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ABSTRACT

A fast computer program for predicting nonequilibriuLmrocket plume

properties is described. The analytical model assumes parallel turbulent (or

laminar) mixing between concentric chemically reacting streams and can also

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, and stable integration step

sizes are shown to be increased by up to 4 orders of magnitude. Computer

run times for typical afterburning rocket plume calculations are shown to be

decreased by more than one order of magnitude over the original (fully
explicit) AeroChemraxisymmetric 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

a. defined by Eq. 115b)

al defined by Eq. (33)

ay attenuation per unit length

A constant in expression for k- (see Eq. (23))

bi defined under Eq. (25b)
B activation energy 'see Eq. (Z'))

cp specific heat uf mixture (:P Xi cpi)

Pi
c Pi specific haofi species

e electronic charge

Fi defined as Xi/W (= Yi/Wi)
FDL factor used for the external control of integraLion step size
gi1 Gibbs free energy of ith species at standard stafe (1 atm)

AG change in standard Gibbs free energy for a reaction, Z(g) products

(gi) reactants
i

h enthalpy of mixture

hi enthalpy of ith species

hz9ai heat of formation of ith species at T = 298 K

kf forward rate coefficient

K eddy viscosity coefficient (see Section VI)

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

K equilibrium constant
p

Le Lewis number (laminar or turbulent)

me electron mass

MI Mach number at half radius, defined under Eq. (32)

N temperature exponent in reaction rate equation (Eq. (23))

Zle electron density

Q arbitrary dependent variable (see Eqs. (13) - (15))

iv
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Q electrozu-neutral collision cross sectione
p static -pressure

Pr P-randtl number (laminar or turbulent)

r coordinate normi-al to jet centerline

ri inner mixing zone radius

r. jet radius
J

defined under Eq. (28b)

r-U defined under Eq. (2-7)

R universal gas constant

T static temperature

u x component of velocity

v r component of veclocity

Ve electron velocity

ýv i molar rate of production of ith species

ýVw •molar rate of production from jth reaction

W molecular weight of mixture (. Fi)

Wi molecular weight of ith species

x coordinate parallel to jet centerline

Ax Xn+ I - Xn
Xi mole fraction of ith species

Yi mass fraction o; ith species

Grcek

constant for external control of eddy viscosity (see Eqs. (25) - (31))
AT•I %m +1 - *m

Seddy diffusivity for turbulent flow; defined as li/p
11 defined by Eq. (25)

11 viscosity (or eddy viscosity for turbulent flow)

electron -neutral collision frequencyVe

p density

(T electrical conductivity

N
2.5
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- - __________________-__,

,f stream function

signal frequency

Subscripts

e evaluated at edge of inixing layer (free stream)

- e- electrons

i ith species

"j value at nozzle (jet) exit

M J' index in grid network

n x index in grid network

o evaluatcd at axis of symmetry, r - 0

Miscellaneous

I I absolute value

( ) •partial derivative with respect to -Y V being held coristant

summation over i species

i
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I. INTRODUCTION

The need to accurately determinc electromagnetic wave/plume
interactions',Z has motivated the development of several programs3- 6 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
azcounts for nonequilibrium chemistry effects; the others3-5 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 Jensen7'8 that finite-rate chemical
kinetics must be incorporated into rocket plume calculations to accurately
predict plume temperatures, electrical properties, etc.

Conceptually the numerical solution of the equations describing
axisymmetric mixing with nonequilibrium chemistry presents few difficulties.
A fully explicit finite difference scheme4 yields an accurate solution to the
problem. Unfortunately, however, on many occasions the stability require-

ments associated with the explicit integration scheme are found to so severely
limit maximum step sizes (e. g. on the order of I0- to 10-10 ft) that computer
solutions become economically prohibitive.t This "stiffness" in the equa-
tions, 9,10 (which results in small step sizes) is found to be restricted to non-
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-
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 flows with nonequilibrium chemistry: Implicit
differences are used in the solution of the species conservation en.j ationst

*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.

tFor frozen (non-reactive) flow the governing equations can be integrated
quite rapidly using explicit differences.

MThis 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.ll,lZ

c4:-
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M 1 -1

-tand explicit difterences are usied for the rnomenitnt. A~d enefggy equtati =.s.
This mixed inpioiclif expl icit sch-eme elim~nalles the nt-bfyprbes
which 'characterize l~ully explicit schemes and ala-Ojnegaiceýtep sizes

f to be increased by orde-.s of irnaggiitude without szar~ic!_-"gaccuracy. Those--
rocket exhaust Plumf: oredictionr.-wbich could not be made vith the orJi-ginal
AeroCheni piograni 4 (w.%hich u~ses the fully explicit scheme) heCause iher stable
step size approached IV," ft, are quite ea~sil`- handled by the new programn.
NMost im~portintly, for the more typical case in which average step sizes
range from IlO - to 1 0 Z _zt, the inev. programi-- educed comlputter run ti-nies by

at ' east; an ofider of nila-nitude: (sN detailed comparison between rocket plumell
calculations using the origiinal fzilly explicit difference scheme and the new

Snvx-ed i-mplicit/expiic4_t scheme is given in Appendix. D.)

