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ERRATUM

All of the computations in the mein report and in the appendix were
performed with thé following error in the programming ¢f the Newton-
Raphson solution of the burning rate equation: lPONGZ was used in place
of PNOZ in Table IV-2, p. 43, line 16 of the report. The program statement
is correct in the report, but because of the error ﬁumerical results
obtained from the program will differ slightly from those presented in the
report expecially during the initial portion of the traces. The variations
are not large enough to change the conclusions of the report or to invalidate

the use of the design charts presented in the appendix.

ACKWOWLEDGEMENTS

The author expresses grateful appreciation to
 Mr. J. M. Lyon, Graduate Research Assistant in
Aerospace Engineering, Auburn University, who skill-
fully and enthusiastically programmed the analysis
given in this report for the digital computer and
rendered other valuable asgistance.

The advice and helpful suggestions given by
personnel  at the George C. Marshall Space Flight
Center who used the computer program during its
development and provided data for analysis are also
acknowledged. The aid thus received from Messrs.
B. W. Shackelford, Jr. (NASA Project Coordinator)
and K. W. Jones is especially appreciated.

ii



TABLE OF CONTENTS

Acknowledgements . . . . . . . . ; T . §
List of FIgUIreS « + v v v 4 s ¢« 4 o o v o s+ s & o s o o v v o o o iv
" List of Tables . . . ¢ ¢ ¢« ¢ o ¢ ei e s v o o o
Homenclature .+ + « v o« ¢ v o o o o & « s o o o u e e o. . vid
I. Introduction &nd SWHMETY .« + « & o « o « + & o o o o« o o o . 1

II. Discussion of Input and Output . . . « . « = ¢ « + + & « « » . 4
III. Anelysis . . . . . . « .
1V. The Computer Program S b s n e h e e b 4 e e e e e w e 36
Y. Teét CASES: 4+ o« « v o o o o o « & e e e e e e e e e 76
VI. Concluding Remarks . . . . . .

References. + ¢ v ¢ ¢ ¢« ¢ 5 o « » & =

AppendixX . .+ ¢ 4 h a h e e e s h e s e e

iii



LIST OF FIGURES

Figure II-1. Basic motor dimensions . . « + «+ + « 4 « 4 o ¢ v + « . . 6
Figure II-2. Standard star grain cross-section . . . . . . . . . . . 11
Figure II-3. Truncated {slotted tube) sfar grain cross-section . . . 12
Figure IV-1. Flowchart for main program . . . « « o« o v o « + « . . 60
Figure IV-2. Flowchart for area subroutine . . . . . .. 0. ..68

Figure IV-3. Flowchart for output subroutine . . . . . . . . . . . . T5
Figure V-1. Sketchofsmmumberl e )

" Figure V-2. Pressures and vacuum thrust versus time for
SRM nmber l . » - a - » . (3 » L) » - - . - . - - ] L] 82

Figure V-3. Sketch of SRM number 2 . & ¢ v v « v « o « = & « + o « . Bk

Figure V-h., Head end pressure and vacuum thrust versus time
for SEM number 2. . . v « v 4 4+ 4 4 s v o e e e e . e . BT
Figure A-1. Nozzle end stagnation pressure versus time for :
various nozzle radisl erosion rates (SRM1). . .. . . . 94

Figure A-2. Nozzle end stagnation pressure versus time for
various initial grain temperatures (SRM1) . . . . . . . 95

Figure A-3. Nozzle end stagnation Pressure versus time for
various numbers of burning slot faces (SRM1) . . . . . . 96

Figure A-4, Nozzle end stagnation pressure versus time for
various numbers of star points (SRM1) . . . . . . . . . 97

Figure A-5, RNozzle end stagnation pressure versus time for
: various lengths of star grain (SRBM1) . . . . . . . .. .98

Figure A-6. Nozzle end stagnation pressure versus time for

various differences in web thickness Xmg OVET the aft
end tapered grain length (SRM1). . . 0. . . . . . . . . 99

(Continued)

iv



Figure A-T.

Figure A-8.

Figure A-9,

LIST OF FIGURES (Cont'd)

Nozzle end stagnation pressure versus time for
various differences in web thickness zp between the
ends of the main grain (SRM 1) . . . . . . . . « . . . . . 100

Nozzle end stagnation pressure versus time with
and without thrust termination ports (SRM 1). . . . . . .10l

Kozzle end stagnation pressure versus time for :
various values of the erosive burning constants (SRM 1) . 102



TAVLE
TABLE
TABLE
TABLE
TABLE
TABLE
TABLE

TABLE

IV-1.
Iv-2.
v-1.
V-2,
V-3.
v-k.

V-5.

V-6,

LIST OF TABLES

Data Card Formats . . + . « « & « o

SRM Design and Performance Analysis .

Input Data for SEM No. 1 .

Sample Printout of Transient Values for SEM No. 1
Frintout of Weights and Related Values .

Input Data for SRM No. 2 . + « « « & o » v &
Sample Printout of T.ra.nsient Values for SRM No. 2

Comparison of Computed Weights and Related

" Values with Results of Others .

vi

. 38
. o
. 80
.81
. 83
. 85
. 86

. 88



NOMENCLATURE

An asterisk before the symbols indicates an input variable,.
subscripted and non-subscripted variables are listed separately.

English
Symbol

¥g

A
Abm‘

Abn’Abp’
s

1AbnT

*Apr
*AbsT
*Abto

AGs

A
P

® *
Aph'l” ApnT

* %
Bbp’ Bbs

0%

Propellant burning rate coefficient
Crogs-sectional or flow area

Main burning surface evalueted during tailoff

Total burning su}face associated with nozzle
end, port and slot surfaces, respectively

Burning surfaces (as a function of y) at nozzle
end for tabular input '

Burning surfaces (as a function of y) of port
sides for tabular input

Burning surfaces (as & function of y) of siots
for tabular input :

Sliver burning surface evaluated during tailoff
Initial burning area of star grain flat ends
Port area

Controlling port areas at head and aft ends,
respectively (as a function of y) for purely
tabular inputs

Additive burning surfaces input as special
equations for port, slot and nozzle surfaces,
respectively

Characteristic exhaust veloeity

Thrust coefficient

vii

Al input

Units Used

. .0
in/sec-psi

in?

in2

ft/sec



NOMENCLATURE (Continued)

English ' .
Symbol Definition Units Used
D Diameter | in.
D*,*Di* Instantaneous and initial diameters, . in.
respectively, of the nozzle throat
*Dcc .Estigated mean diameter of the cylindricel in.
portion of the case
*De Diameter of the nozzle exit _ in.
*Di _ Length average initial diameter of controlling in.
length of circular perforsted grain
*DO Length average outside diamefer of circular in.
perforated grain, excluding lengths in closures
DTP ' ' Initial diameter of the thrust terminatiqn in.
passagevays in the grain
¥ Fillet radius at star valley in.
*En Radial erosion rate of the nozzle throat in/sec
F _ Thrust ibf.
&, Gravitational constant ' ft/sec?
*GOP Integer designating type of grain perforation —_—
h Instantaneous vehicle altitude ft.
*hb Estimated burnout altitude ft.
*n__ Axial length of nozzle closure in.
*IOP Integer designating‘fype of program input .
Isp’IT Specific and total impulsg, respectively lbf-sec/lbm,lbf-sec
J Throst-to-port cross-sectional ares ratio

viii



English
Symbol

¥* *
K™Ky

*
Keh’ en

£
Ap

%L

*L
ce

3*
Gc’L Getl

%
LGni

*
LGsi

Log

NOMENCLATURE (Continued)

Definition

FEmpirical constante in nozzle weight
estimation equation (Eq. 63}

Erosion rate of insulation at head and
nozzle end of case, respectively

Distance between center line of motor and
fillet center of standard star grain

Length of sides of truncated star point
excluding fillet

Initial length of termination passages between
centers of gravity of perimeters of bases

Total initial perforated grain length including
gaps at slots

Length of cylindrical portion of case
including forward and aft segments

Instantaneous and initial total axial lengths,
respectively, of circular perforated grain
(not including gaps)

Initial axial length

Initial total length of star-shaped perforated
grain

Estimated length of grain at the aft end at start
of first tailoff having an additional taper

not represented by Zg or 6g

Mass

Mach pumber

Burning rate exponent

Number of standard derivations in maximum

chamber pressure and case yield strength,
respectively, to be used as bases for design

ix

Units Used

1bm/in3,
in/sec
in/sec
in.
in.
in.
in.

in.

in.

in.

in.

in.

slugs



NOMENCLATURE (Continued)

English
Symbol Definition Units Used
*nn Number of burning flat end surfaces of a star

grain located at the extreme nozzle end of

the chamber
*nP Number of star points
*ns Number of burning flat end surfaces of a star

grain not located at the nozzle end of the chamber
.nseg Number of case segments
*nT Number of thrust termination ports
P Pressure 1bf/in?
*Qop ‘ Integer designating grain arrangement
r Burning rate in/sec
R Radius in.
*Rc Outside radius of a star grain in,
ReL Initial Reynolds number of gases in propellant

port based on port length
*RP Initial radius of truncated star points in.
kg Number of burning flat slot sides of a

circular perforated grain not including the

nozzle end
SG Burning perimeter of a star grain in.
*Sop Integer designating type of star grain
Sy Yield strength : 1bf/in
*Sndom’ Nominal yield strengths of the case and 1bf/in
¥g nozzle structural materials, respectively

yn



NOMENCLATURE (Continued)

English
Symbol Definition Units Used
t Time sec,
tb Calculated total operating time of motor sec.
*tbl Estimated time at burnout sec.
tt Time at which propellant burning ceases sec.
T£ Loss in length of burning propellant associated in.
with additional tailoff controlling taper near
the nozzle end of the grain
u Velocity ft/sec
Vc’*vci’ Instantanecus, initial and final volume, in.
‘ respectively, of chamber gases
#*
vcf
W Weight 1bm.
W§1=Wp2= Weight of propellant burned based on mass 1bm.
discharge rate, volume calculations, and
w s s
P the arithmetic average of Wpl and WP2
out Distance burned at which propellant bresks up in.
#y Difference in web thicknesses at ends of LT in.
Ta a
X Ratio of the sum of the grain burning areas
excluding nozzle end burning areas to the
total sum of the burning areas
¥ ‘ Distance propellant has burned from initial in.
surface
*zo,z Initial and instantaneous differences, in.

respectively, between web thickness at head
and nozzle ends of controlling grain length,
excluding any initial length associated with

LTa or BG

xi



NOMENCLATURE (Continued)

Greek )

Symbol Definition Units Used

*ueb Erosive burning coefficient in the in2:8-r40.8/5ecl 81p10.8
Robillard-Lenocir rule

*an Nozzle exit half angle radians

*B Erosive burning pressure coefficient in the
Robillard-Lencir rule

By Specifie hest ratic of propellant gases

r A function of vy given by Eq. &

*dc,*ag, Specific weights of case, liner and cace 1bm/in3

* insulstion, respectively

ins

BA ' Burning surface area change resulting from thrust in2
termination passageways

*ADi Difference between initial circular perforated in.
grain diameter at nozzle end of controlliing
length and Di

APc/Ay Rate of change of chamber pressure with respect 1bf/in3
to distance burned

*(AP/Ay)out Depressurization rate at which propellant is 1bf/in3
extinguished

AT, Maximum expected increase in initial grain °F
tempersture above design point condition

Ay,ﬂyl Incremental distance burned and initisl value of in.
same

E Nozzle expansion ratio

gF Thrust loss coefficient

T Motor mass fraection; i.e., WP/WM

*ecn’*ech Approximate acute angle honded circular radians

perforated grain makes with motor center line
gt the head and nozzle closures, respectively.
Also referred to as the grain contraction angles.
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Greek
Sxmbol

NOMENCLATURE (Continued)

Pefinition

Angular location of fillet center of
standard star from line of symmetry

Angle burning surface element of circular
grain makes with longitudinal axis of motor

at the nozzle end of the chamber at the nozzle
Nozzle cant angle

Angle of standard star point

Half angle of star grain sector

Angular location of slot side of truncated
star grain

Acute angle between axis of thrust
termination passage and motor axis

Absolute viscosity of chamber gases

Temperature sensitivity coefficient of
pressure abt constant K = Ab/A*

Solid propellant density

Statisticel variation in P and 5y respectively:
i.e., one standard deviation/the nominal value
of the variable

Thickness of the liner

Thickness of propellant web at slot bottom of
truncated star grain

Estimated "effective" web thickness of
termination port

Web thickness of main propellant grain

Web thickness of standard star (same as t

. . . w
except for some combination grains)

Units Used

radians
radians
radians
radiasns

radiang

radians

radians

1bf-sec/in-f't

/°F

slugs/in?®

in.

in.
in.

in,

in.



NOMENCLATURE (Continued)

Greek '

Symbol Definiticn Units Used
*wa Safety factor on nozzle ablative materisal -
*wc Safety factor on case thickness .
*wins Safety factor on nozzle insulation thickness —

* Safety factor on nozzle structural material

s —

Subscripts

a Additional or ambient _

av Arithmetic averages between head and nozzle
end values

c Case, chamber value or cylinder
& Dome

D Discharged

e Exit or erosion

f Final

G Generated

h Hend end of grain

i Initial

ins Insulation

J Incremental index; i.e., number of increments burned
% Liner

M Motor

max Maximum value

xiv



NOMENCLATURE (Concluded)

Subseripts (Cont'd)

meop
n

ne
ns
nT

nom

Superseripts

*

Maximum expected operating conditicn
Nozzle or nozzle end of grain

Nozzle end of ecirculsar perforated grain
Nozzle end of star grain

Nozzle end tabular value

_ Nominal value

Stagnation

Port of circular rerforated grain
Fort of star grain

Port tabular value

Slot of circular perforated grain
Slot of star grain

Slot tabular value

Vacuum

Value at web tipme

Choked throat value
Arithmetic average value over Ay

Time rate of change



I. INTRODUCTION AND SUMMARY

This report presents the results of research performed at Auburn
University during the period from June 16 to October 12, 1972, under Modi-
fication No. 6 to the Cooperative Agreement, dated October 6, 1969, between
the NASA Marshall Space Flight Center and Auburn University. The principal
. objective of the research was to develop a simplified computer program
which would serve as an aid in preliminary design of solid-propellant
rocket motors (SRMs). The program would also permit generation of SRM

parametric and performance data which were to be compiled as a part of
the task, ‘ ‘

A number of computer programs are already available to govermment ang
industry for use in SEM design which will give results based on guite precise
mathematical formulstion of burning surface geometry. The general tendency
has been toward developing more and more sophistication in these programs.
This creates substantial difficulty for the user in understanding the program
and preparing inputs; lengthy orientation times are frequently required. Also
use of such programs involves long operating and turn-around times on the
computer and attendant high costs. Elementary textbook-type approaches are
of course possible, but the accuracy requirements must be considered, Indesd,
in view of the high cost associated with SRM development, a propulsion
contractor would be ill-advised in not making some use of a tried and proven
sophisticated program aveilable to him. On the other hand, it is questionable
vhether the accuracy obtained with the sophisticated programs 1s sufficient
to Justify their adoption for the bulk of preliminary desigh werk. Unknowns
such as the erosive burning characteristics of a new propeliant, or even &
new SEM design with a well characterized propellant, cast doudbt on the
accuracy of performance predictions. In view of this, & less precise approach
is often acceptable in preliminary design; for example, in deternining the
effects to anticipate from a given design change.

