MR-7008
Project 6910

A Study of High Frequency Nonlinear Combustion Instability
in Baffled Annular Liguid Propellant Rocket Motors
Volume II
A User Manual For

Computer Programs TRDL and TRDPLT

by
Harold S. Schechter
and

Samuel Z. Burstein

Final Report
to
National Aeronautics and Space Administration

Contract NAS7-752

August 31, 1970



TABLE OF CONTENTS

FOREWORD . ¢ 4t vttt tteunnneeeesoseeacaansssssosanaosssnsonansnss i
NOTICE .t e o oesoseeseeosasocnsecacecscssnosscncesssssssssesss ii
ABSTRACT .. .evv.. P iii
I. IntrodUCtioOn. s e v eeersooeneeesacaansssososnnonsnssanease 1
II., Nonlinear Differential and Difference Equations
for an Annular Motor......cietieiinieeeeennonnscnas 3
IIT. Program TRDL. c o vt i veeeessonesoscasacossssassssssnnsssns 14
Description of Computer Program (TRDL)....cceceesvan 14
Input Preparation for Program TRDL......cciieeenennn 19
Sample Input for Program TRDL, Non-Baffled Case..... 23
Sample Input for Program TRDL, Baffled Case......... 24
Description of Output for Program TRDL....ecceeeeess 25
Sample Output from Program TRDL, Non-Baffled
CASE .ttt tesseneseacnnosonssosnessosaatsssssossscsasns 26
Sample Output from Program TRDL, Baffled Case....... 31
NOMENClatUY .ot e s et etoeeeeaassonsssacsssoonsssenans 36
Definition of Major Program Variables............... 39
Program and Subprogram Functions..........coouceeeen. 43
IV. Program TRDPLT - The Plot Package......ceveeeeeeeess 44
Description of Plot Program (TRDPLT) ....eeceeeevesnn 44
Input Preparation for Program TRDPLT.......cc.cce0e.. 45
Sample Input for Program TRDPLT........coveeeoecaecn. 49
Sample Output from Program TRDPLT.....ceeccecaccecns 50
Energy Source vs. Axial Distance............... 50
Pressure Isobars in the ¢ -z Plane,
Non-Baffled Case (Including the
Printed Legend) ............... tesssecacesaan 51
Velocity Field in the ¢ -z Plane ................ 53
Pressure History (Two Figures)......ceeeeeeccss 54
Pressure Isobars in the ¢-z Plane,
Baffled Case (Including the
Printed Legend) ccceeeeeeessenaasosannnsssssns 56
BIBLIOGRAPHY ¢t et s cssvecesecssnnccascsssasasnsssasnsesssnocss 58

DISTRIBUTION LIST ..cccoveocanss Ceetecetacssaesansnsseaes 99



FOREWORD

This is the final report on Contract NAS7-752 for the
National Aeronautics and Space Administration. The work was
performed in the period from August 25, 1969 to September 25,
1970. The NASA program manager was Dr. Robert Levine, of the
Office of Advanced Research and Technology, and the technical

manager was Dr. Raymond Kushida, of the Jet Propulsion Laboratory.



NOTICE

This report was prepared as an account of Government-

sponsored work. Neither the United States, nor the National

Aeronautics and Space Administration (NASA), nor any person

acting on behalf of NASA:

a)

b)

Makes any warranty or representation, expressed
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe pri-
vately-owned rights; or

Assumes any liabilities with respect to the use
of, or for damages resulting from the use of,
any information, apparatus, method, or process

disclosed in this report.

As used above, "person acting on behalf of NASA" includes

any employee or contractor of NASA, or employee of such contractor,

to the extent that such employee or contractor of NASA or employee

of such contractor prepares, disseminates, or provides access to

any information pursuant to his employment or contract with NASA,

or his employment with such contractor.
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ABSTRACT

A computer program for a nonlinear evaporation rate con-
trolling combustion instability model is described herein. All
of the equations used in the model are listed. The methods used
for the numerical solution of the equations are described. A com-
plete description of the logic of the computer program is given
together with its utilization. The format required for the input
to the program is explained with a description of the output.
Sample cases are also provided. The utilization of a second pro-
gram for plotting the results of the calculations is fully described

together with samples of the various plots that may be produced.
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Introduction

This volume of the report describes a computer program for a
nonlinear evaporation rate controlling combustion instability
model. Volume I describes the results of using the computer pro-
gram for experiments on the effects of baffles on the damping of
bomb-like disturbances in liquid rocket engines. The numerical
model has been constructed so as to approximate the gross features
of a baffled liquid propellant rocket motor which has a radial
measurement significantly smaller than the axial or circumferential
dimensions, i.e., an annular motor. Hence, the radial coordinate,
r, is neglected and the relevant coordinates are the axial length,
z, circumferential distance, 6, (actually r9 but r is normalized
to unity) and the time, t.

The numerical methods used in the model calculate the three
regimes of gas dynamic flow: the subsonic chamber including the
droplet spray region, which induces a combustion zone adjacent to
the injector face, the transonic region in the converging-diverging
nozzle and the supersonic outflow region in the diverging section
of the nozzle. Up to six baffled compartments are allowed in the
combustion chamber each of which may have a length ranging up to
and including the combustor length and whose boundaries may be
specified at arbitrary angular positions around the circumference

of the chamber.



Interacting with the gas dynamic flow in the subsonic combustor
is a droplet field approximating a dilute spray. The drops experi-
ence aerodynamic forces through a difference in velocities between
gas and droplet. The force field resulting from the velocity field
is, of course, time dependent and hence, motion of the droplet field
is also time dependent. Droplets of prescribed radius are injected
into the chamber and they are allowed to evaporate and accelerate
in the dynamic gas field. The droplet field equations are solved
for in a Lagrangian frame. The solution of the droplet evaporation
and dynamic equations provides the source term for the gas dynamic
equations. The reinforcement of an initial pressure disturbance
present in the combustor is then possible; dependence on the phase
of the wave with respect to the time dependent combustion field
partially determines success or failure of the amplification process.
The energy supplied to the wave versus energy outflow by advection
is another important criterion.

It is hoped that the method developed in this research effort
for nonlinear rocket modeling in two space dimensions will prove
useful for the analysis of stability limits in rocket motors yet

to be designed and built.



Nonlinear Differential and Difference Equations for an Annular Motor

The differential equations describing the motion of a com-
pressible fluid in the coordinategz-6-t can be given by the vector

form

1 3G oH sLnA
—_ e _— 4 kot =
+ r 26 + Z H 22 v (1)
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The vector W has four components which are the mass, momentum in

the z and 6 directions and the total energy, all per unit volume.
The vectors G and H represent the flux of these gquantities in the
tangential and axial directions respectively. The term containing
the logarithmic derivative corresponds to an approximate way of
treating small radial variations of the annular geometry. It is
analogous to the treatment of one-dimensional time dependent flows
with an attempt to include area variations. This term can also

be considered as a source term of flux proportional to the
derivative of the logarithmic variation of area, the proportionality
constant being the flux H*. This term allows us to treat, in a
simple way, an annular subsonic-supersonic nozzle. The term, r,
represents the radial distance of the z-6 plane under consideration
from the axis of the motor. When the equations are put in a non-
dimensional form, r is used as the characteristic distance so

that this term reduces to unity. The droplet combustion source term

is denoted by V.



The exact form of the vectors are:

o pv pu pu Vo
pu puv ou2+p ou? 0
v pv2+p puv puv 0
E (E+p)v (E+plu Eu wE

The pressure p is a function of the density p and specific

internal energy e through the equation of state
p = (y-1)re (3)
The total energy of the system per unit volume is

E = p(e+l/2(u2+v2)) (4)

The area is approximated by a quadratic function
A/Ag=1-a(z-Lg) +8 (z2-Lg) % Lo<zgL; A/Bc=1 z£Lg (5)

where Aqs is the area of the chamber and L¢c and L are the length

of the chamber and motor respectively. The constants o and B are

determined from the position Ly and area ratio A./A. at the throcat

@ = 2(1-Ap/Ag)/ (Ly-Lg) B = .;-a/(Lt—Lc) (6)

The boundary conditions required are that W be periodic in 6,
the axial component of velocity vanish on the injector face and
that the outflow be supersonic

W(z,8,t)=W(z,8+27,t); u(0,0,t)=0; M(z,0,t)>1 z>z, (7)
Baffles are simply described by the condition that the tangential

velocity vanish along their length, i.e. v=0.



The source terms are obtained from a simplified Godsave
analysis. The weak, almost linear, dependence on the temperature,
T°R of the dimensionless mass burning rate at a reference pressure

of Py psia, ap , can be expressed as
o

= -5
apy 3.73x107°T+1.855 (8)

The mass burning rate, ap, is then given as a function of
the pressure by

ap/apy = (P/Po) ’

(9)

where p, is the steady state pressure. The drop temperature, T,

which is the boiling temperature at the chamber pressure, can be

obtained from the integrated Clausius-Clapeyron equation

en(p/2131) = 8.7x103 (1/1176-1/T,) (10)

T, = 1176°R p22131 psia

The thermal conductivity, k, is given by

k = (8.33x1075(460-T,)+0.2107) /3600 Btu/ft-sec- R° (11)

and the specific heat, Cp: is obtained from

cp = 0.138+0.527x1073T,-0.120x1076T,2 Btu/1bm-"R (12)

The burning rate in stationary surroundings is obtained from

rho _ 21k
F

dga (13)
Cp P

where d, is the drop diameter.



The viscosity is given by
T 2.5x10_5(T/560? lbm/ft-sec. (14)
while the Reynold's number is

Re = od, |u-v|/u (15)
where |u-v| is the magnitude of the velocity difference between
the drop and the gas. The burning rate in the convective

environment, ﬁf, is then obtained from
thy/fg = 1+0.276Reprl/3 (16)

where Pr is the Prandtl number.

The components of the § vector are then

. 1
by mF(l+___)N

¢f g
Vg = tp(Q-Lo-20 )N o

F of o
where ¢ is the fuel-oxidant equivalence ratio, fg is the
stoichiometric fuel oxidant ratio, Q is the heat of reaction
per unit mass of fuel, Lp is the latent heat of the fuel and
Lo is the latent heat of the oxidizer. The significance of N,
the number of drops per unit volume, is explained in Volume I.

Under the engine conditions of interest, the following constant

values are used:

1
py 3-0.501 $=1.0 £fo=16/23
Lp=540 Btu/lbm L,=178.2 Btu/lbm

while Q is obtained by interpolating from a table of values of Q

as a function of temperature.



The equations used to describe the droplet motion are

dmg/dt = _IhF
3
dug/dt = ECD(O/D'Q) (u'ug) ‘u“ugl/rl (18)
3
dv,/dt = gCD(o/ol)(v-VQ)IV-VQVrg
where m, =%np£rz is the mass of the drop, ¢, is the drop density

and the axial and tangential components of the drop velocity are
u, and v,. The drag coefficient, Cp, is related to the Reynolds

number through

Cp=27.0Re™0-84  0cRes62.9; cp=0.271Re’ 271 62.9<Rex10?;
cp=0.271(104) 2271 104<Re
and the drop density is obtained from
%

Py = 14.4+86.82(1—T2/ll76)+6.343(l—TQ/ll76)

+ 17.716(1-T,/1176) 1/3-60.654 (1-T  /1176) 2 1bm/f £3

where T, is taken as the drop boiling temperature at the steady-
state pressure at the injector. The drop density is thus kept
constant throughout a run.

