnixing between concentric chemically reacting streams and canalso
be used for studying chemical lasers and re-entry wakes. The equations for
free shear layer mixing with nonequilibrium chemistry are solved via a
mixed implicit/explicit finite difference scheme which efficiently predicts
flow properties and composition, even when many chemical reactions are
near equilibrium. The stability problems inherent in fully explicit finite
difference schemes are shown to be eliminated, znd stable integration step
sizes are shown to be increased by up to 4 orders of magnitude. Computer
run times for typical zfterburning rocket plume calculations are shown to be
decreased by more than one order of magnitude over the original (fully
explicit) AeroChemaxisymmetric mixing with nonequilibrium chemistry pro-
gram. Both the analysis and computer program write-up are presented,
including a sample calculation and a FORTRAN listing.
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NOMENCLATURE

defined by Eq. (15b)

defined by Eq. (33)

attenuation per unit length

consiant in expression for k; (see Eq.(23))
defined under Eq. {25b)

activation energy {see Eq.(23)

specific heat of mixture (T Xj o )
1 i

specific heat of ith species

electronic charye

defined as X;/W (= Yi/W;)

factor used for the external control of integraiion step size

Gibbs {ree energy of ith species at standard stace (1 atm)

oducts

change in standard Gibbs free energy for a reaction,z (g9 pr

i
- z (gi) reacts.ats
i

enthalpy of mixture

enthalpy of ith specles

heat of formation of ith species at T = 298 K

forward rate coefficient

eddy viscosity coefficient (see Section VI)

eddy viscosity coefficient for Donaldson/Gray model (see Eq. (32))
equilibrium constant

Lewis number (laminar or turbulent)

electron mass

Mach number at half radius, defined under Eq. (32)
temperature exponent in reaction rate equation (Eq. (23))
electron density

arbitrary dependent variable (see Eqs. (13) - (15))
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electrou-neutral collision cross section

static pressure

Prandtl number (lamirar or turbulent)
coordinate normal to jet centerline
inner mixing zone radius

jet radius

defined under Eq. (28b)

defined under Eq. (27)

universal gas constant

static temperature

x component of velocity

r component of veclocity

electron velocity

molar rate of production of ith species

molar rate of production from jth reaction
molecular weight of mixture (? F) -1
molecular weight of ith species

coordinate parallel to jet centerline

Xntl ~ *p

mole fraction of ith species

mass fraction o{ ith species

constant for external control of eddy viscosity (see Egs. (25) - {31))
.‘,/m +1 - V’m

eddy diffusivity for turbulent flow; defined as 1/

defined by Eq. (25)

viscosity (or eddy viscosity for turbulent flow)

electron-neutral collision frequency

density

electrical conductivity
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stream function

®w signal frequency

Subscripts

e evaluated at edge of rnixing layer (free stream)
.e” electrons

i ith species

j value at nozzle (jet) exit

m ¥ index in grid network

n x index in grid network

o evaluated at axis of symmetry, r =0
Miscellaneous .
] | absolute value

Z summation over i species
i
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(-Q-) partial derivative with respect to §; v being neld constant
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1. INTRODUCTION

The need t6 accurately determine electromagnetic wave/plume
interactions!s? has motivated the development of several programs3~® to pre-
dict the electrical properties of turbulent rocket exhaust plumes.* Each pro-
gram uses the same gas dynamic model {parallel mixing between two concen-
tric streams}), but only the AeroChem program of Mikatarian and Pergament
accounts for nonequilibrium chemistry effects; thie others®~> assume local
‘thermochemical equilibrium to prevail. Attempts to account for transverse
radar attenuation data (taken with focused microwaves) under simulated alti-
tude conditions using equilibrium chemistry programs generally fail. Indeed,
it has been demonstrated by Pergament and Jensen’’® that finite-rate chemical
kinetics must be incorporated into rocket plume calculations to accurately
predict plume temperaiures, electrical properties, etc.

AT AN

i

Conceptually the numerical solution of the 2quations describing

axisymmetric mixing with nonequilibrium chemistry presents few difficulties.
A fully explicit finite difference scheme? yields an accurate solution to the
problem. Unfortunately, however, on many occasions the stability require-
ments associated with the explicit integration scheme are found tc so severely
limit maximum step sizes (e. g. on the order of 1075 to 10710 ft) that computer
solutions become economically prohibitive.T This "'stiffness" in the equa-
tions,?1% (which results in small step sizes) is found to be restricted to non-

4 equilibrium flows where one or more of the chemical reactions is at or near-

equilibrium, a situation typical of relatively low altitude (< = 70 kft) afterburn- Y
ing plumes. '

In this computer program we utilize a new numerical technique to
solve the partial differential equations (in finite-difference form) describing
tarbulent (or laminar) shear fiows with nonequilibrium chemistry: Implicit
differences are used in the solution of the species conservation e.ationsf

*References 3 and 5 are unclassified descriptions of the solution techniques

used in the Naval Weapons Center and Lockheed Propulsion Company codes.
Further information on these codes may be found i- the classified literature.