This report presents an analysis and a computey program which represents
& compromise between the more sophisticated Programs using precise burning
geometric relations and the textbook-type of solutions. The program requires
approximately 900 computer cards including a set of 20 input data cards required
for a typical problem. The computer operating time for a single configuration
is approximately 1 minute and 30 seconds on the IBM 360 computer., About 1
minute and 15 seconds of the time is compilation time so that additicnal
configurations input at the seme time require approximately 15 seconds each.
The program uses approximately 11,000 words on the IBM 360. The program is
written in FORTRAN IV and is readily adaptable for use on & number of different
computers; e.g., IBM TO4L, IBM 7094 and Univac 1108.

Based on input of solid-propellant rocket initial geometric properties,

data on the characteristics of the propellant and inert materials, and design
eriteria constants, the program computes the weights of major compcnents and

1w



performance characteristies of the SRM including specific impulse, thrust,
chamber pressures, and other significant time verying parameters. The program
may be used for rocket motors of all sizes; however, primary considerstion

was given in this study to very large SRMs (120 in. dia. and sbove). There-
fore, some of the empirical expressions for component weights developed, such
as the one for nozzle weights, may be more accurate for larger motors than

for smaller ones as discussed further in the body of the report.

With large motors again in mind, particularly those under consideration
for application to the Space Shuttle Booster (References 1-4), the program
was designed to treat segmented configurations with both star and circular
perforated grains present in varicus arrangements in the same SRM. In
addition, monolithic grains and either standard star or truncated star (slotted
tube) shapes may be analyzed. While there is considerable flexibility
provided in specifying the geometry of the ends of circular perforated grains,
there are severe constraints on the specification of the geometry of star
grains and on passagewsys in the grain for thrust termination ports. To
offset this, as a program option, the user may specify tabular data to
correct precisely or approximately for variation in burning surface geometry

with distance burned. Alternately, the entire burning area geometry may be
specified by tabular input.

The key to the relative simplicity of the program, mside from the use
of end constraints on burning surface geometry, is the way in which the
variation in surface regression along the length of the grain is treated.
The more sophisticated programs result from mathematically dividing the
grain axially into a large number of segments. TFor each segment, in turn,
the governing fluid dynamic equations are solved. The difficulty here is
that the flow velocity at each segment is unknown until the burning rate is
determined, but the burning rate depends on the velocity. Therefore, an
iterative technique must be used which requires assumption of the conditions
at the head end of the grain, solution of the governing equations for each
segment in turn and finally a comparison of the total amount of mass generated
with that theoretically discharged through the nozzle. If the check fails,
a new assumption and repetition is required to obtain a solution for one
instant of time. The advantage of this method is that it permits the surface
regression to be determined at each segment for each instant of time, but
it is clear that this results in both long computation time and large
computer storage capacity. The present analysis avoids the sbove mentioned
difficulties through the assumption that the surface regresses in a linear
fashion along the length of grain consistent with the difference in surface
regression at the head and aft ends for which regression (burning) rates are
separately calecnlated. Support for this assumption as an approximation may
be found in the results of interrupted burning tests (See for example Reference
5, p. 418). As already noted, the nature of erosive burning characteristics
is at best poorly known which casts some doubt on az need for a more rigorcus
model of the burning surface geometry. Separate determination of head and



~3-

nozzle end burning rates taking into account erosive burning effects provides
a means of accounting for one of the principal effects of a surface regression
which varies along the length of the grain. This is the effect on tailioff
characteristics which, in somewhat simplified terms, is treated in the

present analysis by reducing the burning surface at teiloff in proportion to
the length of propellant that has experienced burnout according to the linear
model of the regressing surface.

A discussion of the program input and output variables is presented in
Section II of this report. This will serve as a guide to the user in proper
specification of his problem and interpretation of the output. The discussion
should also be read by those desiring to understand the mathematical analysis
which is outlined as a step-by-step procedure in Section III. However,
Section III may be omitted without loss of continuity by the user interested
only in understanding how to specify his problem. Section IV presents the
information required to operate the program and computer format and flow—
cnarts. Once the input varisbles discussed in Section II have been specified,
the information given in Section IV should suffice for anyone familiar with
use of a computer having FORTRAN IV capability to obtain the progrsm output.
Also, the program listing and flowcharts in Section IV will be useful for
determining how to modify the program and for a detailled understanding of
the program logic. However, for those desiring to understand only the basic
logic of the program, study of Section III is recommended, as it was written
as a step-by-step procedure with the purpose in mind of conveying the basic
program logic. Section V presents test cases and comparison with results of
others, both theoretical and experimental. Again those seeking only to know
how to use the program may omit this section, elthough the user will fing
the example listings of input and output data, which are presented only here,
helpful. Finally, the Apperdix is a design data compilation resulting from
use of the program which may be of aid to the designer in predicting effects
of various design parameters on SRM characteristics and performance.



IT. DISCUSSION OF INPUT AND OUTPUT

The computer program described in this report is capable of calculating
performance for a large variety of different grains and combinations. On
the other hand, to attain the goal of a simplified program, it is necessary
to impose substantial restrictions on the gecmetric end constraints of the
burning grain surfaces. Thus the accuracy of results will depend to a large
degree on judicious selection of the geometric input varisbles, The difficul-
ties encountered in approximating the geometric burning characteristics may
be lessened, of course, by making use of the program options which permit
specification of the burning geometry of part or all of the grain by using
tabular inputs with the distance burned being the single argument. In any
event, it is necessary that the program user have a clear understanding of
the definition of each input variable so that he can sppropriately specify each
configuration to be analyzed. In addition, the user wust understand how to

specify proper design criteria and the physical characteristics of propellant
and inert materials.

In this section each input variable is defined in the order in which it
is encountered in the program. The Fnglish or Greek symbol is given first
followed by the computer symbol in parenthesis. Sketches of geometric
characteristics are given for clarification. Where appropriate, additional
discussion of the variable and recommended or typical numerical values are
given. In addition, the present outputs of the program are defined. It is
the aim of this section to provide a guide to the user in the specification
of his problem and interpretation of the outputs.

Propellant Characteristics

P, {RHO) Density of the solid propellant (siugs/in.3).

a (&) Propellant burning rate coefficient in the eguation r = apb”
{(in/sec-psia”). :

n (N) Burning rate exponent (1).

%ep { ALPHA} Erosive burning coefficient in the Robillard-Lenoir burning
rate rule (Equation ITI-11){in2-8-rt0.8/secl -B1bel.8),

B (BETA) Erosive burning pressure coefficient in the Robillard-Lenoir
rule (1).

u (MO) Absolute viscosity of the chamber gases (1bf-sec/in-ft).

c* (CSTAR) Characteristic exhaust velocity (ft/sec). This is the gas

dynamic characteristic velocity which cen be obtained from
the expression C* = VRT /T where R is the gas constant and
T_ the adiabatic flame femperature of the propellant.

b



Primary Basic Motor Dimensions

L (L) Total initiasl perforated grain length including gaps at siots
(in.). This is used only for calculation of the initial
length Reynolds number anéd in the erosive burning rate eguation.

v, (TAU) Web thickness of the controlling propellant length (in.). (See

c 70 below for definition of controlling length). If the grain
is tapered, the length average value should be specified
excluding lengths having additional taper not represented by
Z0 and segments located anywhere having a step_decrease in thick-
ness, BSuch step decreases must be handled by the asdditive
tabular input option if they introduce twe significantly
different web thicknesses for the same grain type; e.g., two
cireulsr perforated grains. . If a circular perforated grain
is used, it is asssumed that it will have the approximate
average web thickness of the controlling propellant length.

V.. (ver) Tnitial volume of chamber gases (in3). This is the volume of
the empty case less the volume of the propellant. . A reascnable
estimate based on the case volume and the estimated volumetric
loading density will suffice. '

Vor {ver) Final volume of chamber gases {in3). This is the volume of
the empty case. A reasonsble estimate will suffice.

D, * (or1) Initial diameter of the nozzle throat {in.).

o ( ALFAN) Exit half angle of the nozzle {radians).

8 (THETA) Cant angle of the nozzle with respect to the motor axis
(radians).

L, {LTAP) Estimated length of grain at the aft end at start of first

teiloff having an additional taper not represented by Z0 or THETAG
(in.}. See Figure II-1. This variable permits the designer

to specify an additionai taper at the nozzle end of a circular
perforated or star grain to produce regressivity shortly

before tailoff.

Xipg {xT) Difference in web thickness at ends of LTAP (in.).
See Figure II-1.

Z, (z0) Initial difference between web thickness at the head and
aft ends of controiling grain length, not including any
initial length associated with LTAP or THETAG (in.)}. The
controlling length of the grain is the axial length between
the head end of the grain and the position of expected
maximum Mach number In the port. It may be assumed, in most
cases, that this length terminates whenever there is an abrupt
decrease in web thickness near the aft end of the chamber or

vhen O is greater than 5°.



Figure I1-1.

Loni» and 8p are used only for circular perforated grains.
The controlling grain length may be Lzei or some lesser value depending on the position

Ty is the length average web thickness over the grain
length excluding the lengths associated with Lqg, 8 and the head end dome.



Basic Performance Constants

Ay, (DELTAY)

Xt (xouT)

(AP/Ay)out(DPOUT)

Ep (ZETATF)

bl

h, (HB)

A (cam)

E ( RADER)

Initial desired burn increment (in.). This increment will
be used by the program for the initial 5% of the web
thickness burned, for the pericd shortly preceding and
following tailoff and at such other times as the rate

of pressure change is large. Larger increments will
automatically be used at other times. An initial
increment size of approximately 0.005ty is recommended

but larger increments may be used for relatively flat
burning surface versus distance burned traces.

Distance burned at which the propellant breaks up (in.).
This permits the option of specifying termination of
burning resulting from possible structursl breakup of

the propellant. If this option is not desiyed, XOUT should
be set to some large value; e.g., 1000 in.

Rate of change of pressure with respect to distance burned
at which the propellant is extinguished (1b/in®). This
permits the option of specifying termination of burning
resulting from rapid depressurization. If this option is
not desired, TPOUT should be set to some large value;
e.g., 10,000 psia/in. However, if an abrupt tailloff is
expected, a smaller vaiue of DPOUT must be specified as
the computer will not otherwise be able to handle the
discontinuity. For large motors (120 in. dia. and up) =
value of 500 psia/in is recommended and proportionately
larger values for smaller motors.

Thrust loss coefficient {1). In the absence of data to
the contrary a value of 0.98 is recommended.

Estimated burning time (sec). This and the variable that

follows permits the program to calculate delivered specific
impulse and thrust based on an assumed trajectory which was
determined from analysis of typical large SRM applications.

Estimated burnout altitude (ft). To obtain sea level
performance characteristies, HB should be set equal to
Zero.,

Ratio of specific heats for propellant gases (1).

‘Radial erosion rate of the nozzle (in/sec). A value of

0.0135 ips has been used by one propulsion company to
predict the performance of 156 in. dia. motor with &
graphite tape-phenolic impregnated throat.
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Basic Properties for Welght Calculation

(np)k (PIPK) Temperature sensitivity coefficlent of pressure at constant

= Ab/A* (1/°F).

AT, {DTEMP) Maximum expected increase in initisl grain temperature above
‘ design point conditions {°F).

(GP/P)(SIGMAP) Statistical variation in the maximum calculated pressure(l);
i.e., one standard deviation in maximum pressure divided by
the calculated value of maximum pressure. The value used is
typically 0.03 for an untried design. Lower values may be
used if supported by data on a proven design.

og /8, . (SIGMAS) _
ye y Statistical variation in yield strength of the case material

(1). A value of 0.02 is recommended. Alternately Sy, may be
taken as the minimum yield strength in which case SIGMAS is 0.

,n2(N1,N2) Number of standsrd deviations in meximim chamber pressure and
"ecage yileld strength, respectively, to be used as bases for
design {1). A value of 3 gives statistical assurance that
99.5% of the time the calculasted limits of the variable will
not be exceeded in tests.

S
yenom Nominal yield strength of the case material (1bs/in?). See
D, {nce) Estimated mean diameter of the motor case (in.). A rough

estimation of the case and insulation thicknesses may be
added to the grain diameter to obtain DCC.

¥, {rs1c) Safety factor on case thickness {1). This factor is super-
: imposed on the safety provided by use of the statistical
limits on pressure and case strength.

Gc (DELC) Specific weight of the case material (1bs/1n3) For steel
the approximate value is 0.283 1bm/in3.

L.e (Lce) Length of the cylindrical portion of the case including forward
and aft segments {in.)

n_, {NSEG) The number of case segments (1). NSEG is 1 for a mono-
€ lithic case.

b, (HCN) Axial length of the nozzle closure (in.}. See Figure II-1.



syn {SYNROM)
VoW

(PSIS,PSIA)

Kl,KE(m,Kz)

Yins (PSIINS)

§. (DELINS)
ins

Keh (R

Ken (KEN)
62 (DLINER)

Ty {('rauL)

LA (WA)

-9

Nominal yield strength of the nozzle structural material
(1b/in?). |

SBafety factor on the nozzle structural and ablative
meterials, respectively (1}. No additional allowances are
made in the computation for statistical variation, so PSIS
and PSIA provide the only safety factors. Values of 1.k
and 2.0 are recommended for PSIS and PSIA, respectively.

Empirical constants in the nozzle weight estimation equation
(Eq. 63b). (1vm/in®, in/sec). TFor single, submerged conical
nozzles using ablative exit cones with the steel body extend-
ing over sbout one~third of the exit cone, the values recom-
mended based on empirical snalysis of large (120 to 156 in.

.dia.) SEMs are K1 = 0.208 1bm/in3 and K2 = 0.0925 in/sec.

These velues should also yield approximations of the weights
for smaller and larger nozzles of the same type. For better
results with larger or small motors or nozzles of different
types, the K's should he redetermined.

Safety factor on the nozzle insulation (1)}. No sdditional
allowvance is made in the computations for statistical varia-
tion. A value of 2.0 has been used extensively in man-rated
applications.

Specific weight of the case insulation {1bm/in3). DELINS is
typically 0.0462 lbm/in?.

Erosion rate of the exposed insulation taken everywhere the

same except at the nozzle closure (in/sec). KEH is typleally
0.003 in/sec.

Frosion rate of the exposed insulation in the nozzle closure.
KEN is typically 0.012 in/sec.

Specific we:'L%ht of the liner (1bm/in3). DLINER is typically
0.033 lbm/ind.

Thickness of the liner (in.). TAUL is typiecally 0.065 in.

Any sdditicnal weight not considered elsevhere in weight
calculetions (1bm). This includes weights associated with
thrust termination and thrust reversal, thrust vectoring
devices, thrust skirts (except for "y" joints), ignitors,
instrumentation and finsl thermal protection of the motor
case after burnout (see Eq. 64, Section III).
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Input to Establish the Progrem and Basic Grain Configuration and Arrangement

Iop { INPUT) 1 for only tsbular input.

M

for only equation input.

for s combination of 1 and 2.

o W

Gop ( GRATIN) for an entirely circular perforated grain,
2 for star grain only.
3 for combination of 1 and 2.

Sop {STAR) . 0 for an entirely circular perforated grain.
1 for standard star (See Fig. II-2).
2 for truncated star (See Fig. II-3).

A standard star may not be combined with a truncated star.

1, {nT) Number of thrust termination passageways in grain (1)
NT is zero if there are no thrust termination passageways.

Q- (ORDER) 1 if a star grain is at head end and a circular perforated
grain at aft contrelling end.

2 if a circular perforated grain is at both ends. A star
grain segment may still be present.

3 if a circular perforated grain is at head end and a star
at the aft controlling end.

L if = star grain is st both ends.

i}

If grain = 1, value of order must be 2

If grain = 2, value of order must be L.

It is important to realize that ORDER establishes the control-
ling port area eguations to be used. Thus if the nozzle end
segment is not indeed the controlling one (the one that
establishes the maximum Mach number in the port), ORDER should
be specified to designate the actual controlling segment as
the noztle end segment. GRAIN, STAR, N1 and ORDER are not
used for INPUT = 1, but values must be assigned for continuity
of computer operations.