The initial conditions are obtained by perturbing a given
steady state to simulate a bomb. The perturbed equations in the

region of the bomb are



P=Pg+P, =P +Asin (a;06+ay)sin(byz+by) 8,2656, (19)

z <Z<Z:Z
p /

o=os+ob=os+Pi/Y ©p=Py / (y=1)
where pg and pg are the steady-state values and hence are func-
tions of z only, and Ppr Ppr and e, are the pressure, density
and energy due to the bomb. The constant A is evaluated by
assigning the bomb a percentage, o, of the total energy Ep in

the chamber.

82 022 p. (y-1)/ 92022
P Y Y (v-1
aEm= b dedz=§_1__Lii sin(aq 6+a-)sin
T Js 6.Jz 1 2 (20)
1 z1 y-1 v=1 1¥"1

(bl Z+b2 ) dedz

The equations are solved in a non-dimensional form. 1In order
that the non-dimensional equations remain consistent, certain
variables may be assigned arbitrary reference values. Then the
corresponding reference values for the remaining variables are
solved for using the equation of state, the equation defining the
speed of sound and a reference length. The reference distance
used is r, the radial distance of the z-6 plane from the motor
axis. An arbitrary pressure, p,, and temperature, T,, are assigned
and are usually taken approximately equal to the conditions in
the chamber at steady state. Using p,, T,, and the molecular

weight of the gas, M, the reference density, is calculated

pO'

from the equation of state. A reference sound speed, ag,



calculated from the specific heat ratio, y, and the values of pg
and o, is used to normalize the velocities. The other reference
values used for normalization are ypp for the pressure and tg=r/ag

for the time.

Equation (1) is solved by the method of finite differences.
Step sizes Az, A6 and At are determined and a mesh is introduced
with points

z;=1hz ej=jAe tp=neét (21)

i=0,1,...,I j=0,1,...,d n=0,1,2,...

The vector W is then approximated by a vector V defined on

the mesh points

W(zj,04,tn)=>V(2y,05,ty) = VI

J i,3 (22)

The approximate solution is written as a two step difference equation.
Predicted values V are first obtained at the center points of the
mesh and these values are then used to obtain second order accurate

values at the mesh points. Letting B=w—H*§£EAand L=H*3LnA

dz 3Z
the finite difference equations are:

oo =gl gyn-l o gynel gyn-ly
i+k, j+% i+1,3+41 i+1,3 i,3+41 i,3

At ~n-1 n-1 n-1 n-1

-—(G +G, " -Gy =G, %)

268 i+l,3+1 i,3+1 "i+l,3 i,

(23)

At yn-l + n-1 n-1 n-1

280z i+l,3+1 i+l,j i,3+1° i,j)

4ot gn-1 gh-1 ,pn-1

n-1
. ., 1B, . +B,
4 Ti+l,3+1 i+l,3 i,3+1 i )

']



v oyl sttt L
1,3 1,3 4,¢ 1.3*1

n-1 n-1 ~n ~n ~n ~ 1N
G; . +G, ., G -G’ G; - s
R TP A AR T R PV B B St hc P

-_bptgn-1 _gn-l an oD SN
oz ia1, s Mo, 5 T ien, et iy 5oy mHioy eyl gy

At , n-1 n-1 a1 ~n ~n ~n
— +C % (C. . . +C. . . +C. ., +C. .
4 "i+1,3 "i-1,3 2 i+%,3+% Ti+k, g% Ti-k,j+% 1—%,3-%))
+Atwl_.
v ] (24)

n n
p = u =-u v =vy . 21 4= .
—l,j pll] _llj ll] _lrj lrj P l'j pl’J
(25)
n _0 n _yn n . _,,N _n
i,g¢1 Vi0  Vi,-1%Vi,g Yq,55%1-1,37V1-2,5
and the baffles are represented by the conditions
1,317 1,551 Ui, 3517, 5551 Vi, 3ptlT Vi, g5l
n n (26)
pi,jBil=piljB;l 1=l'21-.-,lB
where a baffle at mesh points j=jB extends to mesh point i=iB.

The time step is obtained from the Richtmyer stability
condition

At <A (1/V2)/(|u|+a) (27)

10



where A is either Az or 46; |u| is the magnitude of the velocity
and a is the sound speed.

The time step is set to a fraction of the minimum of the
right side of inequality (27) taken over all mesh points.

The smoothing operator is a two step operator in the same
way that the difference equations are two step schemes. Let DT

denote the following backward difference operator

m
D W =W -W
- m+l m+l m

Then define

T

m+l) (28)

~ m m
=W_+
W =W +K(at/am)DT (|D u_ . |D

where u is the velocity in the m direction, Am is the space step
in that direction and K is a constant.

Equation (28) is first applied in one coordinate direction
and then in the other. Each time that smoothing takes place, the
order in which it is applied is changed.

Equation (28) defines, for m=1,2 (6,z), two fractional steps

for the numerical solution of the diffusion equation

Wy = AKV2W (29)

where the nonlinear operator, VZ, is defined in terms of the

velocity components u and v by V2W=(|uelwe)e+(lvz|wz)Z and where
A=At/Am. The constant K=(sm)3K' with K' a pure number usually

between one and two. This difference operator is added to the

11



fundamental difference operator, and as a result, we note that
second order accuracy is perserved because the smoothing operator

is third order. The addition of such a term to the equations of
motion is in the same spirit as the von Neumann-Richtmyer artificial

viscosity used in hydrodynamic calculations in 1952.

12



€1

AMLIWODS NGRS 3744VE -2 I SHOOL

UYOLO=a 0N




ITT.

Program TRDL

Description of Computer Program (TRDL)

The computer program consists of a main program and fourteen
subroutines. It is written in FORTRAN IV for the CDC 6600 com-
puter, but can be converted for use on any computer that has a
FORTRAN IV compiler. The main program is called TRDL. It reads
some input, writes information on tape for future plotting and to
allow a run to be restarted, and mainly controls the general flow
of the program logic. Subroutine INITAL reads most of the input,
calculates various quantities needed throughout the run and either
calculates the initial conditioﬁs, or if the run is a continuation
of a previous run, reads the starting conditions from tape. Sub-
routine CHARGE calculates the fluid properties at the injector and

nozzle exit plane. The stable time stop, At, is determined in

sLnA
02z

subroutine CONVRG. The vectors G, H, and H* are evaluated at

time, t, in subroutine VECTR and subroutine QUAD calculates the

predicted fluid properties at t+At. Subroutine TMPVCT evaluates

oLnA

2 at t+At and the corrected

the predicted vectors G, H, and H*
fluid properties at t+At are calculated in subroutine GENPT. The
fluid properties along the rays with 6 equal to 0, 7/2, 7 and 3n/2

are printed by subroutine PRTOUT. The function subroutine FZ

sLnA
oz

The forcing function y at time t, and the drop field at time

determines

t+At are calculated in subroutine PHIDOTV. 1In subroutine MSHVL,

the drop mass and velocities are interpolated at the mesh points.

14



The smoothing is accomplished in subroutine SMOOTH while subroutine
PPLOT is used to find the minimum and maximum pressure in the
chamber and the value of pressure at the pressure sensors. Sub-
routine SEEK is a binary search routine.

TRDL starts by reading some input and initializing counters.
INITAL and then CONVRG are called after which the library sub-
routine SECOND is called to obtain the elapsed real time which is
then passed to PRTOUT. If the run is not a restart, the initial
values are written onto tape 4 for the plotting program and PPLOT
is called. The main loop is then started by increasing the cycle
counters and the time. If the run includes energy addition PHIDOTV
is called. Calls are then made in order to VECTR, QUAD, TMPVCT,
GENPT, CHARGE and if it is a cycle where smoothing is to occur a
call is made to SMOOTH. Next the fluid properties are tested for
negative density which means an error has occurred or an instability
has arisen, in which case the run is terminated. Very small momenta
are also set to zero. CONVRG is called and if a point on the
pressure plots is wanted a call is made to PPLOT. If the run is
finished values are written on tape 4, PRTOUT is called; if
information is to be saved for restarting the run it is written
on tape 3 and data cards are read for a possible new run. If the
run is not finished and this cycle is a plot cycle the information
is written on tape 4. PRTOUT is called if it is a print cycle
and if restart information is to be saved the values are written

onto tape 3. The next cycle is then started.

15



INITAL reads all of the input that was not read in TRDL.
Factors for transforming dimensions and for changing from dimen-
sional to non-dimensional variables and back are then computed.
Values of other constants that are used throughout the run are
also computed at this time. If a run is being restarted, the
necessary information is read from tape 1 and control leaves the
subroutine. For a new run, the proper initial field for either steady
state or a bomb blast is computed and placed in array PROPTY.
In either case, these fields are obtained from an inputted

steady-state field. A steady-state droplet field is also read

at this time into the first part of array DROP. Since the steady
state is independent of 6, values along only one axial line are
input.

CHARGE solves the special equations at the injector and nozzle
exit planes. Logic is also included to take account of the
special conditions that are introduced due to baffles.

CONVRG calculates the stable time step from the stability
criteria. An emperical initial value is used, which serves as a
maximum possible time step.

VECTR evaluates the vectors, G, H, and H*E%gé in a rather
straightforward manner and places the values in OVRLAY. An attempt
is made to avoid evaluating repeated expressions more than once.

QUAD solves the finite difference equations for the predicted
fluid properties at time t+At. The first part of array OVRPRM is
used for these values. For points along a baffle the special
baffle equations are solved. There are separate solutions for
above and below the baffle. The solution above the baffle is

included in OVRPRM, while a separate array, BFL, is used for the

16



solution below the baffle. (Above and below the baffle are
defined as ebaffle+e and ebaffle_c’ respectively.)

TMPVCT has identical logic to that of VECTR except that the
two arrays OVRPRM and BFL which contain the fluxes are treated
separately.

GENPT evaluates the finite difference equations for the
corrected fluid properties at time t+At and places the values in
PROPTY. This includes regular points, and points on either side
of a baffle.

PRTOUT evaluates and prints the density, velocities, internal
enerqy, pressure, and Mach number along the rays with 8 of 0, 90,
180 and 270 degrees.

FZ evaluates 3%25 at a given value of z.

PHIDOTV calculates the forcing function and the droplet field.
If the mass of a drop falls below one-thousandth of the initial
mass, it is assumed that the drop has completely burned. In this
case, the drop is assigned this minimum mass and is given the
velocity of the surrounding fluid. The forcing function in this
case 1is set to zero. The second part of array DROP contains the
forcing function values.

MSHVL takes the droplet field produced in PHIDOTV, where the
drops are not necessarily located at the mesh points, and produces
a droplet field located at the mesh points by using successive

linear interpolation. These new values are then placed in the

first part of array DROP.