3
TFor frozen (non-reactive) flow the governing equations can be integrated
quite rapidly using explicit differences,

e SRS

IThis appears to be the first program to utilize implicit differences for free
shear layers with nonequilibrium chemistry, although such schemes have
been applied to one-dimensional nonequilibrium nozzle flows.!1:12
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.and explicit dificrences are uSed gor ma- momemuwn =hd encra oy equations.
This mixed '-mahcn/ explicit scheme eliminates the instxbility problems
which characterize fully explicit schemes and allews; integration: step sizes
to 'be increased by order-s of magrnitede without sar*iiic;.n 2ccuracy. Those”
rocket exhaust Dlumr m—cdzczzo..b which could not be made with the originzl
AeroChem program * (which uses the fully explicit sci:eme) because ihe stable
step size approached 107,° ft, are quite easily harndled by the new programs.
Mos¢ importantly, for the more fypiczl case in which average step sizes -
range from 167* to 1072 ft, themew prografz reduced computer run times by
at least an crder of magnitude. (A detailed comparisen beiween rocket plume-
calculations using the original iuily explicit difference scheme and the rew

mixed imp}icit/exglicit scheme is given in Appendix D.) g

~

2
The gas dynamic model 2s:imes paraliel,mixing between the rocket
exhaust products and surrounding air ‘either quiescent or movmg) and aliows

for non-~ umform initial conditions at the nozzle’ exit plane.* Lewis apé Prandtl :

numbers are assumed to be constant, and pressure is allowed to _vary paraliel
to the p‘un‘e axis. Turbulent transport is described via an appropnata eddy
scosity médel and Sutherland's law is used to calculate the viscosity for
lammar flow.. The program is quite general; it allows any chemical reaction
mzechanism (and assocxated rate coaff1c1ents) to be used as long as thermo-
dynamic data aze available foz all Specms. Thermodynamit data, taken =
directly from thc, TA\!\!AF Tables, are input in tabular form. ! :

-
-

This' report gives the governing -partial difierential equations and:
their finite differencelformulation the va‘nous eddy viscosity models which
may be input to the program, a description of the input data, the output from
a samplo calculation and a complete FORTRAN listing. The computer output
gives detailed axial and radial distributions of velocity, temperature, density
and species mole fractions! These results are usedto calculate electron
densities and electron-neutral collision frequencies wnich, in turfl, are used
to deterinine radar attenuation transverse to the plume and electrical
conductivify. - : i ’ :

M s . H
H

- Although the program was written in response to'a need for fast
predictions of relatively low altitude afterburning rocket plume clectrical
properties, it can cqually wcll be. used for applications to missile base hcat-
ing and IR rad1at10n prob] ems. . H

1 ' . - : .

v
H .
¢ «

v

*Thus it is posc.1ble to account for the effects of an initial boundary la.yer on
the properties in the mixing region. ;
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A. Coznservation Equations and Boundzary Conditions

e gowsury,
%

The following equativns describe the free-skear layer turbulent or

bt Iz2minar mixing of co-flowing axisymmetric streams undergoing chemical
¥ reacticns. Feor turbulent flow 212 properties are interpreted to be the mean %
E'E (time-averaged) values. The eddy viscosity, 2, is thex describedby one of the ¢
I phezomenological expressions giver in Section VI, i
: s
& o Global Cuntinuiiy
: 2 , . .1 &
3= wul ¥ — =— (pvr) = 0 (1)
b
Conservation of Species
- 9F .
ik Sl SN T I/ O\ D o
Pu Zx ° er z'ar\PrpL or | ? )
.
Conservation of Momentum i
|
Ju du dgp .1 ¢ Su
Pl ox " ar T & T 1 oar (“r-é,‘_r-) (3) |

(4)

* Loty oy,
prar.___.Piar S it
i i

T
R

"‘,
ihokd . 3,
.

o has g kon s oS 05 M
o s

State

- &5 (5)
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The conscrvalisn egualicns are sclved sohiect to the following fmitial
and bovndary conditions:

x =8 u=cfrh, Fz = Fplr), T = T}

ar.
- g o= _ 8 _ _® _ 1%
r=®& T "3 -° =)
r e w—a, F;—(Ee T T,

Pressure is z21icwred 10 vary in the axizl direction according te,

P = F Ogx F 6 & e {7}

wkere ¢z, €, €z 2xd c3 are inpst coefficients {Card 5, Cols. 21-69).

B. Traasformafion to Sireamm Fanclion Coordinztes

It is convenient o transform: the eguaticns into 2 sireamline cvsrdimate
system and utilize the stream fumction, ¥, 2s the radial coorédinzfe. The trams-
formztion irom cartesian (x, rj coordinates to sireamiine {x, ¥) coordiniies
which actematically satisfies global cortinuity, Eq,. (1)) is defined by

_ o

¥ o= = pur {82)
- ¥
¥ oo = Tovr (86)
From Egs. {€3) aad (8b} we obtain,
) _ pur (8 \
('a?)x =% vk (%2)
2y _ (2 _pw (>
(ax je T Vox )\12 7 \3%), (%b)

Introducing Egs. (92) and {9b) into Egs. (2), (3). ané (4), gives:




Species
%5 _ 2 8t (l&‘)wm‘ a?'gff_ 4103)
@ T ¥ 2T y\Pr’ W ¥ i uwp e

a‘?i fle azFi *3
= = 2 ‘-ﬁ) - < ‘;?‘ (!@&!‘)
Biomerninm
Sa__ 1 & _ % 3 Tgpuc’ 3ol -~
3x  pudx - ¥ W | W %, (112}
2rd, on the axis of syrmmelry., r =% =0
or I dp e
3= = Tpa & T PF (i)
Energy
c -1
8T _1dp _ 1V, : .1 3 [peeuloar],
cpax p dx pu /, 2 2 "% ¥ Il Pr ¥ 9%
i (12a)
e [(f, LeoTy o 17
i o Pr o¥F v 1
i
and, on the axis of symxmetry, r =¥ =0
9T _ 1 dp Cp, ¥#T 1 .
C — 2 —— —— e — - -
Pox =5 ax T 2F (Pr) 2wz pul hy ¥ (12b)
i
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C. Fimite-Difference Formmalziton