.The gas atvnannc mnodel' astiames parallelniixipg. between the rocket
exhaust products and surrounding, air ~either quiescent or mioving), and allows
for non-uniform initial conditions at the' nozzle7 exit plane. * Lewis and .Pralndtl
numbers are assumxed to be constant, and pressure.-is allowed to vary paraliel
to. the plunte axis. Truetraso is described via: an appropriate eddyIviscosity mo~del and Sutherla'nd's law is used to calculate the ivisc osity for
laminar flow.. The program is quite geileral; it allows any cheminida reaction
m-echanism (and associated rate coefficients) to be used as lon- as thermio-
dynamic data aire available for all species. Thermody-narmii- data, taken
directly from the JANINAF Tables, ae input in tabular form.

This! report gives the governing 'partial differential equations and:
their finite difference .gorm-ulations, the various eddy viscosity models which
may be input -to the program, a dpscriptioni of the input data, the output from

asam'ple calculation and a complete FORTRANd listing. The computer output
givcs detailed axial and radial distributions of velocity, temperature, density
and species mole f iactions!. These results are used ito Lalculate electron
densities and electron-nbeutral collision firequencIes wirdch, in turn, are used
to deterinine radar attenuation transverse to the plume axid electrical
conductivity

Although thc program was writ~ten in response tola need for fast
predictions of -relativ~ely low altitude a.fterburning rocket plume electrical
properties, it can equally wyell be, used for applications to missile base heat-ijing and -11 radiation problem' s.

*Thus it is possible to account fo'r -the effects of an initial boundary layer on
Ithe properties in the ffiixing region.
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H. GOVERNETNG EQUATIONS

A.L Conservation Equ.,-tiozgs and Baun~rvdr Conffitions

The fo~louring equations describe the free-shear !aye-r taarb-ales- orI
lamwnar mix~ing of co-Ifleming axis yrmet:-ic streaL.ins undergoinc cemica
reactions- FOr tuarbulent flow, all properties are imterpret' ed to be the mean-

(tie-aerae) vle.Teedy viscosity, it., is then~ described by one o~f thie

pheizonmrenologicaA expressions giveza in Section V1.

Global Ctritinuit y

ax~ a r~-(Pvr)O 0I

Conserv-auion of Species

8F. av aF. *(2

Conservation of Momentum

atu au dp I a ( u
dx- - - (3)

Conservation of Energy

tp au- _ ' 1 cp T

SLXa dx ýO r rr LPr- ar

(4)