17



Interpolation is first accomplished in the axial direction
so that values are obtained along the rays of constant §. It is
assumed that the drops always have a positive axial velocity. 1In
the tangential direction it is first determined which way the drop
has moved from a mesh point. The proper values are then selected
to interpolate at the point. Adjustments are made to take the
periodicity condition into account. It is also determined whether
a baffle exists between two points. In this case, interpolation
across the baffle is not valid and values at the mesh point are
determined by extrapolating from values on the same side of the
baffle as the mesh point.

SMOOTH applies the smoothing equations to the solution. The
order in which the smoothing takes place is alternated between
calls to the subrotuine to avoid bias in any direction. The
location of the baffles is also determined so that smoothing does
not occur across a baffle. The formulas are altered to take the
conditions at a baffle into account.

PPLOT determines the minimum and maximum pressure in the
chamber at a given time. It also determines the value of the
pressure at given sensor locations by the use of two-dimensional
linear interpolation. It is assumed that the sensors are not
located near a baffle so that the baffles need not be taken into
account.

SEEK is a binary search routine. Given a table and a value,

it determines the interval in the table where the value lies.

18



Input Preparation for Program TRDL

There are basically two types of input data, integer and
decimal. An integer is a number without a decimal point, which
must be right adjusted in its field. A decimal is a number with
a decimal point which may be followed by an exponent of the form
Ein. The #n represents the power of 10 by which the number is to
be multiplied and n may consist of up to three digits. The + may
be omitted if n is positive and the E need not appear if either +
or - is present. If an exponent is present it must be right justi-
fied in the field. A description of the necessary input data for
program TRDL follows:

Card Columns Type Description

1 1-5 Integer <0 end of input deck
=0 find starting condition on tape 1
>0 generate starting conditions
6-10 Integer =0 do not save conditions on tape 3
=n?0 save ewery nth cycle on tape 3
11-15 Integer Total number of axial mesh points
16-20 Integer Total number of tangential mesh points

21-25 Integer Number of axial mesh points in chamber

26-30 Integer Maximum number of mesh points with
droplets in axial direction

2 1-40 Alpha- Any alphanumeric information to be
numeric printed on output and plots.

3 1-5 Integer Total number of cycles for this run

6-10 Integer Number of cycles between edited printouts

19



Card Columns Type
11-15 Integer
16-20 Integer
21-25 Integer
26-30 Integer
31-35 Integer
36-40 Integer
41-45 Integer
46-50 Integer
4 1-10 Decimal
11-20 Decimal
21-30 Decimal
31-40 Decimal
41-50 Decimal
51-60 Decimal
61-70 Decimal
71-80 Decimal
5 1-10 Decimal
11-20 Decimal
21-30 Decimal
31-40 Decimal

Description

Number of cycles between output of plot
information on tape 4.

=0 no printout of entire flow field

#0 printout of entire flow field whenever
edited printout appears

Number of cycles between points on pressure
tap plots.

Initial number of cycles between applica-
tions of smoothing operator.

Final number of cycles between applications
of smoothing operator.

Cycle at which number of applications of
smoothing operator changed.

Number of pressure taps
Number of baffles
Specific heat ratio
Reference pressure pg (psi)
Reference temperature T, (°Rr)
Molecular weight of gas
Chamber radius r (ft)
Chamber length Lo (ft)
Length at throat Lg (ft)
Minimum area ratio A¢/Ag
Time step safety factor
Smoothing coefficient K

Percent of total energy in bomb

Drop density N (drops/ft3)

20



Card Columns Type
5 41-50 Decimal
51-60 Decimal
61-70 Decimal
6 1-10 Decimal
11-20 Decimal
21-30 Decimal
31-40 Decimal

This is repeated for all

7 1-10
21-30
31-40

Decimal
Decimal

Decimal

Description

Drop diameter d, (microns)

Injected axial drop velocity uy (ft/sec)
Burning rate power A

Axial position of first pressure tap (inches)
Tangential position of first pressure tap (degq)
Axial position of second pressure tap
Tangential position of second pressure tap
taps with a maximum of four taps on a card.
Length of baffles (inches)

Tangential position of first baffle (deg)

Tangential position of second baffle

This pattern is repeated for all baffles.

Card 7 is omitted if there are no baffles, i.e. 0 is punched in

columns 46-50 of card 3.

8 1-10

11-20

21-30

31-40

Decimal
Decimal
Decimal

Decimal

Axial coordinate of bomb center (inches)
Tangential coordinate of bomb center (deg)
Length of blast in axial direction (inches)

Length of blast in tangential direction (deg)

Card 8 is omitted if there is no bomb, i.e. bomb given 0 energy
in columns 21-30 of card 5.

9 1-15
16-30

31-45

46-60

Decimal
Decimal

Decimal

Decimal

Steady state density at first mesh point
Steady state axial momentum at first mesh point

Steady state tangential momentum at first
mesh point

Steady state total energy at first mesh point

Card 9 is repeated for each mesh point. The values on these cards
are the non-dimensional values used in the program.
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Card Columns Type Description

10 1-15 Decimal Steady state mass of drop at first mesh
point (lbm)

16-30 Decimal Steady state axial velocity of drop at
first mesh point (ft/sec)

31-45 Decimal Steady state tangential velocity of drop
at first mesh point (ft/sec)

Card 10 is repeated for each mesh point. There must be a card for
each drop. Drops to be neglected should be given the minimum mass
(0.1% of initial mass) and the velocity of the gas.

Cards 9 and 10 are omitted if the starting conditions are on tape 1.

The entire sequence of cards may be repeated in order to run
several different cases. However, no more than one case should use
starting conditions from tape 1 and only the last case should save
conditions on tape 3. The last input card should have a negative
integer in columns 1-5.

To obtain a new steady state, an old steady state should be
input. The percent of energy in the bomb should be set to zero.
Since there are no tangential velocities, there is no need to use
more than two tangential mesh points. The values needed for cards
9 and 10 in the proper dimensions will be printed if the option
for printing the entire flow field is used. Alternatively, the
new steady state could be saved on tape 3 and a special program

written to punch the values in the proper format.
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b 6 11

1 100 21
CLAYTON MOTOR=1
600 100 100
1,2 100,0
a,8% 1,0
3,95 0,0
8,02 0,0
3,97 198,0
$:37120427E~01
$,20661429E=01
§,12286283E-01
8,85190692E~01
8,67082711E~01
8,42145342E-01
8,309981256=01
8,13992929E-01
8,15015423E01
8,05779716EC1
8,18275071E01
8,01678287E01
8,25202504E=01
8,11002738E=01
8,16184347Ex(1
7,61420373E~01
7,11292029E~01
5,99268859E=01
4,71536477E-01
3,76626248E-01
2,61716019E=01
9,20545407E~10
4,93112723E~10
2,62132725E10
1,38947556E=10
7,15351536E=11
3,42793193E~11
1,41346226E~11
4,15748906Ew12
1,15994331E=12
9,20545407E13
9,20545407E-13
9,20545407E=13
-1

SArPL

16 ?1 éé

2 13 12

¥ 2 1

400Q,9

Dol

3,95

13,38

3,97
0
7.70952308F~12
1,33143325E=1011
1,87751691F=n1
2,27056427 k=1
2.56628(]46F-(l1
2:.7771901yFa01
2,8d762844F=n1
2,97242853F-1ig
2,9415403)F=01
2,99276904E=01
2,90397224F=ng
3,066843603F=N3
3,52743363F =01
4,18302663F=N1
4,92427835F=1(11
5,3931749 k=01
5.,54922440F N1
5,24906245Fany
4,64644911F="1
4,04427372Fan}
1,0C000000F«02
1,53147758E+n0?
2.5141650%E+07
3,86092461F+02
5,30A83867Fen?2
6,99723040E+n2
8,63650011F+N2
1,01967811E«03
1,1504R313F+N3
1,17540979F+n3
1.17765943E+03
1,16778393FE+03

F INPUT FQR PKOGRAM™ TRD,_

NUnminAFFLED CASE

COLUNMN
31 R 41 46 51 56
p) 540 b 0
23,4 0,60917 1,32167
7.0 £7100,0 100,0
135,40 3,95 198,17
9,0
36,4
d 3,98257,99E+00
d 3,90777001E+nN
0 3.37536989F«NQ
B 3,76660893F+00
O 3,58457560E«00D
Iy 3,59303298F+n0
Uy 3,53141730F+00
it 3,48177362F«00
0, 3,45953576F«00
U 3,45367429E+00
U 3,46685587E+N4(
0y 3,444(5962E+00
Uy 3,48870004F+00
U 3,35722585E+00
iy 3,28522)45F+00
Uy 3,00024088F+00
O 2,77313595E+00
b 2,34136874F«00
Co 1,B87164971F+nQ
3, 1,52793550E+00
0, 1,184272330F+n0
0, 0,
d e 0
7, 0,
o 0,
DO 0.
n, n,
U, 0,
D n,
0. 0,
Uy 0,
0 0,
0, 0,

23

61

1,
0.
0.

6%

85147
5

0

71

LXK RN R LN R N R A R R R R N e I R R I I g “ s aseceTecenersoen P ool gde

76

0,2025

n

n



SAPLE T4PUT FOR PROGRAM TRD_

LAFFLED CASE

COLUNMN
1 6 11 16 21 26 31 36 41 46 S1 55 61 68 71 76
1 100 21 20 13 12
CLAYTGN MOTOR=5
600 100 100 J 2 1 5 Y0 4
1,2 100,00 4000, 23,¢ 0,6uU917 1,32167 1.65167 n.>025
0,85 1,0 n,1 7,0 £7100,9 1p00,n p,5
3,95 0,0 3,95 135, ¢ 3,9% 198,n 0.0 0,0
8,02 0,0 13,348 0,0
5,375 81,0 153,0 243, 0 315
3,97 198.0 2,97 26,4
9,37120427E-01 0, Uy 3,98257199E+00
0,20661429E=01 7,7J952508FE=N2 9, 3,907779N1F*ny
9,12286283k~01 1,33143525F=01 2, I, R7536389F«+00
8,85190692E-01 1,8/7510%1k=01 0, 3,76660393F+nD
8,67082711k=01 2,270659427F="1 ¢, 3,684573A0F+00
8,42145342E-01 2,56628043F=r1 (-, 3,59303298F+0¢
8,30998125E~01 2,77719019k=n]1 ¢, 3,53141730F+00
8,13992929k=01 ?,88782644F=ny 7, 3,48177362F«00
8,15015423E=01 2,972428%3k=01 C, 3,45953576F+00
8,05779716E=01 2,94154(030F=01 3, 3,45367429F+N0
8,18278071k~01 2,99276904F=n1 {, 3,466353587F+00
8,01678287E-01 2,90397224F=01 0, 3,44405362F«00
8,25202504E~01 3,06843603F=01 U, 2,48R700045+00
8,11002738E»01 3,5274336JFE=01 U, 3,35722585F«00
8,16184347k~01 4,18802663F~01 0, 3,28522045F«00
7,61420373E=01 4,92420635k=n1 4, 3,00024738F+N0
7.,11292029k«01 5,39317497:=01 G, ?2:,77313495F«00
5,99268859E=01 5,54922444E=-03 0, 2,341365874F«00
4,71536477E=01 5,2486245F=0]1 [, 1,87164371E+00
3,76626248E-01 4,64644911F=01 U, 1,52793450F«00
2,81716019E=01 4,04427372F=N1 {, 1,18422330F+00
9,20545407€~-20 1,00000000E«N2 0, o,
4,93112723k-10 1,55147758F+02 v, o,
2,62132725E=10 2,51416505F«N2 0, 0,
1,38947556E«10 3,B6092461F+N2 G, 0,
7.15351536E=11 5,36483867F+N2 0, 0,
3,42793193E~-11 6,99723040F«02 0, 0,
1,41346226E~11 8,63€650011F«N2 9, 0,
4,15748906k-12 1,01967811F+03 G, 0,
1,15994331E»12 1,15948313F«13 0, 0,
9.,20545407E~13 1,17%40979F+Nn3 0, 0,
9,20545407E=13 1,17765943F+03 0, 0,
$.20545407E»13 1,16778393F+03 0, 0,
=1
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Description of Output for Program TRDL