Figure II-2. Standard star grain cross-gection,

The evelution of the burning perimeter
is shown. Calculasted veriables are circled. Second and third (final)
zones of burning are cross-hatched.



Figure II-3,

Truncated (slotted tube) star grain eross-section.
the burning perimeter is showm.
First and third (final) burning z

‘ The evolution of
Calculated variables are cireled.
cnes are cross-hatched.
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Tabular Burning Surface and Port Areas (Not required for INPUT = 2}

Apr { ABPK) Burning area in the port (in?).

Ao ( ABSK) Burning area in the slots (in?).

AT { ABNK) Burning area at the nozzle end {in?).

- ( APHK) Port area at the nozzle end of the controlling grain length
(in?).

ApnT(APNK) Port area at the head end of the grain (in?).

APHK and APNK are not regquired when INPUT is 2 or 3; the
equation inputs must be used to provide the information in
these cases. Values of all A's used must be specified to
completely describe the burning surface and port areas versus
distance burned. The program computes intermediate values by
linear interpclation. The number of values reguired is
arbitrary and limited only by the storage capeacity of the
computer, but values must be specified for y = 0. Also, as
en example of the procedure for specifying terminal values
vhich must be followed, burning surfaces must be specified

as zero &bt burnout of the tabular surfaces and at a

¥ exceeding the highest anticipated caleulated performance
value., Separate input cards must be prepared for each value
of y and arranged as described in Section IV of this report.
The use of these tabular values in conjunction with the
equation inputs (INPUT = 3} increases the flexibility of the
program considerably. Frequently it is easy to estimate
burning surface effects which end constraints on the equation
inputs neglect. In this case a table of input values can

be readily prepared from estimates of the effects. Also, the
program can be run first without the tabular wvalues and cutputs
used as an aid in obtaining the estimate. TFor example, the
burning perimeters of a star grain can be determined in this
way and the values used to estimate the effects of a head
end closure on the star grain.

Geometry for Circular Perforated Grain - Not required for completely star-

shaped grain (GRAIN = 2) or for only tabular inputs (INPUT = 1)

Dy, (D0} Length average outside diameter of circular perforated
grain, excluding lengths extending into the closures (in.}.

p; (DI) Length average inside initial diameter of circular perforated
grain (in.)}. Only the controlling length excluding LTAP
should be considered in the averaging

AD, (DELDI) Difference between the initial circular perforated grain
diameter at the nozzle end of the controlling length and
DI (in.). '



s (8)

BG (THETAG)

Loes (LGCIL)

LGni (LGNI)

8 {THETCN)
CIl

8 . (THETCH)
ch

iy '

Nurber of burning flat ends of a circular perforated grain
not including an extreme aft grain end (1).

Angle burning surface element of circular perforated grain
located at the extreme nozzle end of chamber makes with the

‘motor axis (radians). See Figure II-1. THETAG must be set

to zero if a star grain is located at the nozzle end (GRAIN = 3,
ORDER = 3} or if aft end burning surfaces are represented by
tabular values, THETAG is w/2 if the circular perforated grain
represented by equations has a flat burning surface located at
the extreme nozzle end of the chamber. If THETAG is less than
or equal to 5°, & value must be assigned (zero is satisfactory),
but the effect of THETAG on burning surface area is not com—
puted (See also LGNI and LTAP). THETAG is zero if the end
surface is flat and inhibited.

Initial total axial length of cireular perforated grain
represented by egquation inputs not including gaps (in.). LGCI

excludes lengths associated with THETAG.

Initial slant length of a burning conical circular perforated
grain at the nozzle end (in.). LGNI is set equal to zero if
THETAG is less than or equal to 5°. In this case the length
otherwise assceciated with LGNI should be added to LGCI. If
the error in burning surface area thus introduced is deemed
significant, a correction may be introduced by meking use of
tabular inputs in combiration with the equation inputs. Basic
effect of small THETAG on tailoff may be accounted for by
specification of LTAP. If a nozzle end burming surface is flat
{THETAC = w/2), LONI equals one half the difference between
inside and ocutside local grain dismeters.

The contracticn angle of a circular perforated grain bonded to
the nozzle closure. ©See Figure II-1. Use an estimated value
which yields approximately the correct veolume of propellant
burned. If a star shaped grain is located at the extreme nozzle
end of the chamber or if tabular values are used to represent
downstream burning surfaces, THETCN is w/2. THETCN is also n/2
if the extreme aft end of the grain is inhibited, but only a
flat ended, inhibited grain (THETAG = 0) which does not extend
into the nozzle closure may be accurately represented. THEICN is
zero for a burning flat end (THETAG = w/2) which does not extend
into the closure,

The contraction angle of a circular perforated grain bonded to
the head end. 8ee Figure II-1. Use an estimated wvalue which
yields approximately the correct volume of propellant burned.
THETCH is w/2 if the extreme forward end of the circular perfor-
ated grain (bonded or not) represented by equations is flat. A

head end flat burning surface is treated by proper specification
of B. '

"
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Basic Geometry for Star Grains - Not required for entirely circular perforated

grains (GRAIN =

n_ (Ns)

Logi (res1)

1
P

(wp)

R, (RC)

f (FILL)

n
n

(xm)

1) or for only tsbular inputs (INPUT = 1)

Number of burning flat end surfaces of & star grain not
located at extreme nozzle end of the chamber (1).

Initial total axial length of star-shaped perforated grain
represented by equations (in.). MNo provision comparable

t0o the use of LGNI for circular perforated grains is made

here to treat effects resulting from THETAG greater than 5°.
Adjustments may be made, however, by use of tabular input
values in conjunction with the equation inputs. Also, effects
of taper, including additional small taper at the nozzle

end, on tailoff may be treated by use of the variables 20, XT
and LTAP.

The number of star points {1).
The star grain outside radius (in.).
The fillet radius at star valleys {in.). See Figure II-2,3.

Number of burning flat end surfaces (0 or 1)} of a star grain
locaeted at the extreme nozzle end of the chamber (1),

Specigl Geometry for Truncated Star - Not reguired for standard'star grains

{STAR = 1)

R
P

(RP}

Tstwmw

The length average initisl radius of the truncatLon (in.).
See Figure II-3,

‘The length average 1n1t1al thickness of the propellant web
at the botton of the slots (in.).

Special Geometry for Standard Star Grain ~ Not required for truncated star

grains (STAR =

Tos {TAUWS)

8, { THETAF)

0
P

( THETAP)

2)

The web thickness of a standard star grain (in.). See
Figure IT-2. TIf the grain is tapered, the length average
value should be used. TAUWS will be the same as TAU if
the entire controlling length of grain is a star grain.
Otherwise TAUWS may or may not be different from TAU.

Angular locsatlion of the fillet center of standard star
from line of symmetry (radians).

The apex angle of the star point {radians).
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Geometry of Thrust Termination Passageways - Not required if NT = 0.

L (LTP)

Dirp (pTP)

Bep ( THETTP)

Treps (TAUEFF)

Initial length of the termination passagewsy between the
centers of gravity of perimeters of the bases (in.). See
Figure II-1.

Initial diameter of the termination passage (in.).

The acute angle between the axis of the passage and the
motor axis (radians).

Bstimated effective web thickness at the termination port
(in.). The user must Judge the distence burned at which the
effect of the termination passage on modification of the

. burning surface geometry ceases to be significant. In general,

this should be between two-thirds and full web thickness. The
equation used to account for the burning surface is based on
a passageway in a circular perforated grain terminated at

the case by a flat inclined plane. Thus only a rough estimate
of the effect of the termination passage is provided.

Special Fquation Inputs - Required only at the option of the user. May be

used when INPUT

Bbp (BBP)
By (BBS)

an (BBN)

Program Outputs

=1, 2, or 3.

Additive burning surface input as function of Y for port
burning surfece (in?).

Additive burning surface input as function of Y for slot
burning surface (in?).

Additive burning surface input as function of Y for nozzle

end burning surface (in2?). In order to make use of the option
of specifying the B's, a minor progrem modification is reguired.
The B's are all set equal to zero in the present progrem. If
this option is to be used the program statements assigning
values to the B's are easily replaced with the desired

equation inputs.

The variables whose values are printed by the present program are

defined below,
modification.

Additional variables may also be printed with minor program
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Cutputs as functions of time

t (1) Operating time (sec.). This is caleculated from the time
initial equilibrium operating pressure is attained.
y (1Y) Average distance burned (in.).
r { Ri9OZ) Nozzle end éontrolling burning rate {in/sec).
r (RHEAD) Head end burning rete (in/sec).
Pon (PONOZ) Stagnation pressure at the nozzle end of the chamber (1v/in?).
P (PHEAD) Pressure at the head end of the chamber (1b/in?).
1/J {PTAR) " Port-to-throat cross-sectional area ratio (1).
Mo (MNOZ) Mach number st the nozzle end of the controlling grain length {(1).
Sg (sG) | Average perimeter of a star-shaped grain {in.}. This will

be printed as zero 1f there is no star grain or if tabular
input values are used alone.

P {paTM) The atmospheric pressure at =ltitude (1b/in%)}. This is based
on the assumed trajectory and specification of HB.

, .
Abp+ At A, The totsl burning surface of the propel}ant (in%).

{SUMAR)
Cp (crvac) The vacuum thrust coefficient (1). No adjustments are made
vac in the ecalculations for nozzle divergence, cant, or cother losses.
P (FVAC) The vacuum thrust (1bf). Adjustments are made in FVAC and F
vac . .
for nozzle divergence and cant, and other losses.
F (F) The delivered thrust based on the assumed trajectory (1bf).

Losses are included.,

Weight and related walues

Wpl (wpP1) Propellant weight calculated from mass discharge rates {lbm).

W o {wWp2) Propellant weight calculated from the products of burning surfaces
P and incremental distances burned (1lbm).



ISP (1IsP)

IT (TTOT)

I {18PVAC)
spvac

P ( PMEOP )}
meop

1 (TAuce)
cCc

W, (we)

Wn {WN)

L (WINs)

W, (W)

z,. (ZETAM)

M
IT/WM (RATIO)

]88
Maximum head end chamber pressure_calculatéd by the progrem
(1v/in?).
Arithmetic average of WPl and WP2 (1bm). A check on the
calculation accuracy is provided by comparison of this with

WPl or Wr2.

Average delivered specific impulse (1lbf-sec/lbm}. Losses
are included as for FVAC and F.

Total delivered specific impulse (1bf-sec). Losses are
ineluded.

Average vacuum specific impulse {1bf-sec/lbm). Losses are

. ineluded.

Maximum expected operating pressure (1b/in2). This includes
allowances for statistical variations and initial grain
temperature.

Thickness of the cylindrical section of the case.

Total weight of the empty case (1bm).

Total weight of the nozzle (1bm).

Total weight of the case insulation (1bm).

Total weight of the loaded case including added weight,
WA (1bm). '

Motor mass fraection; i.e., the ratio WP/WM (1).

Total delivered impulse-to-motor weight ratio (1bf-sec/lbm}



III. ANALYSIS

This section of the report presents the mathematical analysis of the SRM
design problem in a step-by-step procedure. The aim is twofold: 1) to
identify the fundamental physical relationships used and 2) to establish the
basic mathematical logic of the computer program.

No attempt has heen made to Justify completely the relationships used.
The theory applied involves, in the main, basic internal ballistics and
trigonometry mspplied in a more or less conventional way. The internal
ballistics analysis follows one~dimensional fricticnless compressible flow
theory with the flow taken as reversible in the nozzle. Eguilibrium pressure
is established by iterstion to find the chamber pressure which balances the
mass flow rate relationship

m, = ﬁG - d(pcvé}/dt

" A number of excellent references are available which explain the fundamentsal
relations in some detail; e.g., Reference 6, Chapters 5 and 6. Although in

the present ahalysis fewer simplifying assumptions are made in the appiication
of the physical principles than in the example and in similar references,

the reader familiar with the basic internsl ballistics of SREMs should have no
difficulty in following the procedure and recognizing generalizaticns of the
elementary approaches. In the development of the weight relationships,
explanation of the assunptions made are given as changes in basic design
criteria, new design approaches, or advances in the state~of-the-art may dictate
changes to the equations used.

Internal Ballistics

At this point it is assumed that the port areas at the head and nozzle ends
and burning surfaces areas are known as functions of the distance burned.
The procedure for calculating these quantities is given later in this section.
The computer program uses & sSubroutine in calculating the areas which is
called as required.

0. Set y =0and t =0
1. Compute A¥ and Mn in turn from:

a. A% = (n/l)(D* + éEnt)z

0

- (e /20v-1)

vhere X = (Abp + Abs}/(Abp + Abs + Abn)

(xax/a 201 + (y-20. 2721/ (v41)

;19_



2.

10,

11.

1z2.

13.

ik,

=20
Compute
w =yem {[2/(e0)) O 0y (yom 2721}

P /P = [1+ (y-i)Mhzla]—Y/(Y—l)

—
1)

Y%{E/(Y"'l)](Y-Fl)/E(Y_l)

ey
i

*
A /Apn
Compute first estimate of Pon’
on

= [E-ﬂ'pc*(A.bp + AbS + A_bn)/A*]ll(l"n)(1+P2J2/2)n/(l—n)

Compute mass flow discharge rate through nozzle

My = A¥ Ponlc*
Pn = (Pn/Pon) Pon
P =

h =Pyt 2mDun/(APh +‘Apn)

Compute head end burning rate

Compute nozzle (aft) end burning rate

= ap P " 0.8/1,0,2 1
r, =aPf " +ag (me/Apn) /L .exp(srnppApn/mDX)

The Robillard-lenoir erosive burning rate rule is used. Reference T
provides support for this selection, but the relationship may be
changed if desired to express r in terms of any of the variables avail-
able at this point. n

Compute the mass flow generation mte

mg = (o /2)[(ry + x )A + & ) + 2080 AT

If 1.001 npy > mG > 0.999 mD, the sclution is complete for y=0C.

' Go to step 16

If not, set ﬁD = ﬁG » and



15.

16.

17.
18.

19»

20.

21.

23.
23.

23.

21

= O% p #
Fon = €% mp/A

Compute the initial length Reynolds number

ReL ) XL/Apnu

Set t = 0,

Solve for Mé in
M, = A%/ag {201 + (y=1)M,2/2]/(ys2)}(YHL)/200-1)
Compute

a. Pe/PO'= {1+ (y-l)Méz/Q]'Y/(Y"l)

b. A =wD 2/h
e e
Compute extimated altitude (Reference 8, pp. T-13)
Z
h = hb(t/tb)a
Compute atmospheric pressure (Reference 8)

P_ = 14.696 exp(-0.43103 x 10™%h)

Campute the thrust coefficients
o Cp =T {ovli-e/p_ )Y D/Vy(p) )%
+ (A /AN (P /e ) - B /P ]

= ®
b. cFvac cF + (Ae/A )(Pa/Pon)

Compute thrust

= *
a. F .CF(cos 6 ) P oA {CF(l + cos o )/2

+ {1-cos o ) (A /A%)[(B /P ) - P /P _1/2}

b. F

= *
vae = Ly (cos 6,)P,, A {CFVaC(l+COS o )/2

+ (1l-cos an)(Ae/A*)(Pe/Pon)/2}

Return to step 8

The above thrust equations have been arranged so that the nozzle divergence
loss factor (1 + cos ay}/2 modifies only the momentum term of the thrust
equation.



2k,
2h,
2k,

24,

2L,

25,
26.

27.

27.

28.

29.

30.