The governizg set ¢f parabslic partizl differectial eguations, {Egs.
(26), (1) 2= (B2)), are first rexriften in finte difference form and then
solved psiza 2 forward merchics teckriges. The chemistry terrmes, %, im ke
i species coniicoity egeatiens are evaloatel 7ia implicit-differences: the diffe~
; siom terms im the species comfimaily egeaticns xnd the complete energy and
‘ mreniton eQrations are evairated vie explicit-differences. The foliowins

firtte-giffererce fe-rciations’ sre used:

Q -2

5:2) _ el m T, m
(az i), m Ax (3
| @) I e T 122)
| ool ZA% =
i -
Be2)] - meilomes
152 \“ 5% fom (aey
(14B)
2 O -
B, D-3 { ‘n, 2 n,m—l]
iawy
where
1 &n,m::—% - _B.m > n.m=1 (122) -
and
pour’

a = BB (15b]
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The difference equatiomns that resolt from applyins Egs. 03], (B2} 208 (15) to
Egs. (80), 481} and (12) are-

Soecies

Fiin= Lam — (‘;"E)m-i'.-l,. ma Axfl (9“):3,. m

= _Ax Fle E'
- a2, (F r):n.m 1 —(F; pm,m .
zn(A‘l")s \ :3, mm-z = E
{262)
Le [ K
T \so2 2 ) - E :
o )n m-3 Eiln m-1 — (= ;m,m;
= (Ei)n,m
and, on the 2xis of symmeiry (m = 0),
(Fio:1,0 — Fdas1 083/be)ne
45 x [,L‘Je 2
) i (Fidy 1 — (F3)
(Ay)z \PIID,O l 13;1 lﬂ,gj
(16b)
L
Afomentum
Ax { l.
a . = a 1 u J
n¥l, m miA#)> in,m.z n,m+l n, m
(172)
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and, om the 2¥35 of symoneiry, m=0

o Ax
“2:1,8 (pop_ - (g - ':’Jngz [“na_ ma]
. .0 Aosz (=F) . ; |
a75) i
Fe o

Erermy
- = 2
n‘:"l .u ‘PCP (‘k)n.l 'A ) ( )n j-10: (“n, m"‘l um, a3 28 l)
: Ax [¢ce (1' -T
=3, sl B, m

s Ple,) o la met

= a)_‘ m——- =, M- - Tn,w’ * (Px n m-1 Z.(CP)

{
=,
\* in ms2 'n, m- 1) | ", ms1 Ln, -1 !}

1 "{‘ . - .
5 p I (T | 182)
T Ta,m (pu)n m ( B, in {1e2)
2nd, on the zxis of symmetry, m= 0

T = ( 14x -‘/L T -~ T .l

ntl,0 p N+l (a\I’)z \Pr/n,0 n, 1 n,0]
(18b)

+ T 1 (h_w.
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The species mole fractioms a2t siation i), m are delermined from
the species conservation egpations by imearising the chemistry terms™ i e
(%5)n31 a0) 2md invecting the rescliing matrix. The Enezrizations involving
species F; and F; {for a two-body reaction) cr Fj, F. 5 and Fy (fcr 2 three-
body reaction) at station ntl (11 variziles are known af station n), 2re given
by

(F:Fn., = (F:Fp,

o}

Fi""’g‘f_’F‘)ﬁ':‘l - (Es)ﬁl + Fin E(F j)n-:-n - {F Mn }

(29)
= - (FiF5dp = Fln(Filass ¥ (Fidn Filnza
(FiFFrn:, = - 2(F:FFd, + FFuhaFilns, * (FiFpnEinz,
— (20)
= (FiFj)n(Fk)n—E-r

The terms underscored by @ single line confribute {0 the zlempents d the
coefficiernt maztrix, while tke terms urderscored by 2 docble line contribute
to the known column matrix on the righi hand side of tke meatrix equation for
the Lnearized system. Thus the inatrix eavaticn takes the form (for N
species),

-

2u 232 213 251 151 Q
az F> Q,
(21)
an; aan] Fal 19%
b -yl b -ad R -d

¥The chemistry term does not make the energy equation "'stiff"; thus when
solving for temperzature the chemistry term is treated explicitly.
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I, SQLUTICH OF FINITE DIFFERENCE EQUGATIONS -

A. Injegration Siep Size

v
=
€

é"f“ -

-An exact ciability relationship goveraing the maximum zilowable
infegraticn step size{Ax). ..+ cannot, be sbtained due to the noniinearity of the
< governing equafrons. Instead the step-size feamremmt fo satisiy stabiifry
3 can only be est:mated. Foliowing Von Neuman'® a limit is placed o2 {Aax), oy
oF such &hat 212 dependent varizbles (u, T, Fj) 2lways remezin egual {0 or grexter
5 ihan zere. Thus the maximum step size at each radiai grid point (m £ 0) as 1
2] esizhiizhed from the species cosservation equation® is estimated 1o ke

Sde

-
N o P

(3x)ma, = m (9%) FDL (222

L Le
Pr

]
-

ll‘"

2

I a
i -
P 14 g

%
L]

i
m-z

332 n-’
.=4

T
r-

anc ona ihe axis {m = 0},

(Ag Y Pr F

(A:{)ma_\_ Tien DL (225)

The actual integration step size, Ax . is iaken to be ‘;; of the smallest value
of (Ax) oz :)max 25 computed irem Eos. (22a) ard {22b). This fra:ticn (3) was :
seiected on the basis of many irial calculations. Since Egs. (222) and (22b)
zre only a2pproximate an additional factor, F¥DL, has been incorporated into
the program ir order to maintain external coatrol (Card 5, Cols. 11-2¢) on
Ax in case smzller step sizes are required io maintain stability of the solut.on.
in addition, the step size can never exc-ed the input print incremeunt (Card 4,
Cols, 21-30j. :

Should the compuied species mole fraction at any radial point Secome
negative (typically, because the chemistry is "fast", and onc or more reac-
tions are near-equilibriumj, the step size is repeatedly haived until either the
species mole fraction becomesr positive or the step size becomes less than

* Applving the same criteria to the momentuin and energy equations usually
results in larger values of (AxX)y 4y
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some minimum step size.* In the latier case; 1h: program terminztes.