The printed output consists first of various input and
calculated values that remain constant throughout the program.
At the desired cycles the non-dimensional time and time step are
printed as is the maximum non-dimensional pressure in the chamber
and the elapsed computer time in seconds from the beginning of the
run. Properties of the flow field in non-dimensional form are
printed along the lines 6=0, 7, /2 and 3x/2. These are the
density, axial velocity, tangential velocity, internal energy per
unit mass, pressure and Mach number. If a printout of the entire
flow field is requested it is printed next. First the non-
dimensional density, axial momentum, tangential momentum and total
energy per unit volume appear. These are printed by tangential
coordinate for each axial coordinate. The dimensional mass (lbm),
axial velocity (ft/sec) and tangential velcocity (ft/sec) of the
drops are printed next. They alsc appear by tangential coordinate

for each axial coordinate.
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CLAYTON MOT(R=1
TOTAL NUMHER OF CYCLFS ® »00 NUMHER OF CYCLES RETWEEN PRINTOUTS® 100 NUMBER OF CYCLES RETWEEN PLOTSs 10y

$MONTE EVERY 1 CYCLES UNTIL 50 CYGLES,TREN SMCOTH EVERY 5 CYCLES

BAMMA 1,2000008+00 CHAMBE? RADIUS(FT) 6,091700E-01 SMOOTHMING COEFFICIENT 1,000000Ee00
MOLECLLAR WEJGHT 2,300000E«0Y CHAMAER LENGTH(FT) 1,321670E+00 PERCENT BOMB ENERGY 1,000000E°01
REF PFRESSURE(PS]) 1,00nN0NEeN2 THROAT LNCATION(FT) 1,8%187DEeqN DROP DENSITY(DROPS/CuUK FT) 7,000000Ee07
REF TEMPERATURE(DEG R) 4,0Nn0000E+03 AREA RaT!O 5,025000€-01 OROP DIAMETER(MICRONS) 1,000000Fe02
REF SCUND SPFED(FT/SFC) 3,22n1677E+03 AXTAL STEPSIZE 1,808020E~01 DROP VELOCITY(FT/SeC) 1,000000E«02
REF DENSITY(LBM/CUB FT) 5,359223E-07 TANGENTIAL STFPSIZE 3,141593E-01 BURNING RATE POWER 5,000000E=01
REF TIME SCALE(MILLISECY 1,8%91435E=01 SAFETY FACTNR 8,500000E~02
PRESSL'RE SEVSOR LOCATIQONS z THETA b4 THETA z THETA

3,95 0.00 3.95 135,00 3.95 198,00

g.o0n o.00 a,02 0,00 13.38 0,00

BOMK CENTER AT Z= 5,97, THETA®198,00 WlTk CELTA 28 3,97 AND DELTA THETAs 36,00

CLARSI NI SI NP IR b ettt anerhnebbrowtesetd END CF JNITI _12ATION PHASE oo veteane at dat ot e s d toder e et et eduaoatadtsatsdorney
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TOTAL TIMEs 0,

Inn

9,37120F-01
9,20661F=01
9,12286E-01
R,85191E-01
8,67083E~01
8,421456-01
A,31998E-01
A,13993E=01
A, 15015E~01
R,05780E=01
M, 18275E-01
H,01678F=01
8,25203€-01
H,11003E6-01
H,16184E=01
7,61420F-01
7.11292E-~01
5,99269E-01
4,71536E-01
3,76626E-01
2,81716E~01

RHD

9,37120E~01
4,05331F»00
5,86507E+00
f,47224E+00
5,82927F«00
3,99265FE+00
R,30998E-01
8,13993E-01
R,15015E~01
#,05780E=01
A,18275F=01
8,0167BE=01
A,25203E-01
A 11003E-01
H,16184E=01
7,61420E~01
7,11292€-01

5,99269E-01
4,71536F-01
3,76626E-01
2,81716E=01

MUMBER OF CYCLESs

SOLUTION ALONG THE RAY THETA = 0

0,

8,37390E=02
1.45945£-01
2,12112F~01
2.61846E=01
3.,N4731E~01
3,34199E-D1
J.54749F~01)
3, 64708E-01
3, 650%5F=01
3,65741E~n1
3.,62237E-01
3.71840E~-n1
4,34947E-01
5,1274%5F«ny
6,846714F-01
7.58222€E-01
9,25999F=01
1,11309ke00
1,23370e+00
1,435%59Feng

SOLUTION ALONG THE

UM

8,37390E-~02
1,45945E-01
2.,121N2E-01
2,61886E-~01
J,04731F-01
J,.34199E-01
J.54749E=01
3.64708E=0]
3.650556=-01
3.,65741F-01
3.62237E=-01
3.71840€=-04
4,34947E-01
5,12755€E=01
6,46714E=-01
7.58222E-01

9,25999E=01
1.11309ke0Q
1,23370E+0Q
1,43559E+00

SOLUTION ALONG THE RAY THETA

TIMS STEP= 5,11845F~02

00000 00O O

oo oo

INT ENERGY

4,24980E+00
4,24102Ee00
4,23733E+00
4,23284E+00
4,21511E+00
4,22009€E+0Q
4,193746E+00
4,21448E900
4,17824E400
4,21949E+00
4,16990E+00
4,23045E00
4,156856€+00
4,04501E+00
3.089364E+00
3,73120E+00
3,61128E+00
3.47831E+090
3,34977E«00
3.295R9E+00
3,17315€+00

INT ENERGY

4,2498DE00
5,81631E%00
6,46485E+00
6,64831E+00
6,46139E+00
5,81672E+00
4,19376E+00
4,21448E«0Q
4,17824E+00
4,21949E+00
4,16990E+00
4,23045E«00
4,1%58%6E+00
4,04801E900
3., 80384E+00
3.73120€E+00
3,681128E+00

3,47831E+00
J.34977E+00
3,29589E+00
3.,17315Een0

27

REme TIMEZ 10.198

PRESSURE

7,96514E-01
7.80908E~01
7.73131E-01
7,49340E-01
7.30989E-D1
7,10704E-D1
6,97002€~01
6,86112€E-01
6,R1086E-01
8,79997E-01
6,B242%E-01
6,78293E-01
6,86330E-012
6,56103E~01
6,35588E-01
5,68203E-01
5,13735E-01
4,16R8AF-01
3,1590RE~-01
2,48264E-013
1,78784E-n1

PRESSURE

7,96514E-01
4,74%07E+00
7.58314E«00
8,60%88E400
7,53304E00
4,64482E400
6,97002E-01
6,86112E-01
6,81088E-01
8,79997E-01
6,82425E~-01
6,78293E-01
6,8633n0E-01
6,56103E~01
6,35585E-01
5,68203E6-01
5,13735E-01

4,16888E-01
3,15908€-01
2,48264E-01
1,78786E-014

MAX PRESS= 1,186¢22E+01

MACH NO,

0.

8,30017E=02
1,44728F-n1
2,10443F=n}
2,60357F=ny
J,02796E-01
J,33118F=01
3,52730E-01
3,642n3F~01
3,62763F-n1
3.,65599F-01
3,59455€-01
3,722n3F-n1
4,41439F-01
5,30428€-01
6,83411F=n1
8,14442E-01
1.01349Fenn
1,24141F«00
1,38718Eeny
1,64505F«0y

MACH ND,

0'

7.08758E-02
1.17168Ek-~01
1,67913€-01
2,10286E-01
2,57913F-01
3,33118E-01
3,852730€-01
3,64203E~01
3.62763E~01
3. 65599E~01
3,59495F-01
J,72203€-01
4,41439F0}
5,30428F-01
6,83411F~01
B,14442F-01

1,04349Ee0y
1,24141F 0
1.387138E00
1.64505Fe00



RHO

9,3712u0E~01
9,20661k~01
9,12286E-01
A,85191E-01
R,67083E«01
8,42145¢-01
A,30998F-01
4,13993F-01
H,1%5015F=-01
H,0578UF~01
8,18275E=01
R,0167RE=-01
®,25203E-01
R,11003E=01
8,16184E~-01
7.61420E-01
7.11292F-01
5,99269F=01
4,71536kE-01
3,76626F-01
2,81716F-01

RHO

9,37120E-01
9,20661E-01
9,12286F-01
8,85191kK=~01
8,67083k=01
H,42145Ee01
4,30998E-01
R,13993E-01
H,15015F=01
A,05780F=-01
R,18275E-01
A, 01678F-01
8,25203E-01
R,11003E~03
H,16184F~01
7,61420E-01
7.112928-01

5,99269E-01
4,71536E~01
3,76626FE~01
2,81716F-01

TOTsL TIMEx 4,5030199E«00

0.