Le clalF .. h
~~~~~~p-5 +- th

State

= pWV (5)

R T.

34



1,11e cosm5-nralion tozm-ier- are sclwed sm-~bjcc to UECe fomvmins,' jz~jt

aF,

a : g a = a
r~~a -a'r' 1 F~e

Pressare is pa.Io~cd vo V'arr. ;j tb- amxal direction according to,

wTmere c-:. c1 , ct an-d c 3 are in~pl±.1 coefficients (Card 5, Cels. 21-60).

B. Toransformation to Streanmi Fanction Coordinates

it is convelpient to transform the equations into a strearnJline ci.-rdinate
sy-stc.-n and utilize the stream function, 'TSI as the radial coordinate. line trans-
formation from cartesian (x, r)j coordinaes to strez-A~izne (x, C-4 coordin.Aes
tvvhich auto"maticaliy satisfies.-global continl'ity. Eq. (1)) is defined by-

p8r (8a)

- -?vr(8b)

From. Eqs- (84) and (8b) we obtain,

a tuar (- t (a)

ax 1, A CI 91 qf x(9b)

Introducing Eqs. (9a-) and 1(9b) into Eqs. (2), (3). and (4), gives:

4



Mc f - te 2-xis off -sFw = = 0

5 ax -T F- QT f,'- (!0~

arnd. on the azs of syrawelryi r = = 0

a V-r (hiOAR

g Cp T ~1Op hi 1 [ jpu aTj

(12a)

i
and, on theaxcis of symmuetry, r = =0

aT c a V

5



r ()J (1) e !Z~~are ffEirst rerfitm im Ff='c ~ife-rteN-e form amd then
esred cs~ a fforwrd =2rch#; Ike cbe=Estry terms. 'UjU, im :-Ie

szecies cO~icitv. cc~ti-CS are -;-:~ wa id d-f6r~es e di~ffu-
Sim rer~s in ZTDme Spedci~~~ ~~f�srV~ -- t $ce rgy a~

~~ eqCM-siocs are evar-ftaed The dtdiberewei. Th
_____ 13~i are mse&e-

( )Mr-, rn_ -(3

(~~~n M-1. ~n1n, MIn-I 1)

(14b)

am IQ -Q nM1

where

Z n~m U:: flIl (!=a)

I and
a ILPurZ (15b)



Il
JE~~~~s- ~ ~ Va, il am,(17)iz

an~d, on the axis of s,.-mmetr~r(m =0).

-,')n I(Ai)r)

(I16b)

Momentum

u = i~m+~ Un~m(17a)

P+a u +~ u
,i rn- n, :JJ PUJ n+l, nm

7



ZMC onte xis 04 Spmarv m =0

77- (C(w

pral, ~ ~ M-I

Or n' M-1 n~3) ir 4 nn m i

( f T T

Vin' - Fln m-) I. n, m-. I- ,Tz1

+ T 1 r -- tn in(1 )
"I

and, on the axis of syirnmetry, m 0

Tn~i Ax Upp~ ()+ + 4Ax (IL T, ~~

(18b)

-n (p) 0



The Species mole frartos at station *fl: m are determined f:rom."

the species coniserrvation a quea;cen-S by aearising the cbemistrF erras*F Ii- e.
ai-, iM-erting the re$u0ling' Xatri. The linearizations oiwvO1ing

species Fj and F for a w-o- _ajy reactio-) or yi. Fj and Fk (fc- P three-
body reactio=) at station n•.! (•-I .er.•les are (alyr a staton na are given
by

Fji (F. FLI(EFj)iI

(FiFj- IF) F)~ F) F 19)

- ztj--FjFk-)n -)n) tF j~n 5Fj1  F) 4 1

IF-2- iFjF)n (Fk)n iL1 (2-0)

The terms underscored by. a single line cont:ribute to-. the elem-ents df t-he
coefficient matrix. whfle the terms underscored by a desuble line contribute
to the laoncolumn matrix on the ihLhand side of the matrix equation for
the linearized system. Thus the matribx equaticn takes the form (for N
species),

-1 a-1 23 all F Q1

a FN

I IN ] N

*The chemistry term does not make the energy equation "stiff"; thus when
solving for temperature the chemistry term is treated exbplicitly.

9
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M. SOLUTICO Or D[FFERENCE EDUAT!•o•rS

A.. !_ategration Step Size

A exa. %abili•y relationship goverting the mwdrnumr alowab!e
itegra.ic, step size,[x)},_ camoo- be -ý6tained due to the non-linearity of the
go-erig e'ations.. instead the step-size .-equirement f' satisfy stabilii
can only be est-:snated. FGilo--in, Von XeumanU a limit is placed onfax),.
such fiat all dep.- endet variables (u. T, FJ al2ways remain equal to or gre~iter
"thar. zero. Thus the maxi.un-r step size at each radial grid point (m 0) as
es*azi-.hd from. the species conserv-ation eqatio.a* is estimated no be

(A~m..= -m FDL (z~alLe-LeI

L.r L!• r-'n _`n _n_•m-•

an~d on the axis,(nt 0')

(A@ f Pr
- FDL (22b)

I

The actual integration step size, A: . is taken to be • oi the smallest value
of (Ax:ma:=c as computed from Eos. (Z2a) and (ZZb). This frva,=ion (-) was
selected on the basis of many trial calculations. Since Eqs. (Z-,,) and (2Zb)
are only approximate an additional factor, FDI, has been inco-itorated into
the program in order to maintain external control (Card 5, Cot.s. 11-20) on
Ax in case smaller step sizes are required to maintain stability of the solutlon.
in addition, the step size can never exceýed the input print increment (Card 4.
Cols, 21-30).

Should the computed species mole fraction at any radial point %ecome