After the species mole fractior: becomes positrve, the next value of Ax is
again commputed from ‘;‘;(A:{)max. Thus the step size is never determined from
the value of Ax needed te satisfy stability for the previous step. This is a
semewhat uniGue apprcach to specifying Ax for the solution to finite difierence
eguations, and can save substanfial computer iime. It was adopied because,
typical rocket piume calcul2tions show that, when using the mixed implicit/
exzplicit difference scheme, the chemistry only influcnces stable step sizes in
a small region of the fiow. Once the program integrates through this region
step sizes of %(Ax)mzx asuaily suffice.

B. Edge of Afixing Laver

An addiiional radial mesh point (at frce stream conditions) is added
wherever the “rext-to-the-last” radial peint value of tsmperature or velocity,
differs from the corresponding free stream value by more than a specified
percentage of the free stream value. One percent has been seiected for
velocity and five parcent for temperature.

C. Halving the Mesh

The number of grid points cannot be aliowed to expand without bounds
becausc of the iimited storage capacity of the computer. Therefore, the num-
ber of points is nalved cither when the mesh increases to twice its original
size {Card 2, Cols. 1-5) cr the number of points exceeds 26. The computer
prints zll output at the siation at which halving occurs.

*The minimum step size is an input number {Card 5, Cols 1-10).
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IV. CHEMICAL REACTION RATE EQUATIONS

Ten possible reactior: types are included in the program:

Reaction Type

(1) A+ B = C +D
(2) A+B+M=C+M
(3) A+ B = C+ D+ E
(4) A+ B = C
(5) A+ M = C+D+ M
(6) A+ B - C + D
{7) A+B+M—C+ M
(8) A+ B -~ C+D+E
: (9) A+ B - C
(10) A+ M -~ C+D+M
B: Reaction types (6)-(10) correspond to reactiun types (1)-(5), but proceed in

the forward direction only. In Reactions (2}, (5), {(7) and (10), M is an
arbitrary third body. In this program, all species are assumed to have equal
third body efficiencies; thus, in evaluating wil ), FM = (W)‘l. The net rates
of production for all reactions are written below, in the form,

&) 2 rpl) _ gml3) «

3 2
. X p°F_ F
. £ "C' D
P
3 2
" L k p*F Fo B kp® F
] ; w K, WRT
3 _ k p>F . F_F_RT
.(J) - 2 f C D E
(3) whl o= ke pTF, Fp - K,
; . (3) 2 3 C
v { = — Or—————
(4) w 5P FATE T R RT
. . k, p2 F k. p*F,_ F_RT
B ) NG IS SV N i vl >
5 w Kp W

* The symbols RP and RM are used on the computer output.

12




A'B
G _ K" FaTs
7 i = :
(7) W o
(9) wid) = kep* F,Fp
) k,p?
(10) W = I W-——-A

To reduce round-off and truncation errors RP(J) and RM(J) are computed

separately for each reaction.

The forward rate coefficient, kf, is expressed in the form,

ke = ar N exp(B/RT)

and Kp is determined from,

InKp = — AG/RT

The rate coefficients are divided into seven types:

Rate Coefficient Type*

(1) ke = A

(2) kf = AT

(3) kf = AT

(4) ke = AT-?

(5) k¢ = A exp(B/RT)
(6) ke = AT’;exp(B/RT)
(7) ke = AT ?

All contributions to the molar rate of production
of a given species are then computed and added algebraically to form v'vj.

(23) .

(24)

*¥Rate coefficient data for typical rocket plume reactions may be found, e. g.,

in Ref, 15.
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- V. THERMODYNAMIC DATA

The thermodynamic properties (specific heat, Gibbs free energy and

enthalpy) for each species are taken directly froméhe {IANNAF Thermochemi-
i = 2981
cal Tahles,!® and input to the program as cpi, - ( —-1-,1,———-1) and (h; —hzgg) in

tabular form as a function of temperature (Card 11). Linear interpolation is
used to define thermodynamic properties at the local temperature.

VI. TRANSPORT PROPERTIES

A. Turbulent Eddy Viscosity Models

The following eddy viscosity models!” -2

program:

are incorporated into the

- Model 1 (Ferri)?