B.37390E-02
1.45945E-01
2,12102F=n1
2.61866E-01
3,04731E-04
3,34199E~-01
3.54749E-01
3,64708E-01
3.65055E-01
3.65741E-01
3.62237E=01
3.71840F~01
4,34947E-01
5,12755E-01
6,467146=01
7.58222F-N1
9.25999F-01
1,11319E+00
1,23370Feng
1,435499E400

S0LUTION ALONG THF

0,
8,37390€=02
1,45945F=01
2.12102E-01
2,61866F=-01
3.04731F=-01
3,34199E-01
3,54749E~01
3. 64703013
3.65055F=01
3. 65741 E=01
3.62237F=-101
3,718408-01
4,34947E=01
5,12795F=01
6,46714E-01
7.,5R222k~01

9,259Y9E-11
1,11309E00
1.23370E«N0
1,435%9F+Nng

OO D200 ODVOOOTDDIISIDIDDOD

RAY THFETA

D OODO0O0DOISDDODIID DD

s Je2]/2

NUMBER OF CYCLES= 100

INT ENFRGY

4,24980E+00
4,24102E+00
4,23733E+00
4,23264E+0D
4,21511E+00
4,22009E+00
4,19376E+00
4,21448E+00
4,17824E+00
4,21949E¢00
4,16990E«D0
4,23045E«00
4,18886E+00
4,04501E+00
3,80364E+00
3,73120E+00
3,61128€+00
3. 47B31E+00
3,34977E+00
3,29589EeN0
3.17318E«n0

INT ENERGY

4,24980E+00
4,24102E+00
4,23733E«00
4,23284E«00
4,21511E+00
4,22009E+00
4,19376E+00
4,21448E00
4,17824E+00
4,21948E+00D
4,16990E+00
4,23045E00
4,1%886E+00
4,04501E+NN
3,09364E+00
3,73120E+00
3,61128E«00

3.,47831E+00
3,34977E«00
3,29589E+00
3,17315E+00

28

PRESSURE

7.96514€-01
?7,80908E~014
7,73131E-01
7,49340E-01
7,30969E-n1
7,10784E-01
4,97002E-01
6,8611%E-01
6,81N066E-01
6,79997E-01
6,82425E~01
6,.7829%E-01
6,8633NE-01
6,56103E-01
6,3558%E-01
5,68203E-01
5,1373%E-01
4,1688RE-01
3,19908E-01
2,48264E-01
1,78786E-01

PRESSURE

7,96514€-01
7.80908E-01
7.,73131E-01
7.49340E-01
7,.30969E-014
7,10786E=01
6,97002E-01
6,86112E-01
5,81066E-01
6,79997€-01
6,8242%E=-01
6,78293E-01
6,86330E-01
6,56103E-01
6,355885E-01
5,68203E-01
5,13738E-01

4,16888E-01
3,1%908E-01
2,48264E-01
1,78788E-01

MACH NP,

U,

8,37017E=-02
1,44723F-01
2,11443Fany
2,6N357F=N}
3,02796E-01
3,3311dF=n1
J,52730F=01L
J.64203F~-01
3,62763F-n}
3, 6556vF=N1
3,59445Fw01
3,72208F=01
4,41439F=-N}
5,3n428F=N1
6,83411F-04
8,144425-04
1,.01349F09
1,24141ke09
1,38713Fe0
1,64505Fe0y

MACH wO,

0.

8,300176-02
1,44723F-01
2,10443F=01
2.6N357F=01
3,02796F=01
3,33118F-n1
3,52730€E=-01
J,642n3F=-N)
J,627¢63E~01
J,6%599En1
3,59465€E-n1
3,72203€E-01
4,41439F-01
5,3142ARE~N1
6,83411€=-01
8,14442F01

1.01349F«00
1,24141F+0)
1,38713€+00
1,64505F«0y



TCTal TIME= 4,50302E«00

RHO

H,B4734E-01
W, 68342E-01
A,55140E-01
A 47523E-01
A, 74584F=01
9,26535E-01
@,85431E-01
9,92352F-01
9,65167k=01
9,02168F=01
R,77381k-01
A,25318E=01
H,27601F=~01
R,06345F-01
8,0026BF-01
7.57028E-01
7,22917F-01
4,066166-01
4,832508-01
3,95124F-01
3,06998F-~01

RHO

1,20518E00
1,20144E«00
1,25308E+00
1,31072E00
1,33490F00
1,27610F00
1,20322E400
1,16663E00
1,16995E00
1,16635E00
1,19013E00

1,17116E00
1,18756E00
1,15084E400
1,13319F«00
1, U4N40F 00
3,45681F-01
7,81829E=01
A,00314E=01
4,70687E-01
3,41061E=01

ROLUTION

NUNMRER UF CYCLFS= o

STEANY STATE FLUW KATE=

V]

0.
1,23221E=-n1
2.,15347F-U1
2. A0656F-01
2,93449F-Ny
2,65423E-01
2,20889k=-01
1,99221F=n1
2.N9294k-01
?2.,25133k-01
2.38479k=0%
2,404A3F=~01
2.58924E~01
3,26794F=01
4,15340E-01
S,44403E~-01
6.510346F~-u1
H,4N304F=01
1.03845F«NQ
1,15938F«D
1.34905E+00

SULUTION aLONG THE

STEADY STATE FLOw HATE=

U

0,

4,89753k=-02
4,9141d4E-02
4,01640E-02
5,92279E-02
1,32983F~ny
2.,2N267k=N1
2,77173E-01
3,02213F=01
3,24118E-01
3,53168F-01

3.71679k=01
4,n3932E-01
4,81896F-N1
5.69076E=01
7.n4259k=-n1
8,20647F=N1
9.87767E-01
1.17928Fe«N0
1.30093F«00
1,51394E«00

v

Ray TW

v

oo TIMZ STEPm 4,74558E-n2

ALONG THE RAY THETA = 0

22159 (N0OV=NIMENS]IONAL Y

-1,744352#n02
~3,473942en2
«3,040085~02
-3,631352=02
-3,714842a02
~3,882873m02
-4,111653~n2
-4,425453=02
"4,803323an2
-4,353042en2
.4,2774220n02
~3.,427493=02
-2,647812en7
*3.27266»707
~3,359742an2
~3,223402en?
*?,638825m07
~2,30R842~02
«2,06393%en?
-2,026183=n02
*1,9667632~07

ETA 2 P!

«S8TIRI2(NNN~NIMENSONAL)®

1,29873z-0n1
1,35298=2=-n1
1.27812==0n1
1,1529835=n1
1,089672=n1
1,19749z=0¢
1,45625z-n1
1,745032en1
1,83465:2=n1
1,900072-01
1,742985~01

2,08556z2~01
2,116952~n1
2,11733z=01
1,969672=01
1,86043501
1,754492=n1
1,658363-n1
1.397062«n1
1,555312en1
1,481822-n1

SOLUTION ALONG THE RAY THETA = P1/2

INT ENERGY

3,9A792E00
3.9K244E400
3,04456E400
3,93600E00
3,93500E+00
3,98785E+00
4,03338E+0D
4,1N798E+DD
4,12502€00
4,20423E+00
4,15540E+00
4,26243E400
4,17729E+00
4,08741E+NQ
3,99201E400
3.74994E«00
3.66141E00
3,82218E+00
3.39445EN0
3.3%298E00
3,2%827E00

INT ENERGY

4 ,44035E+00
4, 4%683E00
4,50840E¢00
4,56396E400
4,58B09E«D0
4,5A544E+00
4,52208E00
4,80882E400
4,5N4BTEDD
4,53700E00
4,44840E000

4,48968E¢00
4,48145E+00
4,374488E00
4,25350E+00
4,11013E+00
3.99533E+00
J,B6044E+00
3,77480E«00
3,6651BE+00
3.52501E+00

29

REAL TIME= RS, 751

.2656(LBM/SEC-5Q W)

FRESSURE

7,0565nE-01
6,88155E-01
6,74631E=01
6,67170E=-01
6,B8458E-n1
7,38939E-n1
7.94924E-01
H,15318E~n1
7,96266E-01
7,58%84E-01
7,29190€~01
7,03872E~01
6,91428E~01
6,55947E-01
&,27734E-01
5,7074%E~01
5,29379E-01
4,27450E~-01
3.,28n74E~01
?,6494RE-01
2,00n57E~-01Y

L6686(LBM/SEC=SG IN)

PRESSURE

1,07N2RE«0C
1,07085E«00
1,12992€+00
1,19644E«0N
1,22217E+00
1,18510E+00
1,08821F«00
1,09202E«00
1,05409E«00
1,05835E+00
1,0%R84E«00

1,05163E00
1.N5729E« 00
1,00492E«00
9,64004E-N1
b,55238E-01
7,56701E-01
6,03440E-01
4,47174€-01
3,450131E-01
2,40449E-01

MAX PRESS=

MACKH N0,

1,783012E=02
1,31282F=01
2,23521F=n1
2,91150E=-0]
3,04339F=ny
2,74203k=0}
2,2R315Feny
2.05976Feny
2,1%163Fn}
2,2R664F =N}
2,42610k=11
2,4N149Feny
2,59v43k-n}
3.32372F-uL
4,29497F=01
5,73336E-01
6,95075F=01
9,14305E=01
1,1512uF«0y
1.29260F«00
1,52571Feny

MACH NN,

1,2%8n7F=n1
1,39131F-n1
1.31639F=01
1,14658E-01
1,18190F~=01
1,7n940F-ny
2,53484F-)1
3.148%7F-n1
3.4N004F-01
3.6N047E-01
3,9N0114F-03

4,10576F=01
4,41212E-0)
5,13693F-01
5.,96020E~01
7,33411F-~01
8,569%7€+01
1,04056F«0y
1,2%071FeN0
1,39683F«00
1,65384F 0y

1,26513€e00



RHO

9,69938E+01
9,51283E-01
9,65501E-01
9,49033k-01
9,86381F~01
1,02674E«00
1,07183F+00
1,06629¢+00
1,04812F«00
1,01521k+00
1,01387E+00
9,59997E«01
9,48515E=01
9,168165E=01
9,18128E-01
R,67311F=01
8,24561F=-01
6,99980E=-01
5,602396-01
4,58946F~01
3,57652E=-01

RHO

1,15852E+00
1,11591E+00
1,13638E+00
1,14684€+00
1,20800E«00N

1,25182E+00
1,26259Fe(0
1,23554E400
1,22823E00
1,21920€400
1,24227E00D
1,20046E400
1,19673E00
1,16104F«00
1,16343€400
1,10128F«00
1,03733€400
8,84757E-01
7,09134E-01
5,79241E-01
4,41347E-01

TOTAL TIMEs 9,3439H80E«00

STEADY STATE FLOW KATE=

3}

0,

1,342490E-01
1,97320F-01
2.62910E~-U1
2,64477E-n1
2,51424F-01
2,39688E~01
2.56695E-01
2,772499k=11
2.72141F-01
2.58825F-01
2.50384F~01
2.71179F-n1
3,35307E=011
4,17321k-01
5,51826F=-n1
6,68880k~01
B,59284k-01
1,06623E«0Q
1,1954AF+N0
1,39893k+N0

STEADY STATE FLOW KATE=

U

ol

1,16674E~01
1,57693E-01
1,92975E~u1
1,803689F=0%

1.79665E=01
2,05492F-01
2,51295F-01
2,89620E-01
3.05318E=n1
3,10966F=~13
3.11894E-01
3.31314€-01
3,939178~-01
4,77089E-01
6,13511F=01
7.413%8k=01
9.,29528E-01
1,13443Fe00
1,26616k«00
1,477681FE«00

«2678R(NOYRNIMENSIONAL) S

v

+37603(NOVeDIMENSIONAL)YS

v

2,987045002
6,876172»n2
1.077342=n1
1,26426%en1
1,47889%en)
1,71299%~n1
2,01377z«n1
2,39112==n1
2.613142=n1
2,697362=-n1
2,50066-01
2,29209=en1
2,006213~n1
1.894683%-n1
1,90663%=01
1,92093%en
2,143395-01
2,145345=n1
2,215393~n1
2,281103~01
2,38402z3=01

SOLUTION ALONG THE RAY THETA = 3e3l/2

e1,34308c=01
~1,661093en1
=1,95583z+n1
=2,02417z=n1
=2,NR348Z=n1

»2,17987zen1
»2,41887=-01
~2,829928~01
=3,17978z=01
«3,47409zw»nt
«3,421133n01
*3,40589%wn1
*3,178933en1
«3,07318Fen1
=3,04874zen1
=3,N99513ep01
»3,216582«n1
»3,324572en1
»3,428523an1
«3,51770==01
«3.66100%e01