negative (typically, because the chemistry is "fast", and one or more reac-
tions are near- equi lbriu.), the step size is repeatedly halved until either the
species mole fraction become, positive or the step size becomes less than

* Applying the same criteria to the mom.entam and energy equations usually

results in larger values of (AX)max.

10
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some minmmum step size.* in the latter case: I~hz program terminates.
After the spc--ies mole fraction becomes posi!ive, the nex.t value of Ax is

2-Znc.nue rm1 :____nagain cHputed from x. Thus the step size is never determined from
the value of Aix needed to satisfy stability kor the pretios step. Thisffsea
semehat unique approach to specifying Ax for the solution to linite difference
equations, and can save substanijal computer time. It was adopted because,
typical rocket plume calculzti-,.ns show that, when using the mixed implicit/
ezcplicit difference scheme, the chemistry only influences stable step sizes in
a small region ,f the flow. Once the program integrates through this region
step sizes of . z s;:-aily suffice.

B. Edge of •-•Ming Layer

An additional radial mesh point (at free stream conditions) is added
whenever the "'itext-to-the-lasVt" radial point value of te.mperature or velocity,
differs from the corresponding free stream value by-more than a specified
p=rcentage of the free stream .value. One percent has been selected for
velocity and five percent for temperature.

C. Halving the Mesh

The number of grid points cannot be allowed to expand without bounds
because of the limited storage capacity of the computer. Therefore, the num-
ber of points is Laived either when the mesh increases to twice its original.
size (Card 2, Cols. 1-5) cr the number of points exceeds 26. The computer
prints all output at the station at which halving occurs.

*The minimum step size is an input number (Card 5, Cols 1-10).

11
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IV. CHEMICAL REACTION RATE EQUATIONS

Ten possible reaction types are included in the program:

Reaction Type

(1) A+B C C+D
(Z) 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

Reaction types (6)-(10) correspond to reaction 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 k(J ), FM = (W)-'. The net rates
of production for all reactions are written below, in the form,
iv(j) =RP(j) _RM(j).•

F FF

(1) €(fj) =C D

kf p3 FAFB kp F

(3 •J)= kfpZFAFB _

Kp

k2P FC

kp 3 FF Kp T
() f A kfp C

(2) w - W KWRT

3 
F f 3FF FRT

-OAB K

k3P3 Fc
(4) =kf P2FAFB -K T

(i) f~aA B kf p3 ,T~R

k P?' F k P, Li R

(5) wVO = f w

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



(6) ~ýwj" = kp2 FAFB •.A..

FAFB

k p3  F
(7) f '(j)= f AB

W

(8) k (j) = kf P FAFB

(9) •(J) = kfPFAFB

() kf Pz - A

W L

(())

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

separately for each reaction. All contributions to the molar rate of production
of a given species are then computed and added algebraically to form w..

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

-N
kf AT exp(B/RT) (23)

and Kp is determined from,

In Kp -AG/RT (24)

The rate coefficients are divided into seven types:

Rate Coefficient Type*

(1) kf = A

(2) kf = AT 1

(3) kf = AT- 2

(4) kf = AT-

(5) kf = Aexp(B/RT)

(6) kf = AT-' exp(-B/RT)

(7) kf = AT

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

in Aef. 15.

13



V. THERMODYNAMIC DATA

The thermodynamic properties (specific heat, Gibbs free energy and

enthalpy) for each species are taken directly from the JANNAF Therrr.ochemi-
16 gi - h?,8i)

cal Tables,' 6 and input to the program as cp, - ( T and(h 9 8 ) 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 T-20 are incorporated into the

program:

Model 1 (Ferri)17

Initial region, *

' =P : =0.00 137 x Pou0 oPeue J (ZSa)

Developed region,

S: pP E aK b1 {Pouo - PeUe I (25b)

where bl is the value of r where pu = (puo + Peue)/2 and K is the eddy viscos-

ity coeffcient, usually taken to be 0.025.t

*Defined as region upstream of axial position where (uo - Ue)/(uj - Ue) = 0. 95.

tMost of the models contain a numerical coefficient K which must be deter-
mined empirically. The value K = 0.025, taken from Schlicting,18 has been
incorporated directly into the program. This can be changed by the program