Initial region, ¥

B o= pe=a0,00137 x |pus~p.u, | (25a) -
Developed region,
p = pe=akK b,é. ]pouo - peue l (25b)

where bl is the value of r where pu = (p u, + peue)/Z and K is the eddy viscos-
ity coe,ffalcient, usually taken to be 0,025,

*Defined as region upstream of axial position where (u, — ue)/(uj —u,) = 0.95.
TMost of the models contain a numerical coefficient K which must be deter-
mined empirically. The valuc K = 0,025, taken from Schlicting,'® has been
incorporated directly into the program. This can be changed by the program

input data via an appropriate value for the additional constant, o, Eqs. (25-31)
(Card 4, Cols, 61-70).
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Model 2 (Ting/Libby)!?

k= pPe=aKr,

[\

where

r
7l ZS; (po/p) r? d =’
and Tl is the value of n where u = (v, + u.)/2
Model 3

Initial region,

B = pe=qa0.00137 x o, [u, — u]

Developed region,

where ri is the value of r where u = (uo - ue)/z

Model _;4

-

Initial region,

=
1

o

m
{

= 0.00137x p_ {u, ~ u|

Developed region,

!

i
o
~m
1

aKr%peIuo - uel

lug— | p ‘(%‘1)2 @)

(26)

(27)

(28a)

(28b)

(292)

(29b)
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2l 5% {Ting/Libby)"?
- "
Initial region, » | : 2 J ) g -
] : P. 2
£ o= ple=e0.00137 x o; — e | (-2 {30}
- ‘ - © - l —‘ e p -
- : B
- - 7

Developéd region,
H L E 2

Msdel 6 {Donzldson/ Gray

"
»n
%
.

InitiaF region,

[R1
n
-

3
.

3 R : u =p €=_0K (r% —,,ri) P;l u, — uei/Z g‘,tla)
— i I
For M1=1.2 .K=0.0468 + M1 !__ 0.0460 M1 + 0.0256 \L"'
: : 1 z . .
) ) (32)

: M%>1.2 K=0,0248

* .
H

where.Mx is the value of the Mach pumber where & = (t. +u; )/2 (z. 2., the
7 half radms) The speed of sound at the half radius, al,zs expressed by,

H -

H

1 ;
[ < RT) 77
B = P 2 =
. : 1 l_c (RyW1 1) Wi ] ) 1 1 33) .

L

where W1 1 and T1 are evaluated at the half radius. In Eq. (3la), r, is -he )

inner mmmg zoné radius and is defined as the value of r where (u— “e)/
(u —ue) = 0.95, :

¢ : ] i 3

" Developed region,

. . B = pezeK rip !uo: —‘ue]/Z' ' :_ - (31b)

#In the program, the spcculcatxon of Model 5 means that Eq. (30) wlll be
used in the initial region and Model 2 (Eq. 26) will be used in the deveioped
region. This is important for re- starting a problem in the developed region
for which Model’5 was delected to run from x = 0, In this case, Model 2 must
be specified on Card 2,.Ccis. 11-~15. 1

f
. H
. : 4

16. -

— = '?—I- = —-n-- -__O\ :’!—2 " ' 26
Moo= Poe "'h:‘,‘gg"o -.IP(p/ ) {=0).

S

-
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B. Laminar Fiow

Setherlané’s Law®? is used to describe the viscosity as 2 fonction of

temperature,

.
2= 9.8X 3077 T2 /(T + 111}

l?)m/ﬁ—sec

Vi, PLUME ELECTRICAL PROPRB"""“

Electron density, electron-neusiral collision frequency,

(33)

unit radar

attenuvation and electrical conductivity 2re computed at 222 radiz! pcints for

2ach axial print-out stzficn.

A. Electrosn Density

B, = 0.733(10%) X, _ p T mit
where p is in atm and T in degrees K.
B. Collision Frequency
-1 \;‘
- = 27 2 ~1
v, = 4.57 (10°yp T /, X. Qei sec

(35)

(38

where p is in atm, T in degrees K and Q.. in cm?. The electron-neutral
coliision cross sections?? used in the calculations and given in the following
table are those which characterize typical solid propeilant exhaust plumes.
If other species contribute to the value of Vg, the program musi be modified.

e
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':f—- < - - AR "‘""";‘F"""!
‘ Sceciez  2¢i. cm®
co 2.03 003w F:i246 (2677
g co, 2.7 (107%_
Ezo 5- 9 Ve-z
HCl 1.85 v, 2
% N 3.2% (lO'B)we
H> 145 (38™P)v_ + €.7 (1075
" '
T v, =6.21(10%) T2 emfsec
% C. Transverse Radar Aitenvation
2 nelve
£ 2 = 1.17 ~ dbfin (37)
k. L4 -
i1 = (ef )]
where B, is in md ™, v, in sec! and & is radfsec.® The program then com-
1

: putes transverse (normai fo the a2xis) radar atfenuation 2long a "line-of-site™
‘3 {i.e. radzr beam “spot size" much smaller than the ¢lectrical plume
E ] diameter) from,

oD

\ ( A= 2 (. 4 d
- Jy af ar b (38)

where r is in inches.

D. Elecirical Conductivity

ezn

0 = 2.53(10%) ;,——mf mho/in (39)
z [+ e

where e is 1.6 X 107*? coulomb and m,_ is 9.1X 1073 kg,

*Attenuation calculations can be made for a maximum of six signal frequencies.

18




Vi, PROGRAM OFERATION

Tke program, as Bsted in Spperndix A, nmst &2 ren o a2 CDC
compeier since a library rocticze mamed SECOXD {called in scbractine TICE)
is wsed 1o sense elzpsed time from the start of execuition. This roctine
emzbles the continmine solutiva cards vo be proched when the execciien tarm
exceeds the iime inged on Caré 2, Cols. 36-20--:if perch optiors 2 or 3 are
selected {Card 2, Cols. 31-35). Tke program mey be run on 2 differesns
mackice by removing the subrocfce and replacing it with the dommy roefams:
shown below:

SUBROUTINE TICK {3I5}
JjF=¢0

RETURN

EXD

When this is done the mavimam execesion time inpul on CTard 2, Cols. 36-£0
will oot trigger the punch optioz.