NUMBER OF CYCLES= 200

INT ENERGY

4,00057E00
4,04782E«00
4,04902E00
4,03361E«00
4,04721E+00
4,07577€«00
4,092%8E+nQ
4,11423E+00
4,110%%E«00
4,193ABE+00Q
4,17687E+00
4,29686E00
4,28313E+00
4,16575E+00
4,03027E+00
3.87994Een0
3,77904E+00
3,65333E+00
3,530N7E«00
3.492R7E+00
3,4N074E+0D

INT ENERGY

4,26518E+00
4,24606E¢00
4,27171£400
4,291%2E+00
4,33944E+00

4,37194E+00
4,30635E00
4,35122E+00
4,31321E+00
4,34040E%0D
4,3N0005€E+00
4,41144E+00
4,42642E400
4,38206E+00
4,27334E+00
4,14076E+00
4,03733E+00
3,91174E+00
3,78759E+00
3,74287E+00
3.63400EeN0

30

3211 (LBM/SEC=SQ IN)

PRESSURE

7.93520E~01
7.70066E-01
7.A1886E-01
7.,6%606E-01
7,9841RE-01
8,369%3F-y1
8,77309€-01
8,77398E~01
8,61671E-01
8,51524E-01
8,46922E-01
8,24994E-01
8,N6831E~01
7,64969E-01
7,40061E=01
6,7301RE-01
6,237209E-01
5,11452E-01
3,95538FE=r1
3,20A0RE-N1
2,43257E-01

.4507(LBM/SEC-SQ IN)

PRESSURE

9,68250E-01
9.47642E-04
9,70857E=-01
9,8433AE-01
1,04841E+00

1,09459E«00
1,1025R8E«00
1,075822€E«00
1,05983E«D0
1,05841E00
1,06B37E«00
1,0%915€Ee00
1,05945E«00
1,0175%8E+00
9,94348E-01
9.12n31E-01
8,37613E~01
6,92188E-01
5,37182€-01
4,30588E~01
3,206774E=-01

HMACKH W0,

3,01470E-02
1,53080k-03
2,2R(088F-Ny
2,965N1Feny
3.07458F-n1
J,07608Fany
3,159875F«n]
3,53038Feny
J. 8357280
3.,81929F=01
3.59463F-01
3,34238k-01
3,33370F=n1
3,8%2H3k-01
4,64512ken]
6,05511F~n1
7.34361Feny
9.45839k-0
1.1R312F+ny
1.32947Feny
1,57079F«01

MACH NN,

1.,32745k=01
2.01084F=ny
2,4B128E-01
2,78967F=01
2,70034F-03

2,75773F-01
3J,1N047F=n1
3.,70349F=01
4,22734F-01
4,53143F-01
4,53095F=n1
4,48826E-01
4,45484F =0
4,871RP1F=01
5,59071k-01
6,89508E-n1
8,2n972F=~01
1,01885FE«00
1,2438N00F«0)
1,38685FR«0y
1.63025kKe00



CLAYTON MOTOR=5
TOTAL NUMBLR NF CYCLES = 60D MUMKRER OF CYCLFS RFTUEFM PRISTOUTS=z 100 pHeiRER (F UYCLES YEVWFEN PLLTNz 10T

SMOOTH EVERY 1 CYOLES UNTIL  ©8 CYCLES,THEN SHCOTH RVFEPY 5 CYCLFS

GAMMA 1.2M0L0GF+D CHAMFI R PADIUS(FTY  A,091700+-01 SMAGTHING "OEFFICE-MT e U
MOLECULAR WEIGHT 2.30000NE+!] THAMBER LENGTA(FTY  1,.321670%+00) PERIUENT 306 ~N-Ru» PR
REF PRESSURE(PSI) 1.000000F+ 2 THROAT LLOCATINN(FTY 1,85167nF+un DRo= VEMNSTTY LRUPS/LUK iy o, b
REF TEMPERATURE(NEG ) 4,0CHrONE+ny AREA WATIN 5,02600nF-N1 URAF UlAMETER(MICh ¢ i ue
REF SOUND SPEED(FT/SFC) 3,220672E+.3 AXTAL STFPSIZH 1.80R021E-01 URAF VELOG'TY(FY/75-0 0 Lo
REF DENSITY(LBM/CUS FT) §,359:23E~i2 TANGFNTIAL STFPSIZF 3,141593t-01 HUup' 136G RATE F0wrw iU
REF TIME SCALE(MILLISFC) 1,B5443nF~11 SAFETY FaArTUR R, 5000N0NE-11
PRESSURE SFNSOR LOU&TIONS 7 THETA 7 THETA ‘ Ivm 1A

2,05 u.nn .95 135,10 .95 1Y .0 N

p.on g.nn a2 g.on VELSR ]
THERE ARE 4 BAFFLES 5.37 [NCHFS LOVG AT THETA = a1.n70 15%.00 247,00 S1..0.0

BOMB CENTER AT 2=  3.97, THETA=19A .00 WITH LFLTA Z=  3.97 ANT DELTA THFTA= ‘fo.n

SRk A AR Rk A earrrrrranrabnprrasnenwrrwrs EMD OF INITILIZATION PHASF ot w st s a st v d ke ¥ w ha Rk g a k¥ g Rd v an s hcr e ndvdad v

31



TOTaAL TIME= G, NUCRER NF CYCOLES= i TI-E STEF= 5,11R45F-n2 REAL TIME= «Bv9 MAn FLESSz c 1 cPEenn

SOLUTINN 4LONG THE RaY THET4 = 0

RHO u v INT ENERGY FhrSSURE Mae o,
9,37420E-01 0. 0. 4.,24980F+ni .96514F-01 u.
9,206861E-01 8.37390F~02 o, 4,241n2E4+00 CLaQW0AE-(1 B.305 TE - P
9.,12286E-01 1.,45945F-n1 n. 4.23733F+nn 1. 73131F-01 1.¢472%¢-
8,85191E-02 2,1°71n2E-01 0. 4,23264F+ 0" T.4G634nE-01 2.10464%% -
8,67083E-p1 2.61866F-01 ", 4.21511F+np 1L 30969F-01 2,605k~
8,42145E-01 3.04731F~-01 0. 4,22000F+00 J.L0786E-01 3.92F/vnkE-
8,30998E-01 J3.34199F~-01 o, 4,19376E+n" €. 700ZE-01 3.33:1HF-
8,13993E-01 3.54749E-01 n, 4,21448F+01 ~ad8112F-01 3.5274 k-1
8,15015E-01 3.6470RE-01 0. 4,17824E+0n AanlnéeE-Q1 3.4 3¢~
8,05780€E-01 3.65055F-01 n, 4,21949F+00 A /9997E~01 3. 6276 -
8,18275E-01 3.65741F~01 0. 4.16990F«ng 1. n2425F-01 3.85%50F- 1
8,01678E-01 3.62237E-01 n, 4.23045E+0 0 & /829301 3.59455FE -0
8,25203E-~01 3,71840E-01 n. 4.15856F+nn ~ HE33NFE-01 J. 7000k
8,11003E-01 4,34947E-01 0. 4.04501F+n0 .D61038-01 4.41430F -,
8,16184E-01 5412755F-01 n. 3.A0364E+N1 985 85E-01 S.3n4a28F- .,
7,61420E-01 6,46714F-N1 0. 3.7312nE+nn H.68PU3F-01 6.493a11g- .
7.11292E-01 7.58222E-01 0. 3.61128Feq¢ ~.13735g-01 8.14449F -
5,99269€E-01 9,25999E-n1 0. 3.47831F+nn 4. 1688ng-01 1.0 aegke
4,71536E-01 1.11309F+00 n. 3.34977F+n: 3.1590R-01 1.04149F«
3,76626E-01 1.,23370E+00 0. 3,295R09F 4+ 7 48264F-01 1.3874 2wy
2,81716E-11 1.43559E+00 0. 3.17315E+00 c.7878A-~01 1.635%0~F«
SOLUT AN ALOMG THE RAY THETA = P
RHO u v INT ENERGY HRESSURE MACH NN
9,37120E-01 0, 0. 4,24980F+00 7.96514-0) 0
4,05331E+00 B8,37390FE-02 0. 5.81631E+n00 $.71507E+0u 7. URIRRF -
5,86507E+00 1,45945E-01 0. 6.46465E+07 7 +58314E+00 1.171n80~
8,47224E+00 2,12102F-01 0. 6.64831E+0y n.6058RE+0L 1,679 3R~
8.82927E+00 2.61B46E-01 0. 6.46139F+00 7.53304F+01 2.1 73R8 -
3,99265E+00 3.04731F-01 o. 5,81672€+0n G.644B2E«00 .57 91 %k
8,30998E~-01 J:34199E-01 0. 4.19376E+pn 5.97002E-01 3,347 KE-
8,13993E-01 3,54749E-01 0. 4,21448E+0n A.H6112F-01 3.527 cnf~r
8,15915E-01 3.64708E-01 0. 4,17824E+nu n.81066E-01 3.64.:3F-
8,05780E-01 3,65055F-01 0. 4,21949E+0; 5. 799%7g-01 3.82 70 p-r
8,18275E-01 3165741E-01 n. 4,1699nE+qn 65.32425FE-01 3. AGn0E
8,01678E-01 3.62237E-01 0. 4.23n45F«nn . 78293FE~-01 J 50 IRE~
8,25203E-01 3:71840E~01 0. 4.15856E 4, ~.BE3IZQE-01 3.700 3E-
8,11003E-01 4,34947F-p1 0. 4,045n01E+q $.56103E-01 4.41439F
8,16184E-01 5.,12755E-01 0. 3.89364E+nn t. 355B5E-01 5.3047RE -,
7.61420E-01 5,46714E-01 0, 3.73120€+0 5. nB203E-01 6.A34 1<~
7.11292E-01 7.58222E-01 0. 3.61128E+ny 5.13735g-01 B.144426-1
5,99269E-01 9,25999E-101 g, 3.47831F«+0n 4,16R88RE-01 1.M134QF
4,71536E-01 1,11309E+«00 c. 3.34977E+00 3.1590R¢-01 1.24761 k0l
3,76626E-01 1.23370E+00 n. 3.29589E+0n S aB264E-01 1.387 13«0
2.81716E-01 1443559E+00 n. 3.17315E+n» 1.78786E-01 1.645(5E+

SOLUT NN ALONG TWE RAY THETA = P[/2
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Rk U

9,37120F-01
9,20661E-C1
9,12286€E-01
8,85191F-01
8,07p83E-n1
8,42145€E-01
8,30968E-01
8,13993E-01
8,15015€E~01
8,u5780E-01
8,18275E-01
8,n1678E-01
8,25203E-u1L
B,11003E-01
B,161B84E-C1
7,61420E-01
7.11292E-¢c1
5,99269E-01
4,71536E-(G1
3,76626E-(1
2,81716E-01

SOLUTIN

RHO

9,37120E-01
9.20661E-01
9,12286E~01
8,35191E-0G1
B8,67083E-01
8,42145E-01
8,306998E-01
8,13993E-01
8,15015E-01
8,057B0E-01
8,18275E-01
B,0167BE-01
B,25203E-01
8,11003E-01
B,16184E-01
7,61420E-01
7.11292E-01

5,99269E-01
4,71536E-01
3,76626E-01
2,81716E-D1

TOTAL TIMEx 4.,4674407E+0n

0.