1.
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Compute the instantaneous specific impulses and total delivered inpulses
a. Isp = F/ngo

Ispvac = Fvac/mbgo
c. I =31 F. At

T P Jd J
d. ITvac = § Fvac 3§ AtJ

where the bars indicate here and below the arithmetic average value over
Ay except at y=0 where the initial value is used.

Set y = Ayl and j = 1 Repeat steps 1 through 3 and 5

Compute a first estimate of new mass flow discharge rate using the value
of P,, at the beginning of the previcus increment.

ﬁD =A% P_/C¥ _ Repeat steps 8 through 12

a. Compute an estimate of ch/dy, the rate of change of chamber pressure

0 /by = (P /7 )(sF, /by)

+[Pav/(Abp * Abs * Abn)]A(Abp * Abs * A'bn)/Ay
vwhere the subscript av indicates the arithmetic averages of nozzle and

head end wvalues.

b. Compute the gaseous volume of the case
Vc = vci * g Ayd (Aﬁp * Abs * Abn),j
r
) ] > ] _av — — — - -
tE1.002 my > mg ~gorgwe [V, 4P /oy + PavlBop * Ao + Ayg)1 2 0.998 m,
the solution is complete for y =1L by,

J dJ
Go to step 31

If not, set
» = . _ - 2 *2
my = m, (Vcrav/12r %) APC/Ay, and

Poni = ﬁDc*/A*
J Repeat steps 8 through 12 and then 27 through 28

a. Comrmite the time increment

Atj = 2AyJ/(fh + Fn)



31,

32.

33.
3k,

36.
37.
38.
39.

39.

39.

~23~

b. Compute the time

t = At

z

’y J
Compute the difference between web thicknesses at the head and aft
ends of the controlling grain length exclusive of any length near the

nozzle end having an additional taper for the purpose of controlling

E?;%off characteristics (See discussion of Te® %00 LTa and Xing s Section

Repeat steps 18 through 2hec.

Set j =2

If y > 0.05 L and
y + Ayl < (Tw - [2/2] - xTa)J_l and

|v, T, /T? c*2) AP /8y |y = mp/100,

set ij =10 Ayl

If not, set ij = Ayi-
Not used

=L A
¥ YJ

a. Repeat steps 1 through 3 and then 26 through 33 end 35 through 38

A A¥
using Apn and A¥ in 1

b. Set j = 3,h,... Repeat steps 35 through 39b for each j

witil y > 1 -|z/2]

c. Set z =3z and Ay = Ay, (§ is now w)

w



39.

Lo,
Lo,

Lo,

b1,

b,

k1,

3 P

d. Compute the loss in length of burning propellant T, associated
with additional tailoff controlling taper near the nozzle end of the
grain.
(1) 1Ir Xpg = 0» S€t T, =0
(2) 1r Xpg > O» set
Ty = (v - R _2/2)I'Ta./xTa.
It Tm < 0, set TR =0 |
Ir TL z-LTa’ set T2 = LTa
If 2 < 0 and
W —
a., If lzw| > by, and y <1+ Izw/2[, set
J
+ . = -
A‘bp Abs * A'bn A’bto 1+ jiw ijfzw &ywlzzw]

J
- Abm [J-E-:w ij /zw - ﬂyw/EZw]
b. If |Zw[ S8y, orify > + |zw/2|,set
By gt by = B
If z > 0 and
W

a.
Itz > Ay, end y < T, t zw/E, set

J
Abp * Abs * Abn = Abm (- jiw AyJ/ZW + Ayﬁ/2 Zw]

J
* Ao [ 5§w ij/zw - Ayw/EZW]

b, If = <Ay ory > * zwfe, set

W

Abp * Abs * A'b-n = Abto



L2,

ko,
k3.

43.

h3.
L3,
Lk,

k5.
46.
uT.
uT.

b,
L8,
4B,

9.

k9.

Not

If any of the conditions in step 48b are met, begin "half-second trace.”

8.

b.
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Compute a first estimate of P0 during tailoff

1/(1-n)

= lap, C*ay + A+ Abn)/A*]
Set Ph = P
on

Compute ﬁD = A*Pon/C*

ﬁPc/ﬁy = [Pon/(l-n)(ibp * E’bs * E’bn)] ﬁ(Abp + A’bs. * A-bI'l)/Ay

™ % aPonn

™n =Ty

iG = pp rav (Abp * Abs + Abn)
used

Repeat steps 27b through 29, then 47a, b, and c below as regquired
until 28 is satisfied

P + (APc/Ay)AyJ

on,j = Pon(j—l)

Repeat steps 43b through L6

Repeat steps 31la through 33, 36 and 38

Repeat steps 40O through 4Te for other values of J > w until

Pon < 30 psia, or

IAPc/byl 3_|(AP/Ay)out1, or.
¥ = Xout»

(App * Bpg * Apg) =

or

Set Pht = Ph

Set tt =1
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= ...2*2 -
ko, e, Pn Pht exp[~T20%212(t tt)/vc]

4o, 4. Set P =P
on n
;= ® /0%
49. e. Compute m, Pon A*/C

49. f£. Compute t = I Atj
J

kg, g. Set Atj = 0.5 sec.

49, h, Repeat steps h9c through L49g ten times or until

Ph < 30 psia

50. Not used

ol. a. Calculate weight of propellant burned
Wpl =8, § ij Atd

51. h. Wﬁe = ppgo i (Abp + Abs + Abn)J ij

1. e. W =(w_ +WwW )/2
5 c . ( ol 2

52. &. Compute

I =T /W
spav T/ P

>2. ®b. Ispav vac IT vac/wp

53. Determine the maximum head end pressure P
h max

Inert Weight Calculations

5h. Calculate the maximum expected instantaneous pressure at the upper
limit of initial grain temperature :

Pmeop =P nax [1+ n (cp/P)] exp[(ﬂP)KATi]



55.

56.

57,

59.

60,

61.

27~

Calculate the minimum expected case material yield strength

Syc = Syc nom [ - Ny (GSyc/Syc)}

Compute the nominal thickness of the cylindrical portion of the case

Tee © kl'c Pmeop Dcc/ESyc

Compute the weight of the case material in the cylindrical length
including forvard and aft segment Joints

ch = Tee Dcc 5chc [1+ (nseg - l)(hOch/Lcc)]

Note: A joint is considered 4 nominal case thicknesses thick and
10 nominal case thicknesses long.

Compute the hoop-stress thickness requirement for the head end and aft
end closures,

=y P D /b8

Ted ¢ “meop ~cc ye

Compute the weight of the head end dome

- 2
wch = 2.5 ﬂDcc éc Tcd/2
Note: The 2.5 multiplying factor is an allowance for the igniter boess

and forward thrust skirt attachment joint ("Y" joint). A similar but
larger (4.5) allowance is made in the aft closure weight calculation for
the nozzle and aft thrust skirt sttachment joint. In case only one skirt
is used, the dual allowance should still roughly approximate the net
weight requirement because of the greater load carrying requirement placed
on the single thrust reacting element.

Compute the estimsted weight of the nozzle closure

W =hks5aD h_ 1
n c

. § /2

c cn cd ¢

Compute the total estimated weight of the motor case

¥ =W + W + W
c cc ch ci



62.

63.

6L,

65.

66.

67.

68,

—28-

Compute the nozzle expansion ratio
= *
€ Ae/A
Compute the estimated weight of the nozzle

= *2 ._;é * +
W= K D¥ (K, t, y + (e-e”) Preop D ws/syn]/[l +(sin a )/2]
Compute the estimated weight of the case insulation

nD {K

ins 6ins ¢c 'en [0.80 Dcc/2

+ (s + ns) Tw/E
+0.15 (Lcc =Tt T ns)/¢ins]

+X _0.80h }
en cn

Note: Head and nozzle end domes are assumed exposed for 80 percent of ty.
The cylindrical length, exclusive of the areas exposed by circumferential
slot burning, is assumed exposed for 15 percent of ty with no safety

factor. No allowance ig made for finsl thermsl protection of exposed
areas for which an allowance may be included in Wg.

Compute the estimated weight of the liner
w£ =T GE chc [Dc‘:’,2 * Lcc * hcn]
Compute the estimated total motor weight
W =W +W +W. + W, +W +W
m c n ins L 8 P
Compute the motor mass fraction
Ty = Wﬁ/WM

Compute the total impulse to motor weight ratio IT/WM.
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Burning Surfaces and Port Areas

The geometric relations described below are treated in the computer
program as a major subroutine. It should be noted that end effects are
treated by approximations both in the specification of input variables and
in several instances in the mathematical relationships used.

A0.a. ©GSelect an option for the type of input.
If only tabular input, set Iop =1

2

If only equation input, set Iop
If a gombination input, set Iop = 3
/0.b. BSelect an option for the grain configuration.
If only a circular perforated grain, set GOP =1
If only a star grain, set Gbp =2
If a cogbination grain, set Gop =3
AC.c. G8elect an option‘for the type of star.
If a standard star, set Sop =1
If & truncated star, set SOP =2

A0.4. ©Belect an option for the grain arrangement.

If a star grain is at head end of the chamber and =
circular'perforated grain at nozzle end, set Qop =1

If circular perforasted grains are at both ends of
the chamber, set Qop = 2

If & cireular perforated grain is at the head end of the
chamber and a star grain is at the nozzle end, set Qop = 3

If star grains are at both ends of the chamber, set QOP =4
AQ.e. Gpecify the number (nT) of thrust termination passageways in the
grain, :

A0.f. Specify tebular input values of burning surface areas AhpT’ AbsT’
and AbnT versus y. Bet each equal to zero if Iop = 2,



AD.g.

A2,
A3.a,

A3.Db.

Ak,

Al.a.

Al.b.

Al e,

=30~

It 1 = 1, specify the head end and nozzle end controlling

[
port greas ApnT versus y.

= Iop =1, set Myp= Abpc = Abps

A.bS(: = AbSS = 'A'bnc = A’bns =0

Go to stepn A51

If IOp =2 or 3 . Go to step A3a
If GDP =1or 3 Go to step Al
If G = =0

op =2, set A'bpc = Absc = Abnc

Go to step AT

Compute the burning surface areas. of tubular graln segments:

For slots

= 2_ 2 _
Absc TrS/[Do (Di * ey) ]/h for A'bsc >0
Absc = 0 for Absc =0

For perforations

If 2y + Di > Do’ set Abnc = Abpc =0 . Go to step AS
If not and if 6, < 5° (See Figure II~1) compute
Ge Ge

Abpc =7 (Di + 2y)[LGc - T, - Syl for Abpc >0

Abpc = 0 for Aupc <0, or

If 6, > 5%, compute

L, = - +
Loy = ¥ {cot 8,, * oot ech) and

Aope = w(D, + ay){LGdi ~yecot g, ~T
- [s + tan (8G/2)]y} for Abpc > 0
Abpc'= 0 for Abpc 5_0
For the nozzle end surface

[} -
If 6, < 5°, set A =0



If 8, > 5°, compute

Abﬂz TT[LGni - ¥ cot (SG * ecn)
- ¥y tan (eG/z)][Di + 8D, +y
tmi

+ L. . sin 6G + ¥ cse (eG + ecn) sin ecn] for A, >0

Note: +the above equation represents the entire surface as conical
although a non-conical surface area evolves if g * 0., > n/2.

‘Abnc = 0 for ‘A’bnc io

A5, Compute the controlling port areas
A5 a. If If Qop =1lorh _ Go_to step A5b.
If Qop = 2 or 3, compute
= r 2 2
Ay w[Di + 2 § T Atj] /4 for A < wD_#/k
= 2 2
Aph ﬂDO /4 for Aph > D Jh
A5.b. If Qop =3orkh Go to step A6
if Qop = 1 or 2, compute
= - 2 2
Apn n[Di + AD; + 2 g Ths htJ] /4 for Apn < 7D, n
= 2 2
Apn wDO /4 for Apn > D Jh
A6, If Gop =1, o to step A50
AT.a. IT G _=2o0or 3 and 5 =1 Go to step A20
' op op
AT.b. IfrG =2or 3and 8 =2 Go to step A8
op op
AB. Compute the star point half angle (See Figure II-3)
BS = ﬁ/nP
A9. Compute the approximate length of star sides

ES = Rc - T, - f - Rp
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A10. Compute the angular locetion of the burning slot sides
0 = 8g = arc sin [(£4y)/(R #y)]

All. Compute the perimeter of the grain. (1f 6, < 0, Go to step A22)

1

All s, If y E-Ts’ compute

8q = 2np {(Rp +y) 0., * L, - [(RP + y) cos (Bs - le)

- Rp] + n(r+y) /2} ' .~ Go to step A1l

All.b. If not, compute
= . 2_ 2_ 2
8, = arc sin {[Rc (2 + RP) (£+y)2]/2(ry) (2 ¢ RP)}

aAle., If 6 > 0, compute

4]
8y = 2np{(Rp ty) e+ o - [(RP +y) cos (8, - 0_)

- RP} + (y+£) ec} ' Go to step All
M3.a. If ec < 0 and ¥ < Rc_Rp’ compute

;f
= 2 _ 2772
8g = on, {(Rp+y) 8, + [R2 - (£4y)?]

- [(Rp+x)2 - (f+y)2}%} . Go t5 step All

Al13.b. If 9 <0andy>R-R,setS85,=0
c i G
AR Compute the initial burning area of flat ends of gralm.

= 2_n 2y 2
AGS w(Rc Rp ) nP (n£2/2 + 2£Sf)

Al5. Compute burning slot end surface areas
Apss = Bg [AGs - § EGJ Ean ﬂté]
Sgt Abss =0 if Abss < 0 or SG =0

A6, Compute burning flat nozzle end surface area
A'bns = 0 [AGS - § §GJ ;nj AtJ]

Set =0 if <0orS. =0
Pons Pons G Go to step A3l

£17,18,19 Not used.
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A20. Compute the half angle of the standard star grain (See Fig. II-2).
o, = Tr/np
A21, Compute the radial position of the fillet center
Ef = RC - Tw - f
A2z, Compute the grain perimeter (Equation A22s and A22b are taken from

Reference 6, p. 303)
A22.a. If (y+£)/%, < (sin 8.)/cos (ep/a) and ¥ < T_,

SG = 2np£f {(sinef)/sin (6p/2) + [(y+f)/£f][ﬂ/2 + 8y

- ep/e cot (ep/a)] +o -8 o to step A23

¢l

AP2.b. If (y+f)/£f E_(sinﬂf)/cos(epf2) and y > T,

[R 2-2.2-(y+1)?]

5 = eny {{y+£) arc sini - (o, -0 _/2)}

2Rf(y+f) P
+ (5, sinﬁf)/sin(epf2) - (y+f) cot (ep/z)}
A22.e. If (y+f)/2f > (sinef)/cos (ep/e) and y < T_,

Le
8¢ = 2nP % {[(y+f)/£f][es + arc sin (;;; sin Bf)] + 0 - af}

Go to step A23

.d. + i
A22.4 Ir (y f)/ﬂ.f > (51n9f)/cos (BP/E) and y > T,

A
f s
= + r——
SG 2up (y+1) {ef + arc sin ( S5 sin Bf)
IR 212 - (y+)2]
- &re¢ cos for SG >0
+
28, (y+f)
SG = 0 for SG <0
A23, Compute the initial burning aresas of slots and flat nozzle end.

(1r 6, < 0, Go to step Alk)

= 2 _ | 2 1 - +
Ags = "B - n L, {sin 8, [cos 0. - (sin 6.) cot (6,/2)]

6, - 0.+ (2£/8,) [(sin 6,)/5in (o_/2) e
6, - 6.+ (/22 )(n/2 + o_ - 8,/2 - cot -1

+

+



A2k,

AES-

A26-30

A3l.

A32-35
A36.

A36.4a,

A36.Db.