input data via an appropriate value for the additional constant, a, Eqs. (25-31)

(Card 4, Cols. 61-70).
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Model Z (Ting/Libby)' 9

fi = Pu=Kr I UoUef P P ) r (26)

where

T , (p /P) r' d r-- (21)

and F.1 is the value of T1 where u (uo% ue)/2

Model 3

Initial region,

= p . aO.oo0137 X Po j Uo - Ue{ (28a)

Developed region,

It = c,,K r_. po o- e (28.b)"I I
where r-i is the value of r where u= (u -U

( 0  e)/

Model 4

Initial region,

S= ? E: ,o'.o 0 1 3 7 x Pe Uo0  uJ (7a)

Developed region,

11 P c= cKr±L pc Iuo -- UeI (29b)

15
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&fLi

- "

"-Iniia! region, :

S-,p.-C ao.00137 el Pi -- G10

Developcid region,

vMlodel 6 tDonaldson/GrayL

I•nitial region, - - - *

9 P C &K (I. -,-ri) P, I - l (31a)

For M - .K =(0. 0468300
" "2 > 1

w~here.Mi is 'he value of the Mach number where -.2 (uo + Ue/Z (i. e., Lhehalf radius). The speed of s.ounf at the hal raclius, býPis expressed by,

II
cp

niat rgo (33)

where ' and T. arei evaluated at the half radius. In Eq. (31Ja), r is the

--uj e = 0. 95.

S~Developed region,

5•U! I .

= P c=> cK r2•K Uo" (31b)

*In the program, the specification of Model 5 wheeans that Eq. (0) wvill be
usedius). The regd o nd Model 2 (Eq. 26) will be used in the deve.ioped

region. This is important for! re-startring a problem in the developed region
S~~for which Model'5 was delected to run from x =0. In this case, Model 2 mrust

be specified onT ard 2,eCcais. 11 - 15.

•" ! 16ý
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B. Laminar Flow

SLb..erlatnes Lýaa is used to describe the viscosity -as a function of[
temoerature.

3: j
i= 9.8 x ioV- 1"1 !0T ÷ Ill) J-t-sec (3) I

I
I

VY. PLUME ELECTRICAL ]PROPERTIES

Electron density, electron-neutral collision frequency, unit radar
attenuation and electrical conductivky are conourted at all radial peints for
each axial print-out sta.ion.

A. Electron Density

ne = 0.733 (102) Xe_ p T (35)

Lwhere p is in atm and T in 4egrees K.

tB. Coll;ision Frequency

V = 4.57 (1Z)p p T Xi Oei sec-1  (36)

where p is in atm, T in degrees K and Qe" in cm•. The electron-neutral
collision cross sectionsU used in the calculations ant given in the following
table are those which characterize typical solid propeilant exhaust plumes.
If other species contribute to the value of ve, the progra-nm must be modified.

17



ScmICO 0 2-03 p0IO3')?CI+ ZA6

COZ -;,7 )~'
0z 5..9v C

HCI 1.85% C

: ~ ~ ~ H it.•(o•• • z-

S-e= 6. 21 (101 T- Z _I/sec

S C. Transverse Radar A"•Lte•ation

=.1 ne le dbtin (37)

L (0/"' ef

=h3ere me is in .-r, 'e--, ,e in sec- and w is rad/sec.-• The program then corn-
I putes transverse (normai to the axis) radar attenuaztion along a "line-of-site"

(i. e. radar bearm "spot size" much smna.ler than the electrical plume
diameter) fron,

A Elr at dr db (38)

where r is in inches.

D. Electrical Conduztivity

S~ez n

O" = Z. 54(104) vme mho/i-n (39)

where e is 1.6 X 10-19 coulomb and me is 9. 1 X 10-31 kg.

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

18



ViaEE PaMQUIUM ORMEATEOU

A.. N-ahEc~

Mane Prog~ram-, 25 Jisted inm Anýi A, V~st E~ rc= cr a CDC
corn~aiar :sii_.ce a Iibrarw roaiie z arQ~ SECO-to (Caucad in sabro~s= zxsCn)
is CSed to se-C c eizapsed tirm- from the Frt* C~f eec~diam Tfis rO-_iWe
em-bles the Co-r~ sokr~om cards. to be pc~ched wfshem the e2,caaia- tuaw
eXceeCds th time inp-e 0- Card 2, CoILS 36-4---uf p-!'.h o,-io:s Z or 3 are
sefec~ed (Card 2,. C(s. 31-35). TEe program =my be rr cm a differeiu

asahicwn by thesbromfimre ama replacing kif it OFhe dn==rnm rcuLi±_ 4

StR ifE flC T UJ._•J.J = 0

EXD

When th== is done the w"_._rnm execdon fi t-e inn-- on Card Z. Cols. 36-4_0
will =ot trigger the pmch opton.

ifi=t and output are on Ohe standard tape anits (i.. c=- 5-or READ, 6
for WRMITEE and 7 for PUN.C.1f).

B. Sense Switch Control

1. Sense Switch I - When Sinse Switch I is on, the current values of x,
Top and neo are printed on-line.

2. Sense Switch 3 - 'When Sense Switch 3 is on, the. case is terminate:i
and all output is printed at the current axial itation.

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 IMODE.

19



Appro "ta ý , B 2=a C. danas~eielr. a 2Cop ~

Coarin~t (Z6=2--mim

6-!G -Nnnber of Spe-cies (24~ =odmnz) 15