8,37390k-02
1.,45945F-01
2412102E-n1
2.61866F-n1
I.04731F-01
3.34199FE-01
3.,54749F-01
3.64708F-01
3.65055E-01
3.,65741F-01
3, 62237F~01
3,71840F-01
4,349947&-01
5.12755F-01
6.4F714F-n1
7.58222E-01
9,25999E-01
1,113n9F+nn
1.23370E+00
1,43559E+n0

N ALONG THE RAY THETA = 3ePl/2

0.

8,37390E-02
1.,45945F-01
24121028-01
2,61846F-01
3.04731E-01
3.34199E-01
3.54749E-01
3,647nBE-01
3.65055€6-01
3,65741k~-01
3.,62237E-01
3,71840E-n1
4,34947g-n1
5,12755F-01
6,46714F-01
7.5R272E-01

9.25999F-01
1,113n9Fk+0Q
1,23370FE+00
1,43559E+00

NUMBER OF CYCLES

Toc o o@D o

D Do

[l e =

coooosoo

n
0
0
0

0
0
0
9

R R - )

.

100

33

INT ENFRGY

4.,2498nF+n
4,24102F+n0 0
4,23733F+00
4,23264E+n
4,21511F+ny
4.22nn0%F+n
4,10376F+n!
4,2144BE+0
4,17824F+p:
4,21949F+n
4,16990E+n
4,23045E«n
4,15R856F+n
4,04501En.
3,89364F+n0
3,.73120E%00
3.64128E+nn
3.47831F+n
3.34977F+q 0
3.29589E+032
3.17315F« 00

INT ENERAY

4,24GRNF+n
4.24102F+nn
4.23733F+n":
4,23264F+n!
4,21511F+N0
4,22009F+qr
4,19376F+n
4,21448F«0n
4,17R24F+0n
4,21949F+0:
4,16990F+01
4,23045E+010
4,158%6E+00
4,04501F+0 0
3.B9364F+nu
3.73120E+n0
3.61128E«nn

3.47831F+0N
3.34977F+n0
3.29589F+0"
3,17315F+n¢

CESSURE

Lv6514-0:
LeNYURE-DL
- /3131g-01
.493540F-01

fe3QVEYE~(
L 1p78AE-D1

NV

[URRPURI &

"

7

LS7AU2E-01
-36112E-01
-n1066F-01
./9997g-01
.824258-01
L/B293E-01
.4633nE-01

5.56103€-01

«35585g-01
- HABPB3E-02
L137385%g-01
+16BBRE-01
L15908E-01
L 48264E-01
.78786g-01

-SSURE

+96514E-01

T EOQURE=01

K

L73181g-01

. A493540E-01

. 40969g-01

S 1078A8E-01

P B )

rrorr

“4
>
K

N

SY2NUPE-DL
.H6112F-01
.810686F-01
<79997g-01
. H2425g-01
- 78293g-01
. HBE330E-D1
+56103F-01
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TOTAL TIME= 4,46/741+( AU R OF LYOLESSE

RKD

1,25911E+00
4,22842E+00
1,23019E+00
1,20329E+0y
1,16943E+00
1,12250E+0¢
4,08588E+00
1,03361E+n0
4.,00356E+00D
9.50692E-01
9,40800E-01
8,80311E-¢01
8,88927E-01
8,76941E-01
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8,44365E-01
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4,73291E-01
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8,32143E-01
8,31364E-01
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9,77952E-01
8,72122E-01
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4,24476E-01
2,95261E-01

1on TInE STEF= 4.71972F-n? b

SULUTINN ALOMG THE KAY THETA = 0

STEADY STATE FLOW RATE=

u

00

6,35270E-12
9.,13883F-n2
1.30347E-01
1,43824F-01
1,63134E-01
1,66234€6-01
1,64444E-0:1
1.54059F-01
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1.43028E-01
1,49547E-n1
1.66704F-01
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3.02756E-01
4,23444F-01
5,62940E-01
7.41703F-01
9,25152E-01
1,04823E+00
1:23203F+00

+27949 (NON-NTIMENSTONAL) =

v

3.N4740E=-03
8.,0B8195E-03
4.57p13E-03%
1.14650E-02
9.00371E-03
6.n5561E~07
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1,446R%9E-n1
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4.3699nF+n;
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v}
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v
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STEADY

1,00993E+00
9,4Y2004E-01
1,00686E+00
1.00617E+ny
1,02562E+00
9,85169E-D1
9,63458E-01
9,70202E-01
9,42987E-01
9,01395E-01
8,65913E-01
8,12512E-01
8,26572E-¢1
8,33588E-01
8,63307E-01
8,49378E-01
8,08190E-01
7,01387E-01
5,64934E-01
4,60255E-01
3,55575E-01

STATE FLOW

U

0.

6.,72433F-0n2
9,25795F-n2
9,800n5F~-02
1,17849F-01
9.77211E-02
1.96663F-(i1
2.,024RnF-01
2.10018E-01
1,93150F-01
1.,9670RF=-n1
1,6319pF-01
1.57441E~u1
2.22494F-01
3.37901E-n1
5.07718E-01
6,66002F-01
8.61576F-011
1.07151E+00
1,20232F+N0
1,41014F+00

RATE=

L 24862 (NON~DIMENSIONAL ) =

v

-1.48412F~02
~6.18495E-~03
5.95767E-03%
1.67713E-02
1.33566E-02
1.59482E~p1
2.65611E-n1
3.n6991FE-01
3.c08n7E-01
2.97552E-01
2.66029E-01
2,52199E-n1
1.3B89R4F-n1
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8,43911E-(1
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7.47755E-01
6,36930E-(1
4,82328E-C1
3,73737E-01
2,65146E-(1
TOTAL TIMEs 9.3178u51E*qn

u

his
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2433410F-01
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v

$.37929E-n3
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-3.592?2BE~N2
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-1,23592E-01
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“UMBER OF CYCLFS= 2pp
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Nomenclature

A cross-sectional area of motor

AL cross-sectional area of chamber
Ap cross-sectional area of throat

ap dimensionless mass burning rate at pressure p
ag reference sound speed

Cph drag coefficient

°p specific heat

dg diameter of drop

At time stepsize

A8 tangential stepsize

Az axial stepsize

E total energy per unit volume cf gas
fg stoichiometric fuel-oxidant ratio
¢ fuel-oxidant equivalence ratio

G tangential flux vector

Y specific heat ratio

H axial flux vector

H* area variation flux vector

k termal conductivity

K smocthing constant

L lencth of moter

Lg length of chamber

Lg latent heat of fuel

L, latent heat cf oxidizer
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length of motor at throat
burning rate power

Mach number

mclecular weight of ogas
mass of drop

mass burning rate
viscositv

drop density

Prandtl number

pressure of gas
reference pressure

source vectcer

density compenent of scurce vectcr
energy component of source vector

heat of reaction per unit mass of fuel

Reynolds number
radius cof chamber
radius of drop
density of gas
reference density
temperature cf gas
temperature of drop
reference temperature
time

reference time

tangential coordinate
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axial velocity of gas
axial velocity of drop
tangential velocity of gas

tangential velocity of drop

approximation to fluid properties vector at (zi,e.,t

predicted approximation vector at (z;+%82,0

vector of fluid properties

axial coordinate

38

J

]

+%Ae,tn)

n

)



Definition of Major Program Variables

AQ reference sound speed ag
AR area ratio at throat Ay /As
BFL array of fluid properties and fluxes behind baffles,

similar to array OVRPRM with BFL(K,J,I) containing
properties behind jth baffle

DELO tangential stepsize a9

DELR axial stepsize Az

DLN diameter of drop da,

DROP array of drop properties, DROP(K,J,I) for K=1,...,5

contains the drop mass, axial velocity and tangential
velocity and the density and energy components of the
source vector at point 2,03

DT time stepsize At

DTDO stepsize ratio At/A®

DTDR stepsize ratio At/Az

ELBFL baffle length

EN drop density N

FsS stoichiometric fuel-oxidant ratio fg

FUDG time stepsize safety factor

GAMMA specific heat ratio vy

HT array of tangential mesh points 65

1Jp array of pressure tap locations, if I=IJP(K,1l) and

J=IJP(K,2) then kth pressure tap is between Zi,1254]
and ej,ej+l.

™ number of droplets in axial direction
IMAX total number of axial mesh points
IM3 number of axial mesh points in chamber
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INTPNT

IPR

IPRMX

ISAVE
ISMTH

ISMTH1

ISMTH2

ISTART

ITITLE

JBFL

JMAX

KALKOM

LBFL
NBFL
NCYCLE
NCYCMX

NCYSM

NNPCMX

NPP

option for printing full flow field
number of points in array containing pressure at taps PRSS

maximum number of points in array containing pressure at
taps PRSS

option to save information on tape 3 for restarting run
number of cycles between applications of smoothing operator

initial number of cycles between applications of smoothing
operator

final number of cycles between applications of smoothing
operator

option for generating starting conditions or using
conditions on tape 1 for restart of a previous run

array of title information

array of baffle locations, if J=JBFL(K) then kth baffle
located at ej+%Ae

number of tangential mesh points

number of cycles between placing of information on tape
4 for future plotting

number of cycles between points in array containing
pressure at taps PRSS

number of last axial mesh point in baffle
number of baffles

cycle count for a run

total number of cycles for a run

cycle at which number of cycles between applications of
smoothing operator changes

number of cycles between printouts

number of pressures in array PRSS, i.e. maximum and
minimum pressure and pressure at taps.
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NPS

NTCYCL

OVRLAY

OVRPRM

PCF

PEX

PHI

PO

PROPTY

PRSS

PSPT

RAD

RMAX

ROO

SMK

TO

TO

TPRS

UuD

number of pressure taps
cycle count for an entire case
array of flux values, OVRLAY(K,J,I), OVRLAY(K+4,J,1I)

and OVRLAY (K+8,J,I) contain the kth components of H,

G and H* at the point zi,ej

array of predicted fluid properties and flux values,
OVRPRM(K,J,I), OVRPRM(K+4,J,I), OVRPRM(K+8,J,I) and
9VRPRM(K+12,J,I) contain the kth components of v, H,
G and H* at the point zi—%Az, ej+%Ae

array of coefficients of interpolating polynomials for
pressure at taps

burning rate power 2
fuel-oxidant equivalence ratio ¢
reference pressure pg

array of fluid properties, PROPTY(I,J,K) contains the
kth component of V at the point zi,ej

array of minimum and maximum pressures in chamber and
pressure at pressure taps

array of pressure tap locations

array of axial mesh points zj

radius of chamber r

reference density pg

smoothing coefficient K

time t

reference time tg

reference temperature T,

array of time for points in pressure array PRSS

injected axial velocity of drops
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VFACT percent of total energy given to bomb

XM molecular weight of gas M
ZCH length of chamber L.
ZTH length of motor at throat Lg
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Program and Subprogram Functions

TRDL reads some input and controls flow of program

INITAL reads some input and reads or generates initial conditions

CHARGE calculatesfluid properties at injector and nozzle exit
planes

CONVRG calculates stable time step

VECTR calculates flux vectors

QUAD calculates predicted fluid properties

TMPVCT calculates predicted flux vectors

GENPT calculates corrected fluid properties

PRTOUT produces edited printout

FZ calculates EEEA

PHIDOTV calculates forcing function and drop field

MSHVL interpolates for drop field at mesh points
SMOOTH smooths the solution
PPLOT finds minimum and maximum pressure in chamber and

pressure at taps

SEEK binary search routine
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Iv.