Input and ouipul 2re on the standard tape uniis (i.e. = for READ, 6
for WRITE and 7 for PUNCEH).

B. Sense Switch Coxntrol

1. Sense Switch I - When Supse Switch 1 is on, the current values of =,

Lo and B, o 27€ printed on-line.

2 Sense Switch 3 - Fhen Sense Switch 3 is on, the case is tezrminated

e

and ail output is printed at the current axial ztation.

C. Program Optimization

it is recommended that the program be compiled using the highest
level of optimization. On the CDC 6600 this corresponds to the FAST OBJECT

CODE MODE.
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. PROGEAM INPUT DATA
Tee foged dzta cards are sxplaimed elew. A Jisting oF the commpeter
program, 2 samipic lzgct dala skheet and 2 sample oxipod a-e giver in
H Apperdices A, B and C, respectively.
]
é
Tard
No. Collezmns Descripiion Format
i 1-72 Rum idertification 1236 .
2 E-5 Initial prmber of prid peings* in W B
coerdinzte (26 maxinrrmm)
&-26 Number of species 22 myixinrwem) B
ii-15 Fiscosity option key B
i -1: Lemisnar {Eq. 32)
3 9z p = consiant
b 1: Model 1 {Zg. 25)
: 2: Model 2 (Eqa. 26)
3: Aiodel 3 (Eq- 25)
g 4: Xiodel 4 (Eq- 29)
- 5: Model 5 (Eas. 256 and 30)
3 6z Afodel 6 (Ea- 31) )
- 15-20 XNumber of reactions (46 maximum) i35
21-25 v7_ output option is
i O: w. for each species is not output
& w2 i>r eack species is outpat at ‘
: ali rzdial pcints whose tempera-
i ture is greater than tke kinetics
X cut-oif iecmperature (Card 6, Cols.
61-70)

*Recommended number, 13

20




Now Coleones Descriptios Formout

LW VAR g b ST X5 ST RRNBC AR LAt

2 26-30 RP, BM oxipot option B
H 0: RP, BEM for e2ch reaction Is mot
oxpl

3ok A, B ER TR WS L
y
N R L B 2y

1: RP, RM for ezch rezction is out-
ot 2%z} radizl peints whose
temperaiore is grezter than the
kinelics crt-off temperatore
(Card 6, Csls. 51-70)

TRy

3
v

31-35 Card pumch option B
E ¢; No cards pamcked ;¢ :
1: Cards with radizl distribxtions of .
eleciran density and collision *j
frequency a2t 2il prinfout siztions
are purnched ’
2: Czrds for contiruing 2 given so!nf’f' ’
tion are punched
3: Both the a2bove seis of cards are
puncked
36-20 Afaximum computer execution time B
{ main) (X card punch option 1, 2 or 3
is selected, cards will be pm-chcé after
this amount of computer time)
4]1-42 Pressuzre option 15 4
If 0: Pressure is 2 constant
1: Pressure is a2 function of axial 1;
distance '
§
3 1-i0  Signal frequencies (MHz) - 6 mazimum - El10.3

for which transverse attenuation calcu-
lations wiil be made (see Section ViI).
Leave blank if no attenuation calcuiaiions

desired
51-60

f S SRS et 0 e e -
. [T AR . . -

Sutpa s T

#In practice if this option is seiected, the calculations will terminate at an
execution time 30 seconds less than this valae.

o

Y

21




Card
No. Colarrs Descriniion Format
2 B-B0  Iofuiad valee of x {fr) Ein3
B1-28  Firzd valee of = (&) z102
28-30 i Imcrermeny {fu} Ei0o3 -
31-20 Lewis monber Elf3
21-30 Prencil mmmier El02
31-62 Mozzle (iel) radizs (&) £10.3
51-70 . f2ctor msed to vary edfy viscosity? Eig.5
(sce Section ¥I)
5 1-10 Ax . , Mimimom infegration step size= EL8.3 .
)T ]
11-20  EDL, ciffesion step size factort £10.3
2i-30 g (2tm) El0.3
3122 ¢ (2tm/E) El19.3
o3 = Pressure Coefficients -
21-56 ¢, (2tm/i?) (see Section i) E10.3
51-62 < Lerm/it®) £i0.3
6 1-10 ressure at iaitial value of x{atm) E10.3
11-20 Temperature at jet centerline (K) E10.3
21-30 Temperature at edge of jet {X) (irce E10.3
stream valuej '
iSet o = 1.0 if nc changes to eddy viscosity coefficient are desired. '
{Recommended value, 1 X 107%° ft. _ ;
i{Set FDL = 1.0 if maximum integration step size criterion discussed in

Section I is to be used.

22
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Neo. Colarme De«criptica Format

ATEALEVR il KABE L TR B G, S iag

VSN i B stm i (B A e, of Dl

& 3128 Vlociiy 2t fel cerlerline (ﬁﬂ/ szc) ElID.3

£3-50 Velecity at edee of jet (fzfsec)iree E10.3
stroam value)

S, PR

]
N

1

VA

1brm -8
A, § sec )
T r32.2
¥ A% = ¢ {or blzpk) the prozram com-
putes A asspming velociiy, (emperatere
2nd species mrole fractions ars constant
2t imitial stztion

K°)]
us
\

E10.3

o

TRV

read next. ¥ A%Fis ot specified, card
10. 1 is ike next card reza with cards 7.1
through 9. 13 Seing omiited

§
I A¥is specified, cards 7.1 ¢0 9.i3 zre %

e ¥

61.70 Kinetics cut-cff temperature (iiretics are 16 .3
frozen zt temperateres below this valuze?)

NXOTE: For the purpose of illustration it is asswmmead that there are 13 iritial
grid poinis in the ¥ coorcinate.