=34~

Compute the burning slot surfaces

Abss = O [AGs - g SGJ rayj Atj] for Abss
Abss = 0 for Abss =0

Canpute the burning flat nozzle end surfeace
A'bns = oy [AGS - g SGJ rnj I':“t,j] for A'bns g
Abns = 0 for A‘bns <0

Not uéed

Compute the port burning surface areas

Abps = [LGsi - Tz -y (ns+nn)] SG for Abps >

Abps

Not used

0 for Abps <0

>0

0

0

Compute the controlling port areas of the grain segments

Go to step A36Db

Go to step AS0

if Qop =2 por 3
If Qop =1 or L, compute
= 2._ + a r 2
Aph ch AGs 3 SGJ rhj Atj for Aph < ﬂRc
= 2 2
Aph ch for Aph Z_ﬂRc or SG <0
If Qop =1lor 2
If Qop = 3 or 4, compute
= 2_ + g T 2
Apn ch AGs g SGj rnj Atj for Apn < ch

TR 2 for A > TR 2 or 8
e n=""¢

“en P ¢<?°



A3T-kg

A50.a.

AS50.b,

AS1.

AS2.

A52...

A53.

~35-
Not used

If there are no thrust termination passageways in the grain (NT=O)’

Go to step ASL

Ir n, # 0, compute change in A

AAbT = nTn[(DTp + 2y)(ETP-y/51n eTp)

-(p, +2y)2/h + (y+DTP/2)(DTp/2)(l—l/sin )

- )] for y <

Tp TTers

AAbT =0 for y Z-TTeff
Compute special equation surface area inputs Bbp’ Bbs’ and an
Note: +the B's are all set equal to zerc in the present program but
the zeros may be replaced by any functions of y desired simply by

changing three program statements giving the B's

Compute the totsal surface areas

Abp_= Apr + Abpc * A’bps + AA’b’l‘ * Bbp
Abs = AbsT + Absc * Abss + Bbs
Abn - AbnT * Abnc + Abns * an

Note: the present analysis treats App and Apg identically. They
are kept separate, however, to permit possible alternate treatment.

Compute the burning surface areas applicable to taileff surface
area calculations

Itz > 0, set

Aom = (Abp oy t Abn)ly - g ij/2
=y

3=
Abto = (Abp + Abs M Abn)ly + (zw/2) - % ij/E
If z, < 0, set J=v
Abm = (Abp ALt Abn)l y - (zw/2) - % ij/2
o J=w

A'bto = (Abp + Abs + Abn)|y - % ij/E
J=w



IV. THE COMPUTER PROGRAM

This section contains the instructions for preparation and arrangement
of the data cards. Also a complete listing of the program statement is
given followed by flowcharts showing the sequence of computer operations.

Data Card Usage

The data formats have been established to allow the operator to look
at the card and know which variables are represented on it. The format
should be followed to insure correct reading of the inputs. The variocus dats
cards are as follows: (See Table IV-1 for the complete format)

I. Number of configurations
IT. Initial zero values
III. Propellant data
IV a&b. Motor geometry (2 cards)
V akb. Performance data (2 cards)
VI. Input, grain, etc.
VII a&b. Data for tabular input {2 cards)
VIII a&b. Tubular grain input (2 cards)
IX. General star data
X, Truncated star data
XI. GStandard star data
XIT. Termination port data
XIIT a-e. Data for weight caleulations (5 cards)

Cards II-VI nust accompany each and every configuration even if only
one parameter changes. If INPUT = 1 or 3, a number of sets of data cards
VII a&b are used. Consider a test run on three different configurations:

a. A combination grain with only tabular inputs.

b. A combination circular perforated and standard star grain with
only eguation inputs (no termination ports).

¢. A truncated star grain with two termination ports using both
tabular and equation inputs.

~36=
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The correct order for the data cards is:

Configuration a Configuration b Configuration ¢

1. I 12. I 21, IT

2. 11 13. III 22. 11T

3. III 14, IV abb 23, IV a&b

L, 1V a&b 15, V aib 2h.  V akb

5. V a&b 16. VI 25. VI

6. VI 17. VIII agb 26. VII a&b (y=0)
7. VII a&b (y=0) 18, 11X 27. IX

8. VII a&b (y=yp) 19. xI 28. X

9. VII a&b (y=ys) 20. XIII a-e 29. XiT
10. VIT a&b (y=y3) 30. VII a&d (y=y;)
11, XITI a-e 31. VIT a&b (y=yo)

32. VIT a&b (y=y3)
33. XIIT a-e

Note that when tabular inputs are used alone, as in Configuration a., the

sets of cards VII a%b (b sets for Configuration a).giving the tadbular inputs
follow each other sequentially. When combination tabular and equation inputs
are used, as in Configuration c., the sets of cards VII aib for y=0 follows
card VI and the remaining sets of cards VI aib follow card XII or the next
lower applicable number if XII does not apply. Note alsc that if a particulur
data card does not apply, no card is used. For example, X is omitted for
Configuration b. and XI for Configuration c.

Program Listing

A complete program listing is presented in Table Iv-2

Flowcharts

Flowcharts of the computer program are presented in Figures IV-1 through
Iv-3,



TABLE IV-1

DATA CARD FORMATS

ccl ccl0 ce20 ce30 ccl0 ce50 ceb0 ceT0 ccfo
‘ ! ; I
NUMBER OF CONFIGURATIONS TO BE TESTED =w-
1T
0.00.00.00.00.00.00,00.00.00.00.00,00.,00,00.00.00,00.00.00.00.00.0
ITT
RHO=-,~we2ee A==, ———— N=—.———|ALPHA=—~,~ BETA=——=,~ MU=+-,—-~w-E+-— CSTAR=———-.
IVa ‘
L= TAU=—=,-- VCI=4-,-—~--E+-~ VCF=+-,mm—uBteu | DESmmm  mm DI e
IVb :
THETA=-.———— ALFAN=—,--== LTAP=——— .o XI=w—,== Z0=—m,~—
Va
DELTAY==,——= ZOUT=wr———, = DPOUT=—m—— , == | ZFTAF=, ~~~ TB=www,= ! HBZcaceaec, GAM=S—, ——=
|
| b
i RADER= - ! = mmem
VI
INPUP=%- GRATIN=-- STAR=-- NT=——-, ORDER=--

. Vilia '
Y=r——,-—  ABPORT=+~,w--Ft-~  ABSLOT=4=, ———=Ft-= ABNOZ=4=,——=vBE+--

, VIIb
APHEAD=+- , —cmBtem  APNOZ=+— , mmEbmer

-36-
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TABLE IV-1 (Cont'd)

cel ccls cc20 ce30 cohd cc50 ccb0 ccT0 cc80

DO=—wm.mm=  DISwmem.-m=  DELDIS——.-—= §=———. THETAG=~,~——mm

NS=-v=.| LGSISmmmm,—= NP=——=, RC=——=,=== FILLET=—wr, o NN==—-,

o

RP=emm e TAUSS—am , —mm

X1
{ THETAF=-.--——- THETAP= = , =—=== TAUWS F=m e e

XTI
LAP=cr,—n  DIP=—=,—= THEITP=—.——-—  TAUEFF=-~

XI11a
PIPK=,--=- IDIEMP===—,== |!BIGMAP==,—== SIGMAS==,~=n Nl=ww,--

| XIIIb
Np=-m.—=  SYCNOM=——-——-=.—=  DQ0S—wm.—- PSIC=—=.—  DELC=—.---

XIII4
PSTA=ew.—= Kl=—.==== K2=—.-——= PSIINS=-w.-- DELINS=-.-——

: XIIIe
KEH=— , o Ze,——==  DLINERe=,——== TAUL=-,o—we  WASweme— . —

-39-
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TABLE IV-2

ERE ARG AR A RN AR RN BN R AR F IR R AR G RN R RS R R DGO R R NG R AR RN G R F R F %

*
*
%
%
%
*
*
*
¥
L

tEEE RS EEREEE RS EREESESEEE LRSS R 2R R R L Y,

SRM DESIGN ANC PERFCRMANCE ANALYSIS
PREPARETC AT AUBULRN UNIVERSITY
UNCER NFCD. NG.6 TO CCCPERATIVE AGREEMENT WITH
NASA MARSHALL SPACE FLIGHT CENTER

*
&
%
*
%
"ANALYSIS BY R.k. SFCRZINI *
PRUGRAMMING BY J.¥. LYON *
AERQSPACE ENGINEERING DEPARTMENT *
ALGUST 1972 *
]
REAL NGEN,FDIS,PNBZ,NhngRCCK,N,L,FEl'ME'ISP,ITUT,MU,MASS,ISPVAC
REAL N1 gNZ24NSEGyiKLyK2yKEHZKENGNSSLCC,LTAP
REAL MZ2:MCBAR,ISPZ2,1TVAC
COMMCN/CONST1/2ZW s AE AT s THETALALFAN,G
CCMNMON/CONST2/CAPGAN g NESBOTZETAF, TByHB,GAM
CCMMON/CCNST3/5,NS
CCWMON/VARIAL/Y s TyCELY+DELTAT s PCNCZ ;PHEADsRNCZ 4RHEAD,SUNMAE , PHMAX
COMMON/VARTAZ/ABPUORT 4ABSLOT ABNCTZ yAPHEAL JAPNCZ 4CADYABP2,ABNZ,ABS2
CCPVOR/VﬂR[h3/ITCT'ITVAC’JRDCK,1599ISPVAC.NCIS,HNCZ;SG:SUPNT
CONNON/YARIAG/RAT 4 RET ySUM2 4RI 4R2sR3,REAVE sRNAVE RBAR,YBKCUNT,TL
COMNMON/VARIAS/BENATINGABTO, SUMDY
REAC(5,5C0) NRLAS

P R Yy R R e R R R R L s I IS ST I I T

¥

READ IN THE NUMBER CF CCNFIGURATICNS TCL BE TESTEC *

LA AR S R R L R R R R R L e R R s R R R R L
5CC FORNMAT(42X,12)

CC S01 I=1,NRLAS
WRITE(E,602) 1

602 FORMAT(IH1,42X,*"CONFICURATICN NUVMBER %5121}

REAC(5,+459) SUNCYsANSeZWsYsT:DELTAT;RNCZ,RHEAT ,SUMAB, PHMAX,,SUMZ,LIT
1CT4+RHT 9 RNT s R1+RZ24R34RFAVEs RNAVEREAR I TVAC,SLIMT

e AR EEEEREEEEEREEEEEE RS EEEE ISR 2 R RS SRS R R RS ER L

*

*
&

SET INITEAL VALUES CF SELECYEC VARIABLES ECUAL TC ZERC *
¥*4NOTE#*% THESE VALUES MUST BE ZERCEC AY THE BEGINNING CF ¥
EACH CCNFIGLRATICN RUN *

HREABAABAAR S AR A IR SRR AR FR ARG E AL AR F LR RN A AR RN A AR AR A AN SRR H
499 FCRMAT(22F3.1)

REAC(5+501) RFC,AsNALPHA,BETALNL,CSTAR

LEER L ES S SRR RS R R ES SRR S22 R R R E R SRR SRR L R R 2R R R T

3 4 36 3F B 3 I 3

REAC IN EBASIC PRCPELLANT CHARACTERISTICS

RHC IS THE CENSITY OF THE PRCPELLANT IN SLUGS/IN#%3

A IS THE BURNING RATE CCEFFICIENT

N IS THE BLRAING RATE EXPONENT

ALPHA ANC BETA ARE THE CONSTANTS IN THE ERCSIVE BURNING
RELATICN OF RCBILLARD AND LENIOR

MU IS5 THE VISCOSITY CF TrE PRCPELLANT GASES

LK BB S B E

~ -40-
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OO0 00

%

TABLE IV-2 (Conttd)

CSTAR 15 THE CHARACTERISTIC EXHAUST VELCCITY IN FT/SEC *

AR EERRFRB RN AR R ARG IR G AR F TN RN IR A RA AR IR R R A R B A R I ARG DR E AR
501 FORMAT(4X ) FBabr2XyFoetty3XgF5.3 37X Flelyb6XgF54144X,E11.4,7X,F5.0)

WRITE(E,603) REC,A N, ALPHALBETA,NML,CSTAR

603 FCRMAT( //+20X*PROPELLANT CHARACTERISTICS s/ 213X, 'RHC= *,F8.6,7/,1

13X %A= V4F6.49 /313X 'N= 13 F5.3,/, 13X, YALPFAT ,F4.1,/,13X,*BETA=
22F8.1a /2 13X ML= YW 1PELL.4 /313X, 'CSTAR= *,1PFll.4)
READ(S+502) Loy TALSVCI4VCH CESOTIYTHETASALFAN,LTAP,XT,2C

R I R R Y S Y Y L I mmmm

o4k 3 & B H o o N W R H ¥

READ IN 8ASIC MCTCR DIMENSICNS

L IS THE TCTAL LENGYH CF THE GRAIN IN INCHES

TAU IS TrE AVERAGE WEB THICKNESS OF THE CONTROLLING GRAIN
LENGTF IN INCFES

VCI 15 ThE IKITIAL CHAMBER VOLLME IN IAN#®%3

VCF IS THE FINAL CHAMBER VOLUNME IN TIN¥*%3

CE IS THE CIAMETER GF TFE NOZZLE EXIT IN INCHES

DTI IS THE INITIAL DIAMETER COF THE NCZZLE THRCAT IN INCKES

THETA IS THE CANT ANGLE CF THE hUZZLE WITH RESPECT TC THRE
MOTCR AX1S IN RADIANS

ALFAN 15 THE EXIT RALF ANGLE CF THE NOZZLE IN RADIANS

LTAP IS THE LENGTH CF THE GRAIN AT THE NCZZLE END BAVING
ACDITIUNAL TAPER NCT REPRESENTEC BY ZC IN INCHES

XT 1S THE CIFFERENCE IN WEB THICKNESS ASSOCIATED Wit LTAP

Z0 IS THE INITIAL CIFFERENCE BETWEEN WEB THICKNESSES AT THE
HEAL ARC AFT ENCS CF THE CCNTROLLING GRAIN LENGTH ¥

B o4 N N B M oE SR HH R RD NS

R R Y Y Y S L I
502 FCRMAT I Z2X yF5 .0+ CXyF5.235XsE Ll attySXeE1l et odXeFEw 2eDXqFbaZ2es/ g 14X, FO.