1-15 I-Viscosity opdion key 1
.29--1- Laminar (Sq. 34)

-1: Mdel 1 (2~q. 25)
2: Model 2 (ESq. 26)
3: Model 3 (Eq.. 28)

5: Model 5 (;s 2 and 30)
6M Xodel 6 (Eq.. 31)

16-20 Number of reaCI.;ons (40 ma.ximum) 1

21-Z5 iw. outira option 1
if 0: w- for eaci-, species is not outlput

1: ivv- f3r each species is output at
all radial points; whose tempera--
ture is greater than the kinetics
cut-Off teniDerature (Card 6, Cols..
61-70)

4Recommended number, 13

z0
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cre•cee

if a-- Rp,, YKM for ezch weackiv- is=3

OQ44544

I: RPI',.r for chnr=ir-mcd is oet-
0=1 aT 211 radi-ý! POiMS V~hrSC
te= Cr.a;C re is orezier thn te
D3. meoics c -*offe exeto ie

31-35Card(Card 6,. C.*4s. 6l51-O)

313 Card )Ba rch optio n3

iH Gc; No cards pcleedi: Cards Wioh ra2di dstrimýMff=S Of
electron density and collision
fressuerecy at a1 o pri=Iont sdations
are pnched

Zo: Cards for continuing a given s6alu-

51-60

Leav Both the above sets £13rS r

thsamount of cominuter timne)

414 Pressuere option c15
f0:Pressure is a constant

excuini0 s ons will be made (see Section VII).
L blank if no attenuation ca2ulaiions

- desiredN 51-60p N
*In practice if this option is selected, the calculations will terminate at anii execution time 30 seconds less than this value.

UI
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. M i, +,, pI lei

4 1--0 Fi* U-m-e( ftf) =E03

ii -20 •'L •fa~cio step sz e (frn):!.

!-71- Prix= w-mr~ezre;' (ffu) O

31 -40 L =M r, be.M E0-.3

S41-50 EIOar/f sei+W.-0.3

1 - . factor used to vary e~dv wscositr*EV-
(sc- section -A

51-10 -Ax , ?A-ininwm egftauiom step size EI0-3

+ 51-6•. c3 (at'm/it?) 0.1[ 6 1-10 Pressure at i:niial value of x(atr) !10.3

6 1-20 Temperature at jet cevatrline (K) £10.3

21-30 Temperature at edge of jet: (K) (free E10.3
stream value)

*Set a = 1.0 if no changes to eddy viscosity coefficient are desired.

TRecommended value, I X 10-10 ft.

ISet FDL = 1.0 if maximum integration step size criterion discussed in
Section III is to be used.
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rZ ~ ~~ 31s ý; l--otv21 ied, crge- sm 01 =- I •9.i z

41-570 tvelcs ty at-c_ Of 4L-r (/reC (f -Cetc r e IO !03

•XOT•:~~~f Alor =e 0xrs (oilurzo bt is ks the e trrrt tom-.eeae1 nt

g o n es A -oo amte.

7.~~~~~ !P~e 1610 Tf) ep rature M (K) ý at jetce nteriel.

rd r-0

p]-7 T7

10C sLra et adrzawt ar's7d

thrug 9.13 being amte

(DI 60 Kntics) ct -oemp ,nerature (K) In ree i st ream0..1 1-10 T(1 ocity pa turecR.) atejet centerline. E10.3

61=7& o(7))a

7. 2 1 - 10 T(8) El o.3•.

51 ~ pe '60 T(13),n Teciy fmperature ()i resra

8.1 ~ ~ ~ a 1-10t~ moMe fraority(tsc at je cnsterlnetI

51"60 u(1 3)

rea blank or zero, 400 K is used.
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card
Ye.. Co]3 Description Format

OT:For the 9-=S~se off ill "straticm it is assamed that, there sr S pces

9- .i 1-0 M~ole 1rac-ion of 1s• species at jet center- EiO.3
- ]li-e, •.= 0

6i-70 Mole fraction of 7th species zt jet center- E10.3

line, r = 0

9- LZ 1-10 Mole ftaction of Sth species at jet center- E10.3

line, r =0

9- 2. I 1-10 Mofe fraction of 1st species at next grid E13.3
point

6131 7-0 Mole fraction of 7th. species at ne,;t grid
point

- 2. 1-10 Mole fraction of Sth species af next grid E10.3
point

9- _33. 1 1-10 Mole fraction of l7t species at 13 grid El0.3
point (free stream)

69 -70 Mole fraction of 7th species at 13th grid
point (free stream)

9-.13.2 1-10 Mole fraction of 8th species at 13th grid ElO1.3
point (free stream)

NOTE: I-ard Type 10 is not required if Card Types 7, 8 and 9 are input.

10.1.1 1-10 Mole fraction of 1st species at jet center- E10.3

line, r = 0

61-70 Moie fraction of 7th species at jet center-
line, r = 0

10.1.2 1-10 Mole fraction of 8th species at jet center-
line, r =0

24
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Card i
No. Coluan Description Format

10 F. 1 1-10 Mole fraction of Ist species in free stream El0.3 1

61-'70 Maole iraction of 7th species in free stream

10.2.2 1-10 Mole fraction of 8th species in free strean-

NOTE: The following cards contain the Lhermodynamic data. * The first
card contains the species name, molecular weight and heat of
formation. The second and remaining cards contain the temperature