Program TRDPLT - The Plot Package

Description of Plot Program (TRDPLT)

The plot program produces plots of the information on tape 4
using a CALCOMP type digital incremental plotter. It uses a
standard subroutine package to generate the actual plots (or a
tape to be used with the plotter). A set of subroutines for
producing contour and vector plots is also used. These subroutines,
in turn, use the standard plot package. The program is written in
FORTRAN IV for the CDC 6600 computer. While the basic program can
be converted for use on any computer with a FORTRAN IV compiler
difficulties may be encountered because of differences in the plot
package in use at various installations.

Four basic type of plots are produced. The first is a plot
of pressure isobars which is produced by using subroutine CONTOUR.
The pressure levels may be equally spaced values between the minimum
and maximum pressure, or they may be input values. The isobars are
plotted as axial distance in inches against tangential angle in
degrees. Each isobar is marked with a number which increases with
increasing pressure. The program produces a printed page which
shows the pressure corresponding to each isobar number. Both
dimensional and non-dimensional values are given. If baffles are
present, their positions and lengths are plotted as dashed lines.

The second type of plot is of the velocity vector field. The
foot of the vector is located at the point of given axial distance
in inches and tangential angle in degrees. The length of the vector
is proportional to the speed at that point. The scale of vector
length in inches to speed in ft/sec. is printed at the top of the

plot.
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The third type of plot is of the energy source in BTU/sec/ft3
as a function of axial distance in inches. There are four graphs
on each plot at given tangential positions.

The fourth type of plot is of pressure in psi against time
in milleseconds. Several graphs appear on each plot. These graphs
are of the minimum and maximum pressure and of the pressure at the
pressure taps. The graphs of pressure at the taps are numbered
and the axial and tangential positions of each numbered tap are
printed at the upper right hand portion of the graph.

All of the plots have the title associated with each run
printed across the top. The time of occurrence in milleseconds
is printed at the bottom of the contour, vector and energy source
plots.

Input Preparation for Program TRDPLT

Card Columns Type Description

1 1-5 Integer <0 end of input deck

=n?0 number of pressure isobars to be
plotted except if columns 6-10#0

6-10 Integer =0 plot number of isobars specified in
columns 1-5 of equally spaced values
between the minimum and maximum pressure

=n>0 number of isobars of given pressure
values, these are plotted in addition to
minimum and maximum pressure

11-15 Integer cycle number on tape 4 at which plot of
pressure at taps is wanted. If number is
negative, a new set of input will be read
after this plot is generated.

16-20 Integer number of point in array of pressures at
taps at which to start the plot
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Card Columns Type
1 21-25 Integer
26-30 Integer
31-35 Integer
2 1-5 Integer
6-10 Integer
11-15 Integer
3 1-10 Decimal
11-20 Decimal
21-30 Decimal
31-40 Decimal
41-50 Decimal
51-60 Decimal
4 1-10 Decimal
11-20 Decimal

Description

=0 do not plot energy source
#0 plot energy source

number of pressure taps, if negative,only
plots produced by this data set will be
pressure vs. time plots

number of baffles

number of cycle numbers at which plots
are desired

first cycle number at which plot is desired
second cycle number, repeated each five
columns for number of entries specified

in columns 1-5

axial distance in inches corresponding
to 7 inches of plot

speed in ft/sec corresponding to 0.5 inches
of plot for vector plots

value of pressure in psi at origin of
pressure plot

value of pressure in psi corresponding
to 8 inches for pressure plot

time in milliseconds corresponding to 7
inches of plot

energy source in BTU/sec/ft3 corresponding
to 2 inches of plot

axial position of first pressure tap

tangential position of first pressure tap

Repeated for all pressure taps, four to a card.

5 1-10

11-20

Repeated for all baffles.

no baffles.

Decimal

Decimal

length of baffles
tangential position of first baffle

Card 5 should not appear if there are
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Card Columns Type Description

6 1-10 Decimal tangential position of first energy
source graph

11-20 Decimal tangential position of second energy
source graph

21-30 Decimal tangential position of third energy
source graph

31-40 Decimal tangential position of fourth energy
source graph

Card 6 should not appear if energy source is not plotted.
7 1-10 Decimal pressure level of first isobar
11-20 Decimal pressure level of second isobar

Repeated for all isobars. Card 7 should not appear if equally
spaced isobar levels are calculated.

The entire set of input cards may be repeated for each file
on tape 4. It is also repeated after pressure plot if the integer
in columns 11-15 of card 1 is negative. The last card of the
input deck should have a negative integer in columns 1-5.

The use which can be made of various combinations of the
plot program input options is illustrated by the sample input.
Suppose that four runs were made and the plot output for each was
placed as a separate file on tape 4. Each file has information
for every 100 cycles from 0 to 600 cycles. The pressure at the
taps was retained for every other cycle. The bomb caused a high
initial transient pressure which subsided by the end of 40 cycles.
All plots are desired for run 1. Since scaling for the initial

transient would not give sufficient detail to the latter part of
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the plots of pressure at the taps, the initial part is plotted
separately. New scaling is then input for the second part, which
is plotted from point 21 which corresponds to cycle 40. Run 2

was a baffled run and plots only at cycles 300 and 600 are required.
Run 3 was also a baffled run but only plots at cycle 600 are wanted
without any energy source plot. The only plot desired from Run 4

is that of the pressure at the taps.
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28,0
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200 300
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0.0
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D 600
300 600
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0,0
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600
6000,0
0,0
0,0

SAMPLE INPUT FOR FRCGRAM TRDP.T

21

1 1

0,0
3,95
13,38

21 1

400 500
0,0
3,95
13,38

21 1

21 0

26

6

6

600

6

-6

COLUMN
31 36 41
0
1600,0 7,00
139.0 3095
0,0
0
320.” 7000
13%,0 3,95
4
320,0 7,00
135,0 3,95
0,0
245,0 315,0
4
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13%,0 3,95
0,U
243,0 315,0
0
320,0 7,00
13,0 3,95
0,0
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CLAYTON MOTOR=1
Tz 2,737 MILLISECOANNS

180BAR PRESSURE(PST)

1 21,865
2 28,289
3 34,713
4 41,137
5 47,561
é 53,986
7 €0,410
8 6,834
9 73,258
10 79,682
11 6,106
12 $2,531
13 $8,955
14 105,379
15 111,803

CLAYTON MOTOR=~1
PREF=REFERENCE PRESSURE 3 1n0,00 PSI
AREF eREFERFNCE SOUMU SPEELa  3220,7 FT/SEC
R ®CHAMBER RADIUS = ,60917 FEET
TREFaREFFRENCE TIMEzR/AREF=,0001891 SEC

T/TREF® 14,47133

ISOBAR PRESSUKE/PREF

1 1219
2 1 2E3
3 1 347
4 1411
5 1476
6 1 540
7 1604
8 1668
9 1733
10 21797
11 1861
12 1925
13 1950
14 1,054
15 1,118

52



ANGLE (DEGREES )

CLAYTON MOTOR-1

2 VELACITY FIELD
2. VECTOR .50 INCHES LONG = 5000.00. VAUWJES < 600.00 ARE .06 INCHES LOBNG.
o
» » -~ — - — — — — —N e d —~h —ly —— — —— o i
8. > » - —a —~ -t — — — — - —er — — — —n
n1
ar]
» ' - =4 -~ e g -— -  ad — —y — — — — —n - —.
8 > - - - — — — — —t —tr iy — el o eltp iy ——— -
»
j =]
&JL » -~ - — — —~ — — ity —ly — —n — —, ——y iy »
» » - — —Ar — e e i e ey —_— —N —» *- » - ]
8-‘ - s - - — - A N N kN W W iy ——y ——— -
n
NT_
o
» - - — —n — — — — — — — — —h ——» —n o L ]
) - - - - — — - — —_ - - — — —_— — —N — v o
j ]
-
2
2-*- > > - i d - b - - e - 4 - —n % TR R A ——
+> » -> - - — — —~ > — —~n —~n e ey ey e ————y
8
’ ~ - o ~» > -~ -~ -~ -~ ~ - - — TR TR i ey
288
—t
» - - - e ~e ~—~ ~e “~. ~n — —n i e TR Tl e Ty ey
» - » - ~ ~e ~e ~e e e -~ ~ TR TSR TR T e ety —————
o
ja]
81‘- > - - - ~n ~a ~s ~ ~e S ~» -~ e e ey N ——r——— .
> - ~ - ~» ~o ) ~ ~ ~m ~w» —~n R TR R e S
fan |
fow] -~ > - = ~» -~ ~» -~ ~n ~n ~ -~ — TR Tl ey ey e —a—————
N4
:_1
-~ -+ - ~ ~h ~ -~ -~ -~ -~ — - — — Tl ey iy ——— iy
-~ - - ~ - -~ - — — — - — — — ey ——py -
o
o
. e k iy

.00 4.00 8.00 12.00 16.00 20.00
AXTAL DISTANCE! INCHES)

T= 2.737 MILLISECONDS

53



240.00 320.00

160.00

PRESSURE(PST )

80.00

250.00

200.00

120.00

40.00

HX

CLAYTON MOTOR-1

P(NJ=( INCHES .DEGREES]
P(11=( 3.85 . 0.00)
P(2)=( 3.95 . 135.00)

.00

.00

1.00

QiUU 3i00 QiUU
TIMECMILLISECONDS )

54

5.00 6.00 2.00



CLAYTON MOTOR-1
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CLAYTON MOTOR<=5
Tz 2,720 MILLISECONDS

I1SNEAR PRESSUKE(PSI)

1 21,359
2 27,230
3 33,101
4 38,972
5 44,842
6 50,713
7 56,584
8 £2,455
9 €8,326
10 74,196
11 £0,067
12 €5,938
13 §1,809
14 57,680
15 103,551

CLAYTON MOTOR=5

PREF eREF ERENCE PRESSURE =3 100,00 PSI

AREFsREFERRNCE SOUND SPEEL® 3220,7 FT/SEC

R ®CHAMBER RADIUS = ,60917 FEET

TREFsREFERENCE TIMEsR/AREF®, 0001891 SEC
T/TREF= 14,37799

IS0BAK PRESSURE/PRFF

1 1214
2 1272
3 1331
4 2 360
5 1448
6 007
7 566
8 1625
9 1683
10 1742
11 vB01
12 'B59
13 1918
14 977
15 1,036
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