LAy TXsFbady TXsFE245XK4F5.295%X,F5.2)
WRITE(E+€604) LoTAU,vCI,VCF,CE,DTI, THETA,ALFAN,L{AP,XT;ZC

604 FORMAT(//42CX,"BASIC NMCTOR DYHENSICNS',I,IBX;'L= YeFS5.Ca /s 13X TAL

L= ' F5.24/513Xe?VCI= "L IPELL.4G:/513Xs"W(F= YelPELL.4,/413X,'0E= v,
C1PELL .4/ 313X 'CTI=%, 1PE1Y b,/ 31324 THETA= s IPELL.4y /213X YALFAKN=
3 VelPELL 4y /312X, LTAP= ¢, 1PE1Ll.4,/,13%,'X7= Yo1PELLluGe/213%,Y16=
49, 1PELLl.4)

READ(5+503) DELTAY XOUT,0PCUT+2ETAF,TB,.HB,GAM4RACER

TR E L i e T mmMmm I ™

o R ¥ # R H ¥ H R

READ IN BASIC PERFCRMANCE CONSTANTS

CELTAY IS THt DESIRED BURN INCRENMENT DURING TAILOFF IN INCHES

XOUT IS THE CISTANCE BURNED IN INCHES AT WHICH THE PROPELLANT
BREAKS LP

CPCUT IS THE DEPRESSURIZATION RATE IN LB/IN®%*3 AT WHICk THE
PRCPELLANT IS EXTINGUISHEC

ZETAF IS THE THRUST LOSS COEFFICIENY

TB IS THE ESTIMATELC BURN TIME IN SECCNLCS

HB IS THE ESTIMATEC BURNCUT ALTITUDE IN FEET

GAV IS TrE RATIC CF SPECIFIC HEATS FCR THE PRCPELLANT GASES

a % M o4 B M P

o #

~b1-

p



AGE 3

TABLE IV-2 {Cont'd)

C * RADER IS THE RACIAL ERCSION RATE OF THE NCZZLE THROAT IN *
C * INCFES/SEC *
C LA E R R ES AR EER R R ER R E R R R R EE RS E R 2R R RS RN Y T R L Y S Y L L L,
503 FORNATITX g F 5B g Xy FTa2 e ThaF a2y ThoFaad X gFS5u] 34X F7eCe5XeF5.34/,8
1XsFbok) ,
WRITE(E,606) CELTAY,XCLT,DPCUT2ETAF,TB,HB,GAVM,RACER
606 FCRMAY(//,15X,"BASIC PERFORNANCE CCNSTANTS'y/,13X,'0ELTAY= ',Ff5.3,
1/,13X,'XCLT= "FT.Z,I.IE\X.'CPOUT‘: '1F7-21/.13X,'ZETAF= .'F5‘31,!13
2X,'TB= ',F5.1,!,13X,'EB= ',F7.0,1'13X,'GAM= "FS.B!/,lBX,'RADERz i
3:F6.4) : .
Mh1=.85
FEL=T7.0
G=32.2
=10
5=0.0
N§=0.0
KCOUNT=Q
ABMAIN=G.0
ARBTC=C.0
CELY=CELTAY
TCP=GAM+1.
BOT=GAM-1.
VC=V(CI
ZAP=TCP/(2.%BCY)
CAPGANM=SCRT(GAN)*{2,/TCPI**ZAP
AE=3.14159%CEx*2/4%.,
P IF(XT.LELC.O) TL=0.0
IF(XT.LELC.Q) GC TC 4(C
TL=(Y~TAU+XT+Z/2 V%L TARP/XT
IF(TL.LE.C.QO) TL=0.0
IF(TLLGE,LTAP} TL=LTAP
4C DT=DTI+2.%{RACER%*T)
AT=3,14159%CT**2/4.
CALL AREAS
IF(ABS(ZIW).0T.C.0) GO TC 2C
IF(SUMAB.LELO.C) GO TC 21
X={ABPCRT+ABSLCT)/SUMAR
90 MNCZ=ATHX/APNCZ*(2.%(1.+B0T/2 . %FNIXMNL)/TCP)*%ZAP
IF{ABS{MNQZI-MN1).LELD0.002) GO TO 2
MN1=MNCZ ‘
GC TO 90
2 VNCZ=GAM*CSTAR*MNCZ#SCRTI{{(2./TCP)*%(TOP/BCT) I/ (1. +BOT/2.%MNC2Z%*MNC
12}))
PRAT={1.+B0T/2.*FNOZ%NMNCZ)}#%{~GAV/BGCT)
JRCCK=AT/APNLI
SUMYA=CELY*{AEFZ+ABNZ+ARBS2)
VC=VC+SUNMYA

42

v
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TABLE IV-2 (Cont'd)

IF(Y.GT,C.0) GC TO 11
PCNCZ=(A*RHC*CSTAR*SUNMAB/AT ) *2{ 1./ (1N} ) * (L. +(CAPGAM*JROCK}*%2/2.
LY*x(N/(l.—=N)}
PCN=PCNOZ
MCIS=AT#*PONCZ/CSTAR
P2=PCNCI
PCNCZ2=PCNUZ
PNCZ=PRAT*PCNRCZ
PA=2 %MD ISEVNC2/ (APHEAC+APNOZ ) +PNC2Z
5 PANCZI=PRAT*PCNCZ
PHEAD=2. %MD IS*WNCLZ/ (APFEAD+APNOZ I +PNOZ
RHEAD=A+PHEAD#*N
ZIT=MCIS*X/APNCZ
RN 1=RHEAL
PHEADZ2=PEEAL
3 RNOZ=RNI-({RNL1-A%PNCZ*#N-ALPHAXZIT** . B/ {L¥* 2%EXP(BETA*RNLI*RFO/ZIT
P13/ (L e+ ALPRAXZIT*%  B*BETA¥RHC/ZIT/(L3% 2% EXP{BETA*RNLI*RHO/Z1IT)I)))
TF{ABS{RNL-RNCZ).LE.0.CC2) GG TG 4
RN1=RNCLZ
GL 10 3
4 AVEL=(RHEAD+RNCZ)/2.
IFIY.67.0.0) 6C T0O 7
RN2=RNCZ
RHZ=RHEAD
PCRJI=PCNCZ
CPCLY=Ca0
AVEZ=AVEL
7 RNAVE={RNOZ+RNZ2} /2.
RHAVE={RHEAC+RF21}1/2.
FGEN=RHO/2.2{ (RNOZ+RHEACI* (ABPORTH+ABSLOT }+2,. % AXPCNOZ**N*ABNC L)
CREY=(AVEL-AVEZ) /DELY
RBAR=(AVEL+AVEZ)} /2.
GPAX=]1.002%M0IS
GMIN=0.998%MDIS
IF{(Y.GT.C.0) GC TO L2
GFMAX=1.001%ME]S
GMIN=0.9G9%MDIS
IF(MGEN.GE.GMNINJANCJMGEN.LE.GMAX) GC TO 6
MEIS=VMGEN
PCNCZ=MDEIS*CSTAR/AT
Gt 10 5.
6 RE=2.#MDISEX*L/ ((APNCZ+APHEAD)Y*MU)
IF(Y.LE.C.O) WRITE(E,101) RE

101 FCRMAT(13X,*INITIAL REYNOLCS NUMBER= ', iPEil.4)

PChJ=PCNCZ

17 ME=SQRT(2./BCT#{TOP/2. 2 (AE#MEL/ATI®%{1./2AP)-14))
IF(ABS(ME-FEL)LELQLCC2) GC TO S
VELl=ME

=43~
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TABLE IV-2 (Cont'd)

GC 7O 17

CALL CuTPuT

IF(Y.LE..054TAL) GC TC 16
SINKL=VC/(CAPGAMECSTAR) %% 2#RBARYDPCOY/12.
MASS=,01*MDIS

ANS4=Y+10.0%DELTAY

IF{KOQUNT.GT.0) CGC TC 16 '
IF(ABS{SINKL)LE.MASS.ANDLANS4.LE.ANS-XT) GC YO 18
GG 10 16 :
CELY=10.*CELTAY

GC 10 55

CELY=CELTAY

CELTAT=2.%DELY/ (RHAVE+RNAVE)
Z=Z+DELTAT*{RNAVE-RHAVE)

Y=Y+DELY

T=T+DELTAT

SUM2=SUMAR

RN2=RNCZ

RHZ2=RHEAC

AVE2=AVE1

GC TO 1

MOIS=AT*PCNCZ/CSTAR

GC TC 5

12 DPCDY= (PHEADZ+PCNOZZ)I{RNAVE+RHAVEl#DRDY+IPHEADZ+PCNOZZ}/((ABP2+AE

14

18

IN2+ABS2) %2, )%DACY
IF(ABS(CPCDY).CE.DPOUT.CR.Y.GELXCUT) GO TC 25 ,
SINKL=VC/(CAPGAM¥CSTAR)#%24%RBARYCPCDY/12.+ (PHEAD 24 PCNCZ2) /2« #{RNAY

LE+RHAVE) /2. #[AEPZ+AEN2+ABS2)!(12 *(CSTARXCAPGAM)#%2)
STUFF=FGEN-SINK]

IFUSTUFF . GE.GY INANT.STUEF.LE.GMAX) GC TO 14

MCIS=STUFF
PCNOZ=MCIS®CSTAR/AT
GC 70 5
P1=PCNCZ
PCNJ=PCNOZ
PCNCZ2=(PL+P2)/2.

P2=PCACZ
P3=PHEAD
PHEAD2=(P3+P4) /2.
P4=PHEAD

ANS=TAU-ABS(2/2.)
IF(Y.LT.ANS) CALL CUTPUT
IF(Y.LT.ANS) GC TO 10
In=1
Yh=Y
SUMBA=SUMAB
PL1=PCNCZ
RE2=RHEAD

bl
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TABLE IV-2 (Cont'd)

RNZ2=RNC2Z
RAVE=AVE]
ABMAIN=SUMAR
ABTC=C.0
WRITE(&,:51)
51 FCRFAT(QBX,'*#1#*#*#****#*ﬁ#*#*#***‘,i,ﬁex,'****‘h[t_ OFF BEGINS®%x%
1*"/,48X|'*4******‘**‘*‘#*****##*',//}
20 ANS2=TAU+ABS(ZIn/2.)
KCUNT=KOUNT+1
CELYW=CELTAY
CYZ=DELYM
IF{(ZW) 324,432,332
32 IF(YelLToeANSZ.ARCLABS{ZIW)GT.OY2} GG TC 211
SUMAB=ABMAILIN
GC TO 31
211 SUMDY=SUMDY<+CELYW
SLUMAB= ({1 o+ SUNCY/ZW-CELYW/{2.%ZK) ) #ABTCU-(SUNMDY/ZW~DELYW/{2.%ZW} ) *AR
IMAITN
GC 10 31
33 IF(Y.LTLANSZ.ANCZW.GT.0CY2) GC TC 2i
SUMAB=4ABTC
G6C TC 31
21 SUNCY=SUMCY+DELYW
SUMABR={1 o ~SUMCY/IWHDELYW/ 1 2% W) ) *ABMAIN+{SUNMCY/ZW~DELYW/ [2.%Z W)} ) *
1ABTC
31 IF{SUFAB.LE.Q.C)} PEONCZ=PONCZ/Z.
IF{SuMAB.LE.O.C) GC TC 25
PONCZ=(A%RHC*CSTARXSUNMABZATI*%{ 1. /{1.=N))
MCIS=AT*PCANCZ/CSTAR
APAVE={SUMAEB+SLINMEA)/ 2.
SUMYA=DELY*ABAVE
VC=VL+SUMYA
DACY=(SUMAB-SLPFEBAY/LELY
PEBAR=({P1+PLNCZ /2.
SUMBA=SUMARB
22 CPCOY=PBAR/{la=-N)1%1./ABAVEXDALCY
IF{PONOZ -Lic3C.C} GC TC 25
RNCZ=A%pONGZAEN
RHEAD=RNC2
HEBAR=(RHEAL+RAVE}/ 2.
MCEN=RHO*{RNOZ+RHEAC}/2.%S5LNMAB
GFMAX=1.002%NMCIS
GMIN=0.998%FDIS
SINKL=VC/{CAPGAMECSTAR )} #%2%xRBAR*DPCLY/12.
STUFF=VGEN-SINEK]
IF{STUFF.GE .GMINJANC.STUFF.LE.GVMAX} GC TQ 23
MCIS=STUFF
PONCZ=PONJ+CPCLY2DELY

~45-
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TABLE IV~2 {Cont'd)

IF{PONCZ.LE.Q.C) PCNOZ=0.0
PBAR=(PL+PCNCZ)/2.
GC 10 22
23 RFAVE=(RHZ2+RHEALC)/2.
RNAVE={RNZ+RNCZY /2.
REZ2=RHEAD
RNZ=RNCZ
PHEAD=PONCZ
RAVE=RHEAD
Pl=PONC2
PCNJ=PCNCZ
IF(ABSI(CPCDY).CE.DPCLT) GO TO 25
IF{Y.GE.XCUT) €C TC 25
CALL CUTPLT
GC 10 10
25 SuMAB=0.0
REEAD=C. O
RACZ=RHEAD
PHEAD=PONCZ
WRITE(6,318)
318 FORMAT{44X "2 *%%BEGIN HALF SECCNLC TRACE**%%v,//)
CALL CUTPUT
TIME=T
LELTAT=.5
TINM=TIME+S,
PHT=PHEAL
PONT=PCNLZ
SGZOQO
29 T=T+DELTAT
PHEAD=PHT/EXP(CAPGAM#»2XATACSTAR/VEFX(T-TIME)®]12.)
PCNCZ=PHEAD
MOIS=PCNCZ*AT/CSTAR
Y=¥+.5%RHEAC
CALL CULTPUT
28 IF{T.LT.TIMJANC.PHEADLGE,3CL0Q) GC TC 29
10C WP1=G*S5UMMT
WP2=RHG* (VC-VC1I}*G
WP={WP1+WP2)/2,
[SP=ITCT/ WP
ISPVAC=ITVAC/WP '
WRITE(E,102) WP WP2, WP ¢ PHNMAX ISP, ISPVAC,ITOT,ITVAC
102 FCRMAT(1I3X " WP1l= *H1lPELL.4e/ 13Xy WP2= Y, 1PELlLle& o/ 313X s'WP= ',1PEL
Platey /913X 'PHPAX= %, 1PELL 43/ 913X ISP= ", 1PELLab, /913X ISPVAC= ¢
29 lPELL.4 e/ 13X ITET= "5 1PELLade /s 13XV ITVAC= '4+1PELLl.4)
READ(5,60C) PIFKsDTENP,SIGFAP,SIGNAS N1 4N2:SYCNONMLOCCoPSIC,DELC,LLC
IC NSEG HCN SYNNCMePSTISyPSIAK1 ¢ K2yPSIINSyCELINSKEH KENSDLINER, TAL
2L o WA .
C R XA 2SR R RS R R R R R 2 R L2222 R R R R R L SR

T

4
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TABLE IV-2 (Cont'd}

READ IN BASIC PRCPERTIES REQUIREL FGR WEIGHT CALCULATICNS

PIPK IS THE TEMPERATLRE SENSITIVITY COEFFICIENT OF PRESSURE
AT COMSTANT K
CYEMP IS THE MAX EXPECTECD INCREASE IN TEMPERATURE ABRCVE
COCNCITICAS UNCER WFICE PAIN TRACE WAS CALCULATEL IN
CEGREES FAHREMHEILT
SECGMAP [S THFE VARIATIGON IN PHMAX
SIGMAS IS TrE VARIATION IN CASE MATERIAL YIELD STRENGTH
N1 1S THE BUMBER OF STANCARD CEVIATIONS TN PHMAX TC BE USED
AS A BASIS FLCR LCESIGN
N2 IS THE NUMBER OF STANCARC CEVIATICNS (N SY TO BE USEC AS
A BASIS FOR DESIGN
SYCNOM IS THE NOMENAL YIELD STHtNGTH OF THE CASE MATERIAL
IN L85/ INCH
DCC IS THE ESTIMATEC MEAN CIAMETER OR THE CASE IN INCHES
PSIC 1S THE SAFETY FACTCR CN THE CASE TRICKNESS
C FORMAT (T X 1F a4 sSXsF6023 10K eFS5 .33 10X3F5.3:6X3F5.29/7¢5XsFEL231C0X5F 10
1o g TR PO 248X 0 F0, 2, BX o F8.3,/ 96X 3FTa238XsF3.0,TXyFa.b,10X,FL10.2,8X,
ZES a2 ¢ T F bR e ThatiybXeFO by 10X eF5.231C0KyF o/ sb6XsFE€a,4TXFG4
A lO0XsFbab48R3FL436XF 7421} _
* DELC 1S THE SPECIFIC WEIGHT CF THE CASET MATERIAL IN LBS/IN%%3 *
* LCC IS THE LENGTH CF THE CYLINDRICAL PORTICN OF THE CASE
% INCLUGING FCRWARD AND AFT S£CGMcNTS IN INCHES
* NSEG 15 THE NUMBER OF CASE SEGMENTS
* HOCN IS5 THE AXTAL LENGTH CF THE NCZZLE CLOSURE IN INCHES
¥ SYNNOM IS THE NUMINAL YIELD STRENGTH OF THE NUTZZLE MATERI AL
* IN LBS/INCHE _
# PSIS IS THE SAFETY FACTER ON THE NCZZILE STRUCTURAL MATERIAL
= PSIA IS THE SAFETY FACTCR CN THE NCZZLE ABLAVIVE MATERIAL
% K1 AND K2 ARE EMPIRICAL CONSTANTS IN THE NCZZLE WT. EQUATION
* PSIINS IS ThRE SAFETY FACTOR ON NUZZILE INSLLATICN
¥
%
*
%
*®
&
*
L
*