7.1 1-10  T{1), Temperature (K) at jet centerlire, Ei0.3
: =0
61-76  T(7)
7.2 1-1¢  T(8) El10.3

-

51260 T(i3), Temperature {K) in free stream

8.1 1-10  =(1), Velocity {ft/sec) at jet centerlinc, El0.3
° r=0

¢1-70  u{7)

8.2 1-10  u(8) E10.3

g N

)

!

51-66  u(13)

-2

*If blank or zero, 400K is used. o .

NN Do
- at]
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Card )
N, Colemm

Description

Format

g-3.% i-19
6!376

2.3.2 i-10
9.2 % 1j10
1770

- 9.2.2 1-10
9.:3.1 1jxo
170

9.13.2 1-1¢

NOTE: Card Type 10

10.1.1 1-10

61-70

10.1.2 1-10
24

Mole fraction of IsE spacies 2t jer center-

line, = =0

Mbple fraction of Tth species zt jet center-

Yipe, - =0

Mole fzaction of Sth species at jet center-

line, r =0

Mole fraction of 1st species at next grid
point

Mole fraction of 7tk species at next grid
point

Mole fraction of 8th species cf next grid
point

Mole fraction of lst species at 13 grid
point (f{ree stream)

Mole fraction of 7th species at 13th grid
point (free stream)

Mole fraction of 8th species at 13th grid
point (free stream)

NOTE: For the parpcse of illestraticn it is assomed that there are 8 species

E10.3

E1D3.3

E10.3

ER.3

E10.3

is not required if Card Types 7, 8 and 9 are input.

Mole fraction of 1st species at jet center-

line, r =0

Moie fraction of 7th species at jet center-
line, r =0

Mole fraction of 8th species at jet center-
line, r =0

E10.3

i et e Sl o A St it o
f
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Card

N‘
—

%

10 2.1

10.2.2

NOTE:

11.1.2

Column Description Format
1-10 Mole fractior of 1st species in free stream £10.3
61-70 DRAole iraction of 7th species in free stream
1-10 Mole fraction of 8th species in free siream

The foliowing cards contain the chermodynamic data. * The firsg
card contzins the species name, molecular wzight and heat of

Tke secornd and remaining cards contain the temperatyre
and corresponding specific heat, free energy and enthalpy for that
species. Two teruperatures and corresponding thermodynamic data

formation.

are placed on each card.
mum of 30 temperature points.

presented in the JANNAF tables .16

The input iable can contain up to 2 maxi-
The Aata are input exactly as

Column Description Format
1- 6 Name of firs: species Ab
7-16 Molecular weight E10.3

17-26 Heat of formation, k208 {kcal/1nole) Ei0.3
1-10  Fizrst temperature point (K) E10.3
11-20 Cp, (cal/mole-K) Ei0.3
i
gi - hz98i
21-30 - (——T-—— ) (cal/mele K) E10.3
31-40  h; - hygg (kcal/mole) E10.3
41-50 Second temperature point (K) E10.3
51-60  cp_(cal/mole-K) E10.3
i
g; - hags,
61-70 - (——;r—— ) (cal/mole~K) E10.3

¥The order of the species must be identical to the order on Card Types 9 or
10,
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-
.; :
. Card

. No. Colurnn , Description Format
g ‘ ~

3 11.1.2 71-80 hy - hygg, {keal/mole) E10.3
; 11.1.3 . Third temperature point

) 11.2.1 . Name of second species

: NOTE: The chemical reaction mechanism for a particular probem is input on
& the last set of cards, one card for each reaction. (See Section IV.)
B - No particular order is required.

E 12.1 1-6  Species A A6
- ' ' 7 + sign

- 8-13  Species B {or M) A6
14 + sign
2 15-20  Blank or M 6x

’ 21 = sign

22-27  Species C Ab
£ 28 + sign (if needed)

29-34  Species D (or M) Ab

35 + sign {if needed)
36-41  Species E {or M) Ab

3 42-48  Blenk

- 12.1 49-50  Reaction type, 1 to 10 (see Section IV) 7
. 51 Rate coefficient type, 1 to 7 (see Section IV) 11
;77‘ 52-59 A, Pre-exponential factor cm-molecule- ES8.2
sec units

60-063 N, Temperature exponent F4,1
= 64-72 B, Activation energy cal/mole F9.1
"" 12.2 Next Reaction

/: : | *

S y
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X. PROGRAM OUTPUT

A. Description

Sample output sheets for the input data given in Appendix B are
shown in Appendix C. The first page contains the key program input para-
meters, initial distributions of velocity, temperature and species mole
fractions and the chemical reaction mechanism and rate coefficients. The
succeeding pages contain printouts at axial stations corresponding to the print
increment (Card 4, Cols. 21-30). Following the listing of electrical proper-
ties (last page of output), the integration step size and corresponding axial
position are given for each integration step up to the next print station.

B. Units

A mixed system of units appears on the program output for ease in
making additional calculations and for program check-out.