and corresponding specific heat, free energy and enth~dpy for that
species. Two temperatures and corresponding thermodynamic data
are placed on each card. The input table can contain up to a maxi-
mum of 30 temperature points. The data are input exactly as :

presented in the JANNAF tables. 16

Card
No. Column Description Format

11.1.1 1- 6 Name of first species A6

7-16 Molecular weight E0.3

17-26 Heat of formation, hzqsi (kcal/mole) E10. 3

11.1.Z 1-10 Fizst temperature point (K) E1O. 3

11-20 c (cal/mole-K) E1O. 3cpi

,(g. - h2 98.

21-30 T ) (cal/mole K) E10. 3

31-40 hi - hzg8i (kcal/mole) El0.3

41-50 Second temperature point (K) E10.3

5i-60 cpi (cal/mole-K) El1O.3

61-70 ) (cal/mole-K) E10.3

*The order of the species must be identical to the order on Card Types 9 or

10.

5 4



Card
No. Column Description Format

11.l.4 71-80 hi - hz8 (kcal/n.ole) EIO.3

11. 1.3 . Third temperature point

Il.Z.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.)
No particular order is required.

12. 1 1-6 Species A A6

1 7 + sign

8-13 Species B (or M) A6

14 + sign

15-20 Blank or M 6x

21 = sign

22-27 Species C A6

28 + sign (if needed)

29-34 Species D (or M) A6

35 + sign (if needed)

36-41 Species E (or M) A6

42-48 Blank

12.1 49-50 Reaction type, 1 to 10 (see Section TV) 12

51 Rate coefficient type, 1 to 7 (see Section IV) II

52-59 A, Pre-exponential factor cm-molecule- E8. 2
s ec units

60-63 N, Temperature exponent F4. 1

64-72 B, Activation energy cal/mole F9. 1

12.2 Next Reaction

. 26 22
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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 speciesý 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.

COLLISION FREQUENCY electron-neutral collision frequency,

sec

DELTA X integration step size, ft

DENSITY g/cm3

ELECTRICAL CONDUCTIVITY mho/in

ELECTRON DENSITY ml-

ENTHALPY mixture static enthalpy, cal/g

HALF RADIUS/R nondinmensional radial distance to
point where u = (uo + ue)/2, ft

(viscosity option 6 only)

INNER MIXING ZONE RADLUS/R nondimensional radial distance to
point where (u-ue) / (uj - e) 0.95,
(viscosity option 6 only).

MACH NO. Mach number

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

MINIMUM STEP SIZE (AX)minft

27
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MIXING RATE COEFFICIENT defined by Eq. (31a), or Eq. (31b)
(viscosity option 6 only)

MOLE FRACTIONS species mole fractions

NET RATE OF PRODUCTION
(W., -DOT/RHO*U) vi/p u, mole/g-ft

PRESS pressure, atm
* bm1

PSI stream function, sec 1 1
L:32.2

PT radial grid point number

R nozzle radius

R.EACTION j refers to reactions listed on first
page of output

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

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

SIGN. FREQ. signal frequency fo•• attenuation
calculations, mHz

TEMPERATURE K

TRANSVERSE ATTENUATION db

UNIT ATTENUATION db/in

VELOCITY axial velocity, ft/sec

VISCOSITY pi, ibm/ft-sec

X axial distance, ft

X/R nondimensional axial distance

Y/R nondimensional radial distance from
axis

28



C. Card Output

1. Continuing 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-
gra.m will punch all input except the thermodynamic data ,md cherdcal ,reaction

mechanism i. this option is selected (Card Z, Cols. 31-35). However, a new
final valueofx(Card4, Cols. 1ll-20) must bc input manually if the problem was
initially terminated by reaching the old maximum distance. Cards will also I

be produced if maximum time (Card 2, Cols. 36-40) is exceeded, 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).

I
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APPENDIX B

SAMPLE INPUT DATA SHEET
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APPENDIX C

SAMAPLE OUTPUT
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AP?ENDIX D

Compa.risons bet.Aveen rocket exhaust plume calculations obtained
using the present prograin (mixed implicit/explicr scheme) and the original
AeroChem program6 (explicit scheme) have been made in order to (i) demon-
strate that both scý.,mes yield identical results and (ii) determine the differ-
ence in computer run times be~tween the two schemes. The case investigated
is a typicai solid propellant exhaust containing potassium as the dominant
ai.ali metal irmpurity. (Typical input data for such a propellant are given in