IsfeiskaieiaknRsisRulnEsialalaRaRe
S o B W B N BB R R R
PRI AR N R B BE BRSO NEC R

&

"M

CELINS IS Teg SPECIFIC WEIGHT CF THE INSULATEICN IN £BS/IN%X3
KER IS THE ERCSICN RATE OF INSULATICN TAKEN CONSTANT
EVERYWHFERE EXCEPT AT THE NOZZLE CLCSURE IN IN/SEC
KEN IS THE ERCSICN RATE CF INSULATION AT THE KRCZZILE CLOSURE
IN IN/SEC
CLINER IS TFE SPECIFIC WEEIGHT Cr THE LINER IN LBS/IN#*%3
TAUL IS THE THICKNESS OF THE LINER IN INCHES
WA IS ANY ALCITICONAL WEIGHT NCT CONSICERED ELSEWHERE IN LBS
REN AR LA AR TR AR AR AT N AR R R R TSI RN FF IR e R I IR R F N SR Ik TS %
WRITE(E64610)] PIPKGDTEMPSIGHMAP+SIGHAS NL, N2, SYCNCN,CCC4PSIC,CELC,L
1CC ¢ NSEGyHUNySYNNCM G PSISsPSTALKL1K2,PSTINS,DELINS ;KEH,KEN,DLINER,TA
2UL s WA
GIC FCRMATH(/ /420X VINERT WEIGHT INPUTSY /413X 'PIPK= Y4 1PELll.as/y13%,"
ICTEMP= * ,1PEY]1 .44/ 313Xy "SIGMAP= V", 1PEL1l.4,/4y13X.s"SIGMAS= ",1PELL.4
23/ 913Xy 'Nl= "G 1PELLa4y/ 13Xy "N2= P IPELLL4+/ 913X, *SYCNCHM= ¢, ]1PLLL.
B34, /91 34, '0CC= YW 1PELL .47+ 13X, 'PSIC= ,1PELL.4:/ 13X, '0ELC= '3 1PEL

AEuleEkskesEeEnsEslaNaRa el el et T e i
RO BE P SR N R R R

-



IGE 9

605

601

901

TABLE IV-2 (Cont'd)

41a6e/ 913X, %LCC= "y IPELLaty /s 13Xy 'NSEG= 4 LPELLo4,/ 413X, "HCN= ,1PE
S11.457413X, *SYNNCM= ', 1PELLe4,/ 413X, 'PSIS= "4 1PEL1Llu4,/ 13X, 'PSIA=
6'y1PELLo4s/ 413Xy K12 V4 1PELLa4 s/ 413Xy 'K2= "4 1PELL.4+/ 413X, "PSIINS=
7 *31PELLla4y/s12X s 'CELINS= "4 1PEL1a4s/ 413Xy "KEF= ¢, 1PELL.4, /413X, 'K
BEN= *31PE1LaGs/ 213X, 'CLINER= *41PELLady /913X, TAUL= ", 1PELL.4,/,13
GXy WA= ', 1PELL.4)

PMECP=PHMAX® (1. 4N1#SIGMAP)¥EXP(PIPK*DTEMP)

SYC=SYCNONM%(1.-N2%SIGMAS)

TAUCC=PSICHPMECPADCC/(2.%SYC)
WCC=3.141593TALCCHOCCALELCHLCCH (1o + (NSEG=1.)%(40.%TAUCC/LLCC) )

TAUCD=TAUCC/2. '

WCH=2.5%3,14156/2.*CCC*%2%TAUCC*CELC
WCN=4,5%3,14155/2.%CCC*HCN*TAUCC*CELC

KC=WCC+WCF+WCN

EPSIL=AE/AT

CT=2.%SQRT(AT/3.14159)

WN=K1%DT#%2/{1.4.5%SIN{ALFAN} )% ({EPSIL-SQRT(EPSIL) )#PMECP*DT*PSIS/
1SYNNOV4K2%#T#PSIA)

WINS=T#PSIINS*CELINS*CCC*3,14159% (KEH* (DCC*.40+{S+NS)*TAU/2.+0.15/
IPSTINS*(LCC-TAL¥{S+NS)) ) +KEN*® BOFHCN)
WL=TAUL*CLINER$3.141564DCC*(DCC/2.+LCCHHON)

WV=WC+WN+WINS+RL+WA+WP

ZETAM=hP /WM

RATIO=ITCT/KM

WRITE(&,605)

FORMAT(///,42X ¢ *MOTCR WEIGHT CALCULATIONS®)

WRITE(6,601) PMEOP, TAUCC,WC o WNoWINS WL WMy ZETAM,RATIC

FCRMAT (13X, 'MAX EXPECTEDC PRESSURE= *,1PE11.4,/,13X, CYLINCRICAL CA
1SE THICKNESS= ¢,1PELll.4,/y 13X, 'CASE WT= *,1PE11l.45/4y13X,'NCZZLE WT
2= ', 1PE11.4,/,13X, *INSULATICN WT= *,1PEL1l.4,/313X, 'LINER WT= ', 1PE
311.44/913X, ' TCTAL MOTCR WT= *31PELLle4 s/ 413X, ZETAM= *,1PELLo4q/,13
4X,'RATIC CF ITCT TC Wk= *,1PE1l.4)

CONTINUE :

STCP

END

~L8.
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TABLE IV-2 (Cont'd)

SUBROLTINE AREAS
EFBERABR LS AL AR RS R A G R AR TR RN D E R LR AR R IR A R AR ER SR AR R AT A AT AR E A

* SUBROUTINE AREAS CALCULATES BURNING AREAS AND PORT AREAS FOR #
* CIRCULAR PERFUGRATEL (C.P.) GRAINS AND STAR GRAINS OR FOR A ¥
* COMBINATICN CF C.P. AND STAR GRAINS *

LIRSS SRR ERREAEREREEEEER R RS RER R RS SRR RRREER SRR SRR LR TR

INTEGER STAR,GRAIN,CRCER

REAL MGENMLIS oMNOZMNLyJRCCK oNobL ¢y MEL ¢sMEZISP,ITOT MU MASS,ISPVAC

REAL LGCTsLGNY sNSsANsNP LGST NTyLTP L GCsLS,LF

REAL M2,NMDBAR,ISP2,ITVALC

COMMON/CCNSTL/ZWAELAT o THETALALFANLG

COMMCAN/CCNSTA/S NS

COMMON/VARIAL/YsT4CELY,CELTATPCNCZ,PHEADyRNCZ ,RHEAD, SLMAB,,FPHMAX

COMMON/VARIA2/ABPORY  ABSLOT4ABNCZ y APHEAC,APNCZ,0ADYABP2,ABNZ,ABS2

COMMON/VARIAZ/ZITOT ITVACJRCCK s ISPy ISPVAC s MDI S MNCZ 4 5G SUMMT

COMMON/VARTAQ/RNT R RET 3SUMZ yR13R2 4RI RHAVE ;RNAVERBAR,YE sKOUNT , TL

COMMON/VARIAS/AEBMAIN,ABTO,SUMEY

ABPC=0.0

ABNC=0.0

A4ESC=C.0

ABPS=C.0

ABNS=0.0

ABSS=0.0

caerT=0,.0

PEP=0.0

PEBEN=0.0

BBS=0Q.0

5G=0.0

ANUM=3,1415G/4%.

RNT=RNT+RNOZ*DELTAT

RET=RbT+RHEAC®CELTAT

1 IF(ABSUIWY.LELC.C) K=C

IFIABSIZW).GT . C.0) K=1

YB=Y

IF(K+ECs 1) Y=YBE-SUMCY/2.

2 IF{K.EC.2) Y=YB+ABS{ZW])/2.-SUMDY/2.

TF{Y.LE.C.0) REAC(5,5C0} INPUT,GRAIN,STAR,NT,CRDER
R o G RGP
READ THE TYFE OF INKPUT FCR THE PRGGRAM AND THE BASIC GRAIN *

CCNFIGLRATICN AND ARRANGEMENT %
VALUES FCR INPUT ARE %
1 FOR CALY TABULAR INPUT %

2 FCR CNLY EQULATION INPUTS (EQUATIONS ARE BUILT ¥

INTO THE SUBROUTINE]D *

3 FCR A COMBINATICN CF ) ANC 2 *

VALULES FCR GRAIN ARE %
1 FCR STRAIGHT C.P. GRAIN *

2 FCR STRAIGHT STAR GRAIN %

4 % 95 4 B ¥ ® # ¥ #

/J@_
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TABLE IV-2 {Cont'

3 FOR COMBINATION CF C.P. ANC STAR GRAINS

VALUES FCR STAR ARE

a)

C FCR STRAIGHT C.P. GRAIN

1 FOR STANCARC STAR
2 FOR TRUNCATEC STAR
VALUES FCR N1 ARE

C IF THERE ARE NC TERMINATICKN PORTS

X WHERE X IS THE NUMBER CF TERMINATICN PORTS

GRAIN IS ARRANGEL

1 IF CESIGN IS STAR AT HEAL END AND C.P.
2 IF DESIGN IS C.P. AT HEAC END AND C.P.
3 IF CESIGN IS C.P. AY HEAD ENC AND STAR
4 IF DESIGN IS STAR AT HEAD END AND STAR
*%#NCTE**> 1F GRAIN=1, VALUE GF CRCER MUST
*#%NCTE#%% IF GRAIN=2, VALUE GF CRCER MUST
tERE S ARES LR SR SRR RS S NSRS RS RR RS SRR R R RRRR R R R ST
O FCRMATIOX,12,9X,T1208Xe1296X9F4.0,9%X,12)

IF(Y.LE.C.C) WRITE(E4607)
7 FCRMAT(//4+420X,*GRAIN CCNFIGURATYICKN?)
IF{Y.LE.D.O) WRITE(E4€C0) INPUTLGRAIN

1"N1= ',Fk.C./'13X.'ORCER= '|12!!,,
IF(INPLUT.EQ.2) CC TC 12
IF(Yy.LE.Q.0} GC Y0 &
IF{YT.LE.Y.ANC.K.LT.2) GO TG 8
9 CENCM=YT~YT2 ‘
SLCPEL1=[ABPK-ABFK2)/DENDOM
SLCPEZ={ ABSK—-AESKZ2)/CENCM
SLOPEA={ABNK—-ABNK2)/DENCM
SLCPE4=(APHK—-AFFKZ2)/DENCHM
SLOPLS=(APNK~AFNK2)}/DENCHM
Bl=ABPK~-SLUPEL*YT
B2=ABSK-SLOPE2*YT
B3=ARNK-SLCPE3#®YT
B4=APHK-SLOPE4*YT
BS=APNK=SLOPES*YT
ABPT=SLOPEL*Y+E1l
ABST=SLOPEZ2*Y+E2
ABNT=SLOPE3#Y+E3
APHT=SLOPE4*Y+E4
APNT=SLOPES*Y+ES
IF{INPLT . EQ.3) GC TG 3
GC TO %2

ySTAR,NT,CROER

6 REAC(5,507} YT, ABPK,ABSK,ABNK,APHK,)APNK
AARFEPHRBRBGREFRE DR ABRI DS DA R IR R SR X FF AR R R TS F R RN R A Xk kA

(NCT REQUIRED IF INPLT=2} *

READ IN TABLLAR VALLES FCR Y=0.0

- —50-

AT
AT
AT
AT
BE
BE

*
o

*

*

%

]

*

*

VALUES CF CREER ESTABLISH HOW A COMBINATIOMN C.P. ANC STAR *
: %

*

¥

&

%

*

*

%

NCZZLE
NGOZZLE
NCZZLE
NOZZLE
2
4

FCRMAT(L3Xy *INPLT= *3124/913X,"GRAIN= ',124/413X,*STAR= %,12,/,13X

*
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™

SOT FCRMAT(O6XsFEa2 10X yELL oGy lCXeELL o4 BXeEL1Llab9/422X,E11.4,9X4E11.4)

&£10

%*

ABPK
ABSK
ABNK
APHK
APNE

1S THE
IS THE
IS THE
IS THE
IS THE

WRITE{€4610) :
FORMAT(/ +13%X, *TABULAR VALUES FOR YT EQUAL ZERC READ IN')
ABPT=ABPK
ABST=ABSK
ABRT=ABNK
APHT=APHK
APNT=APNK

Y12=Y1

IFCINPLT
GC T4 52
Y12=v1

ABpK2=AB
ABAKZ=AB
ABSKZ2=48

JEG.3)

PK
NK
SK

APHKZ=APEK
APNKZ=APNK
READ{S+505) YT ,ABPK,ARSK ADNK s APHK  APNK
RRE A AR AR R AR R AN RIS R R RN AR T B AR TR Ik R kR SRS R DR RGN A B Ay F A

REAC IN TABULLAR VALUES FCR Y=Y

TABLE

BURNING AREA
BEURNEING AREA
EURNING AREA
FCRT ARtA AT
FOGRT AREA AT

GC 7C 3

IV-2 (Cont'd)

IN THE PORT IN IN#*%2

IN THE SLCTS IN Th#x%2

IN THE NCOZZLE ENC IN TIN%%2
THE HEACD END IN [N%x2

THE MNCZZILE ENC IN IN#%2
R R R R R e T e R R R I IR AR RIS

{NCT REQUIRED FOR INPULT=2)

#* # ¥ o4 *

&

R RS R ESE IS RS EEEEER AL IR REE SRS R S R EER SRS R R ER R R

505 FORMATIEXsFE 29 10X9EL1LleaslCXgE Ll ed3BXsElleto/ ¢22X9EL112429X4EL1.4)
611 ¥

611

12

WRITE(E,

FCRMAT( /13X, YTABULAR VALUES FOR YT= Y,F7,3,% READ INY)

GC 10 ¢
ABPT=C.0
ABNT=C.0
ABST=0.0

IF(GRAINLNE.2) GO TO 4

ABPL=C.0
ABNC=0.0
ABSC=0.,0
GO 1a 7

4 1F(Y,LE.Q.O0) READ(S,:5C1Ll} CC4O1+CELDI Sy THETAG+LGCIJLGNI,THETCN, THE

1TCH

AR R RS SRR R SRS AR AR R R 222 22 AR SRR R IR R R LR

#* % & o» ¥ H

READ IN EBASIC GECMETRY FCR C.P.