CCOLLISION FREQUENCY electron-neutral collision frequency,
sec”l, ;
DELTA X integration step size, ft
DENSITY g/cm® g
oo
ELECTRICAL CONDUCTIVITY mho/in d
ELECTRON DENSITY ml ™! :
ENTHALPY mixture static enthalpy, cal/g :

HALF RADIUS/R nondimensional radial distance to

' point where u = (uy + u,)/2, ft ;
(viscosity option 6 only) B
INNER MIXING ZONE RADIUS/R nondimensional radial distance to 1

po.int wl.lere (u-ug) /(uj - u,) =0.95,
(viscosity option 6 only)

MA.CH NO., Mach number

MACH NUMBER AT HALF RADIUS Mach number at point where u =
(ug + ug)/2 (viscosity option 6 only)

MINIMUM STEP SIZE (A%) in. g L
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MIXING RATE COEFFICIENT

MOLE FRACTIONS

NET RATE OF PRODUCTION
(W-DOT/RHO*U)

PRESS

PSI

PT
R

RXEACTION J

RM

RP

SIGN. FREQ.

TEMPERATURE
TRANSVERSE ATTENUATION
UNIT ATTENUATION
VELOCITY

VISCOSITY

X

X/R

Y/R

28

defined by Eq. (31la) or Eq. (31b)
(viscosity option 6 only)

species miole fractions

{vi/p u, mole/g -ft

pressure, atm

[

B lbm -1
stream function, {32‘ 5 sec ]

radial grid point number
nozzle radius

refers to reactions listed on first
page of output

negative molar rate of production for
jth reaction (see Section IV), mole/
ml-sec

positive molar rate of production for
jth reaction (see Section IV), mole/

ml-sec

signal frequency for attenuation
calculations, mHz

K

db

db/in

axial velocity, ft/s ec

I, lbm/ft-sec

axial distance, ft
nondimensional axial distance

nondimensional radial distance from
axis

ey

e

e

RS

a




C. Card Outp_ut

1. Gontinuing Solution -~ Due to the large amount of input data required
to continue a solution (after being terminated at a given value of x) the pro-
gram will punch all input except the tnermodynamic data and chemical reaction
mechanism i/ this option is selected (Card 2, Cols. 31-35). However, a new
final valueoix(Card4, Cols. 1'1-20) must be input manually if the problem was
initially terminated by reaching the oid maximum distance. Cards will also
be produced if maximum time (Card 2, Cols. 36-40) is excecded, by using the
proper option.

2, Electron Density and Collision Frequency ~ The complete radial
distribution of electron density and collision frequency at all printout stations
will be punched if this option is selected (Card 2, Cols. 31-35).
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A FAST

APPENDEX A

COMPUTER PROGRAM FOR KONEQUILIERIUM

ROCKET PLUME PREDICTIONS

Fortran Listing
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APPENDIX C

SAMPLE OUTPUT
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APPENDIX D

Comparisons between rocket exhaust plume calculations obtained
using the present program (mixed implicit/explict scheme) and the origiral
AeroChem program® {explicit scheme) have been made in order to (i) 4emon-
strate that both schemes yield identical results and (ii) determine the differ-
ence in compuier run times betwecn the two schemes. The case investigated
is a typicai solid propellant exhaust containing potassium as the dominant i
ailali metal 1mpurity. (Typical input data for such a propellant are given in .
Appendix B.) Thc programs were rur on a CDC 6600 conputer. Comparisons ‘
between centerline and radial distributions, velocity, temperature ana species
mole fractions computed via the mixed imi)licit/explicit and exi)licit schemes
arc shown in Figs. D1-D4. The notation k;/100 means that the rate coeffi- .
cients for K+ HCl — KCI1 + H twhich is very near equilibrium, even at 2 pres-
sure of 0.1 atm) was irbitr.rily reduced by a factor of 100. This was
necessary i.. order to run the original (explicit) AeroChem program‘ without
excessive computer t'me. Figures D1-D4 show that the two schemes do, in
fact. give identical results and we are therefore contident that the new pro-
gram properly calculates exhaust plume properties.

B
|
i
L

The principal advantage of the mixed implicit/explicit scheme over
the explicit scheme is that stable integration step sizes are much larger. This
is clearly demonstrated via the (typical) step size comparison shown in Fig. D5,
Thus even though the computational time for each integration step in the pre-
sent program is about 4 times greater than in the original AeroChem proqram
(primarily because of the matrix inversion subroutine in the present program)
the much larger step sizes still give considerable reductions in computer run
time.

Table D-I shows a comparisnon between computer run times for the
present and original programs for a typical solid propellant plume at sea level
and at 50 kft. For this case, the original AeroChem program cannot be usca
(in a practical scase) tc compute plume properties--primarily because tr 2
reaction K + HC) — KCI + liis very nearly in equilibrium--resulting in stable
integration step sizes of less than about 1078 ft. Thus we record an (essen-
tially) infinite computer run time in Table D-I. However this case can be run
using a modified version of the original AcroChem program6 which keeps the
reaction K + HC1 = KC1 + H identically in equilibriurn. Run times arc noted
to be 30 min and 17 min for the sea level and 50 kft cases, respectively.
Usirg the present prograrn reduces these run times to 2.5 and 2.2 min--a
very considerable reduction. If, in addition the program is compiled with the
6600 optimized compiler, the run tirne then 1s reduced to 1 min for the 50 kit

cas?d.
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Additional comparisons (made at AFRPL while demonstrating the
present program), between the original and present AeroChem programs
for other low aititude plumes also snowed reductions in computer run times
by factors of from 10 to 30.
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TABLE D-1

CDC 6600 COMPUTER RUN TIME, MINUTES

10 ft plume; rJ =0.25ft

Original AeroChem (Explicit)

Program®

Original AeroChem (Explicit-modified to put

Program®

Present Program

Present Program

K+HClI~- KCl+H

in equilibrium)

(Mixed Implicit/Explicit)

(Mixed Implicit/Explicit using
CDC 6600 Optimized

Compiler)

15

Sea Level 50 kft
[ ] a
30 17
2.5 2.2
i.0
B
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