Appendix B.) Th- programs, were rup on a CDC 6600 computer. Comparisons
between centerline and radial distributions, velocity, temperature and species
mole fractions computed via the mixed implicit/explicit and explicit schemes
are shown in Figs. Dl-D4. The notation k1/100 means that the rate coeffi-
cients for K + HCI - KC1 + H twhich is very near equilibrium, even at a pres-
sure of 0. 1 atm) was Lrbitr. rily reduced by a factor of 100. This was
necessary i., order to rur the original (explicit) AeroChem program6 without
excessive computer t'me. Figures DI-D4 show that the two schemes do, in
fact. give identical rcsults and wtý are therefore confident that the new pro-
.granm properly calculates exhaust plume properties.

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 shawn in Fig. D5.
Thus even though the computati3nal time for each integration step in the pre-
sent program is about 4 times greater than in the original AeroChem pro-ram
(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 comparison between computer run times for the
present and original programs for a typical solid propellant plume at sea level
and at 50 kWt. For this case, the original AeroChem program cannot be used
(in a practical sc,ase) t( compute plume properties--primarily because t12
reaction K -, t1C) -" KCI + Ii is very nearly in equilibrium- -resulting in stable
integration step sizes of less than about 10-8 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 AeroChem program6 which keeps the
reaction K + HC1 - KC1 + 11 identically in equilibrium. Run times are noted
to be 30 min and 17 min for the sea level and 50 kft cases, respectively.
Usirg the present program 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 time then. is reduced to 1 min for the 50 kft
c as



Additional comparisons (rmade at AFRPL while demonstrating the

present program), between the originai and present AeroChem programs

for other low altitude plumes .k lo snowed reductions in computer run times

by factors of from 10 to 30.
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TABLE D-I

CDC 6600 COMPUTER RUN TIME, MINUTES

10 ft plume; r 0.25 ft

Sea Level 50 kft

Original AeroChem (Explicit)
Program5 C

Original AeroChem (Explicit -modified to put
Program6  K+HCI1 KCI+H

in equilibrium) 30 17

Present Program (Mixed Implicit/Explicit) 2. 5 2

Present Program (Mixed Implicit/Explicit using
CDC 6600 Optimized
Compiler) 1.0



72-39 A

7000 - ".

. 6000

. 5000
0

- o0 EXPLICIT
> 4000 0 IMPLICIT/EXPLICIT

p = 0. atm.

3000 ki/0O
I IIvL

.2000 o* o 0@0 J
w

< 1900 0 EXPLICIT
cc * IMPLICIT/EXPLICITw0a-
w 1800 1 1 1 1 1- 1

0 2 4 6 8 10

AXIAL DISTANCE, feet
FIG. DI COMPARISONS BETWEEN CENTERLINE DISTRIBUTIONS

OF VELOCITY AND TEMPERXTURE COMPUTED

FROM MIXED IMPLICIT/EXPLICIT AND EXPLICIT

DIFFERENCE TECHNIQUES

4r 1 0.25 ft



7Z- 34A

4000 II

* EXPLICIT

3000 0IMPLICIT/
* EXPLICIT

p 0 .1 atm.
1 2000 X=I0 feet
o kl I00
0

w
> 1000 U " ~I

0 .
.2000 *EXPLICIT

*: OIMPL!CIT/
- EXPLICIT

< 1 1000 i
"w Ua.

0 5 10
RADIAL DISTANCE, r/r.

FIG. DZ COMPARISONS BETWEEN RADIAL DISTRIF JTIONS
OF VELOCITY AND TEMPERATURE COMPUTED

FROM MIXED IMPLICIT/EXPLICIT AND E1XPLICIT
DIFFERENCE TECHNIQUES

r- = 0.25 ft

SS D-5



72-38

ioo 1-

o EXPLICIT
* IMPLICIT/EXPLICIT

10-1 -0-6
z K

0

o�H.J
0 1 OE40-7

00 E34p0 (imp =n OI ,tm.

k,/100

1I- 1 0-8

0 2 4 6 8 10

AXIAL DISTANCE, feet
FIG. D3 COMPARISONS BETWEEN CENTERLINE DISTRIBUTIONS
OF XK+ AND X COMPUTED FROM MIXED IMPLICIT/EXPLICIT

AND EXPLICIT DIFFERENCE TECHNIQUES

0. 25 ft

D-6I 89



72-32 A

10-1 -

* EXPLICIT
Ur i 0 IMPLICIT/

10-2 -EXPLICIT
U

IOiI10-3 H

zU

Li II< 10-4-I

Aw p=0.I atm.
.. 10-5 X= 10 feet

k, I00

10 -61 .Isi

iK +
10-7 Ui

10-8 _ _ _ _ _ _ _ _ _,_

0 5 10
RADIAL DISTANCE, r/r.

FIG. D4 COMPARISONS BETWEEN RADIAL DISTRIBUTIONS
OF XK. AND X1H COMPUTED FROM MIXED IMPLICIT/EXPJICIT

AND EXPLICIT DIFFERENCE TECHNIQUES

r.= 0.25 ft

S90 D-7



72-32 A

I-EXPLICIT
U 0 IMPLICIT/

10-2 EXPLICIT

I0-3 H

z U
0
<[ 10-4-I

I0r
p=0.I atm.

- I0-5- X= 10 feet
o k,/I00

10-6

SK+

10-7i

10-8 ___

0 5 10

RADIAL DISTANCE, r/r. K
FIG. D4 COMPARISONS BETWEEN RADIAL DISTRIBUTIONS

OF XKi AND X,. COMPUTED FROM MIXED IMPLICIT/EXPLICIT

AND EXPLICIT DIFFERENCE TECHNIQUES

r. 0..2 ft

90 D-7