STRAIGHT STAR GRAIM)
00 IS THE AVERAGE CUTSICE INITIAL GRAIN DIAMETER IN INCHES
CI IS THE AVERAGE INITIAL INTERNAL GRAIN CTAMETER IN INCHES
CELCT IS THe DIFFERENCE BETWEEN THE INITIAL INTERNAL GRAIN
OIAMETER AT THE NCZZLE ENC ANC CI IN INCEES

_51_
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TABLE IV-2 (Cont'd)

S IS THE NUNEER CF FLAT BURNING SLOT SIDES (NCY INCLULDING
THE NCZZILE ENC)
THETAG IS THE ANGLE THE NOZZLE END OF THE GRAIN MAKES WITH
THE MCTCR AXTS IN RADIANS
LGCI IS5 THE INITIAL FOTAL LENGTH OF THE CIRCULAR PERFORATICN
IN INCFES
LGNI IS THE EINITIAL SLANT LENGTH OF THE BURNING CONICAL
GRAIN AT THE NCZIZLE END IN INCHES
THETCN IS THE CCNTRACTICN ANGLE CF THE BCNLED GRAIN IN RAC.
THETCH IS THFE CCNTRACTICMN ANGLE AT THE HEAC ENC IN RADIANS
LA R R R AR L R R R R R R R TR T T R R TR R R T T R 2
501 FORMAT(SXsFTe3 9€XoFTa39y9XeFTa3 95X aFtuCySXyFTab9/9TXeFTe 2!7X F&e2eS
1X9aF7a543X4F7.5)
IF(Y.LE.G.0) WRITE(6,601) CCyCICELCY S THETAGSLGCI LGNNIy THETCN, Th
LETCHE
601 FORMAT{20X,'C.F. GRATIN GEONMETRY '3/ 413X,'0C= *4F7.3,7/,13X,'Cl= ' ,F7
1-31/;13X,'CELCI= ‘,f-?.3,/,13!.‘5= 'QF’#.O,/'IBX"THE'TAG= VoF 7454741
23X, 'LGCI = ',F?.Z,/'!.BX,'LGI\I: ',Fb.E.I.lBX,'ThE.TCN= .'F705,/r13x|'
3THETCH= *4F7.5,/7) ; \
BNUM=ANUMSD($%Z
TLL=TL
IF(CREER.GE.3) TLL=C.Q
ABSC=S*ANUNB{CC*%2~(D1+2.2Y)%%2)
[IF(ABSC.LE.C.0) ABSC=C.C
[F(2.#Y+CI1.GT.CC) GC FC 100
IF(THETAG.LE.CL.CEBT27) GO TC 101
ABPC=3.14159%(CI42.2Y )% {LGCI~(S+TAN(THETAG/2.) )*Y-Y#COTAN{TFETCH)~
17TLL)
IF(ABPC.LE.C.O) ABPC=C. 0
ABNC=3,14159%{LGNLI-Y*COTAN{THETAG+THETCN)~Y*TAN( THETAG/2. ll*lDI+DE
ILCT4Y4LONI*SIN{THETAG)+Y/SIN(THETAG+THETCN)I*SIN{ THETCN) )
IF(ABNC.LELC.C) ABKNC=C.0 :
6C TC 5
10C AEBNC=C.0
ABPC=C.0
GC TO 5
101 LGC=LGCI~-Y¥*{CCTAN(THETCN)+COTANITHETCH)})
ABPC=3.14159%([I+2. %Y} *(LGC~-S%Y~-TLL}
IF(ABPC.LE.C.C) ABPC=C.0
ABNC=C.0
5 APHT=ANUNME(CI+2.%RHT)*%2
IF{APHT.GE.BNLNM) APHT=BRUM
IF(KeLT.2} APHT1=APHTY
APNT=ANUMR(CI+CELDI+2.#8NT }x%2
IF(APNT.GEL.ENUF) APNT=BNUM
TF{GRAIN.NE.L) GG TC 7
ABPS=C.0
AESS=C.0

OO0 OO0O00
LI BE B CRE O NE BE N N
% M4 3 3 N % F oA B ¥

52—
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TABLE IV-2 (Cont'd)

ABNS=C.0
GC Y0 50
7 IF{Y.LE.0.0} READ{5,5C2) NS+LGSI+NP,RC,FILL,NN
FAI YRS S RN A RN R RN S AN b bk bRy A kR kb ok ko ko Aok Rk
READ IN BASIC GECMETRY FCR STAR GRAIN (NOT REQUIRED FOR *
STRAIGFT CeP. GRAIN) *
NS IS THE NUMBER OF FLAT BURNING SLOT SIDES (NOT INCLUDING *
THE NCZ2ZLE ENC) *
LGST IS THE INITIAL TOTAL LENGVH OF THE STAR SHAPED *
PERFCRATED GRAIN IN INCHES »
NP IS THE NUMBER OF STAR POINTS - *
RC IS THE AVERAGE STAR GRAIN CUTSICE RACIUS IN INCKES #
FILL IS THE FILLET RADIUS IN INCHES =
AN IS THE NUMBER OF STAR NCZZLE END BURNING SURFACES *
Py R Y XY 2223832322222 SR 22222 R R 2R R E R R R Y
502 FORNAT(S5XoF#eQ9TXeFTa235X9Fb4e0y5XsFTe339XeFT.3,5X,F4.C)
IF(YaLEw0.0) WRITE{69602) KSsLGST NP #RCFILL NN
602 FORMAT(15X,*BASIC STAR GEONETRY e/ +13Xs*NS= ',F&.0,/:13X,'LGCSI= *,
1FETe2e/ s LAXp *NP= "3 FG4aCy/913Xs%RC= ¥ ,FTe3, /513X, *FILLE *,F7.3,/,13X
29"NN= ", F&.Cy//)
FY=FILL+Y
IF{STAR.EG.1) GC TO 2C
IF{Y.LE.Q.Q0) READ(5,503) RP,TAUS
S E L i 2 2 i R I s YR s R RS E S22 R R 2RSSR SRR ST L S

* B O B o B ¥R

# READ IN CGECMETRY FCR TRUNCATED STAR (NCT REQUIRED FCOR *
* STANDARLC STAR) #*
# RP IS THE INITIAL RADIUS OF THE TRUNCATICN IN INCHES ' *
* TAUS IS5 THE THICKNESS OF THE PROPELLANT WEE AT ThHE BCTTOM *
& CF THE SLOTS IN INCEES &

&

2T F R F PR YRS 22 RS ER 2R S22 SRR R S SRR 2SR R R R L SR
503 FCRMATISXeFT43,7XeF7.3) :
IF{Y.LE.C.O) WRITEL6,603} RP,TAUS
603 FCRMAT(20X,'TRUNCATED STAR GECMETRY',/.E&X,'RP- VaF7+434/,13X,'TAUS
I= *3F7.3,4/7)
THETAS=3.1415%/NP
RPY=RP+Y
LS=RC~TAUS~FILL-RP
RPL=RP+LS
THETSI=THETAS—ARSIN{FY/RPY)
IFITHETStI.LE.C.C) GC TC 110
IfF{Y.LE.TAUS) GC TC 103
THETAC=ARSIN((RC**2-RPL#*2-FY2%2) / (2, ¥FY*RPLY)
IF(YHETAC.GELC.C) GC TO 104
IF(Y.LT.RC-RP) GC TC 105
56=0.0
GC TG 14
103 SG=2,*NP*(RPY#THETSL+LS-(RPY*COS{THETAS~THETSL)I-RP)I+3.14159/2.%FY)
GG T0 14

53~
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TABLE IV-2 (Cont'd)

104 SG=2.*NP*(RAY*THETSLI+LS-{RPY*COS{THETAS~-THETS1)~RPI+FY*THETAQ)
GC 10 14
105 SG=2.*%NP*(RPY*THETSI4+SCRT{RC**2-FY**%2)-SQRT(RPY®*2-FY*#42))
14 AGS=3.14159% (RC*#2-RP*#2)-NP# (3, 141594FILL*%2/2, 42 . %L S*FILL)
GC Y0 21
110 THETAF=THETAS
THETAP=2.*%TFETAS

TAURS=TAUS

GC T0 111
20 TF{Y.LE.Q0.0) REAC({5,5C4) THETAF,THETAP, TAUNKS
LR T R R LR LR LR R R I I
% REAC IN GECPMETRY FCR STANDARE STAR (NCT RECUIRED FCR *
* TRUNCATEC STAR) B
* THETAF IS THE ANGLE LOCATION OF THE FILLEY CENTER IN RADIANS =*
% THETAP IS THE ANGLE CF THE STAR PCINT IN RADIANS *
%* TAUKS IS THE WEB THICKNESS OF THE GRAIN IN INCHES %
AE VAR AR F R AR AR AR AR R AR BRI R IR KRR R AR R AR S Ry bk Rk I ISR SR DB U &

504 FORMATIOX,FTe549XsFT45,8X,yF643)
IF(V.LE.0.0) WRITE(6,604) THETAF,THETAP, TAUWS
604 FORMAT(20X, 'STANDARD STAR GEOMETRY?',/,13X, ' THETAF= 4F7.5,/,13X,"1T
IHETAP= Y ,F7.53/413%y "TAUWS= % ,F6e3,//) \
THETAS=3.14159/NP
THETS1=1.0C0
111 LF=RC-TAUWS-FILL
CNUM= (Y+FILL)/LF
CNUM=SIN(THETAF}/SINC(THETAP/2.)
ENUM= (RCS#2-LF#32-FY#%2) /(2 %LF*FY)
FNUM=SIN(THETAF}/CCS(THETAP/2.)
IF(CNUM.LELFNUM) GC TC 106
IF(Y.LE.TAUWS)IGC TC 107
$G=2.¥NP¥FY* (THETAF+ARSIN(SIN (TRETAF)/CNUN )~ -ARCOS{ENUM) )
GC TO 23
106 IF{Y.LE.TAUWS) SG=2.%NP#LF*(DNUM+CNUM¥(3.14159/2.+THETAS-THETAP/2.
1-CCTAN(THETAP/2.) ) #THETAS~THETAF)
[F{Y.LE.TAUWS) GC TC 23
SG=2.#NP* (FY#ARSIN(ENLK=(THETAS-THETAP/2. ) 1+ LF¥DNUF-FY*COTAN (THETA
1P/24})
GC YO 23
107 SG=2.%NP#LF*(CNLM*(THETAS+ARSIN(SIN(THETAF )/CNUM) )+ THETAS~THETAF)
23 IF(THETS1.LELC.C) GC TC L4
AGS=3.14159¥RC**2-NP#LF**2% (SINITHETAF)#(CCS{ THETAF)~SIN(TFE TAF )1%C
1CTAN(THETAP/2. 1) 4+THETAS~THETAF+2. #FILL/LF*(STN{THETAF) /SIN(THETAP/
220 Y+THETAS~THETAF#FILL/ (2. #LF)*{3,14159/2 .+ THETAS-THETAP/2.~COT AN
3THETAP/2.))))
31 IF(SG.LE.C.G) SG=0.C
IF (K.EC.0) SGA=SG
IF{K.LE.1) SGF=SG
IF(K.EQ.2) SGN=SG

5l
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TABLE IV-2 (Cont'd}

IF{Y.LE.C.O} $SCZ2=SG
IF{K.EC.2) GO 1C 37
RAVEDT=R1I+(SG+5CG2)/2 .#RBAR*DELTAT
RNDT=R2+(SG+5G2) /2. *RNAVE*CELTAY
REDT=R3+{SG4+SG2}) /2. *RHAVE*XCELTAY
Rl1=RAVeDT
RZ2=RNCT
R3=RKHDT
$G2=56
GC TO 38
37 IF{KOUNT.NE.1) GC TC 39
S63=56
R4=R1
R5=R2
R&6=R3
39 RAVEDT=R4+(SG+SC3)/2.#RBAR*CELTAT
RMNDT=R5+ [SG+5G3) /2. #RNAVEXCELTAT
RECT=RO¥ (SG+5G3) /2. %REAVE*CELTAT
R4=RAVEDT
R5E=RNCT
RE=RHET
563=56
38 ABSS=(AGS-RAVECLTI=®NS
IF{ABSS.LE.C.C) ABSS=C.C
IF{SG.Lt.C.0) ABSS=C.C
ABNS={AGS~RNDT)*AN
IF{ABKNS.LE,.C.C) ABNS=0.0
IF{SG.LE.C.C) AENS=0Q.C
IF{ORDER.LE2) ABPS={LGSI-Y*[NS+ANN]}*55
IF(CRCER.LE.2) GC TC 36
ARPS={LGSTI-TL-Y* (NSH+NN) ) ®SC
36 APHS=3.14159%RC%#%2~-AGS+RKDT
TF{APHS.GE«2.14159%RCA%2) APHS=3.14159%RC#%2
IF(SG.LE«Q.0) APHS=3.14159%RC*%2
APNS5=3,141559%RC¥*2-ACS+RNDT
IF{K.LlT.2) APHSL1=APHS
TF{APNS.GE«3414159*%RC%%2) APNS=3,14159%RC*%2
56 IFINT.EGQ.C.QO) CC TG 52
IF(Y.LE.Q.Q) REACIS5,5C6) LTP,CTPyTHRETTP,TAUEFF
C LR RS L R R R R R R LS R R E SRR EREE RS 2SR R R AR R R RS ESEE SRR SR EE R 2 TS

THETITP IS THE ACUTE ANGLE BETWEEN THE AXIS COF THE PASSAGE
ANC THE MOTCR AXIS IN RACIANS

L% READ IN GECMETRY ASSCCIATED WIThH TERMINATICKN PORTS (NOT *
* REGLIREC IF N¥=0) %
* LTP IS THE INITIAL LENGTH CF THE TERMINATICN PASSAGES %
* IN INCRES *
% CTP IS THE INITIAL CIAMETER OF THE TERMINATION PASSAGE %
* IN INCFES *
% %
* &

~55-
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TABLE IV-2 (Cont'd)

YAUVEFF IS THE ESTINMATED EFFECTIVE WEB THICKKESS AT THE %

TERFINATION PCRT IM INCHES

*

PR LB RGO LR E D AR DR N RD G A VDR RR RS SRRV AR A AL R B AN ARG AR R AR kR %

506 FORMAT(TX ) FE.24TXsFo.2v10XsFT.5410X,F6.3)
IF{Y.LELC.0) WRITE(E,6CE) LTP,DTP,THETTP, TAUEFF

60¢& FCORMAT(20X, 'TERMINATICN PORT GECMETRY " 4/413X,'LTP= "yFb642,/413X,"'C

52

69
99

7C

71

12

73

74

LTP= ", F5.2:/3 13X, "THETTP= *,F7.5,/413X,*TAUEFF=

*yFEa34/7)

CABT=NT%3.1415G%((DTP+2.%Y)#{LTP-Y/SIN(THETTP))~(DTP+2.%Y)#*2/4,+

LEY4DTP/2.)%(DTF/2 1% (1e—14/SINITEETTP)))

IF(Y.GE.TAUEFF)} DABT=0.0
EEP=0.0

EBS=0.0

EBN=0.C
ABPORT=ABPT+ABPC+ABPS+CABT+EBP
ABRSLOT=ABST+ABSC+ABSS+EBS
ABNOZ=ABNT+AENC+ABNS+EBN
SUMAB=ABPORT+ABSLOT+AENCZ
IF(K.EC.0) GC TC 99

IF{K.EC.1) ABMAIN=ARPCRT+ABSLCTH+ABNCZ

K=K+1

IF{K.GT.2) CO TC 69

GC TC 2
ABTC=ABPCRT+ABSLOT+ABNCZ
CONTINUE

IF(Y.GT.C.0) GC TO 70
ABP1=ABPCRT

ABN1=ABNC2

ABS1=ABSLOT
ABP2=(ABPL+ABFCRTI/2.
ABN2=(ABNL+ABNCZ}/2.
ARS2={ABSL+ABSLCT) /2.
IF(INPUT.EG.1) GC TC 76
GO TG (71,72,73,74),0RCER
APHEAC=APHS]

APNOZ=APNT

5$G=SGk

GC 10 75

APHEAC=APHT1

APNCZ=APNT

$6=0.0

IF{GRAIN.EQ.3) SG={SGF+SGN)/2.
GC 70 75

APHEAC=APKT1

APNCZ=APNS

SG=SGN

G0 TO 75

APHEAD=APHS

APNGZ=APNS

~56.-
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18

16

15

77

5G=5GN

GC 10 75
APHEAL=APHIT
APNCZ=APNT

Y=YB
DIFF=SLMAB-SUMZ
CACY=CIFF/DELY
ABPl=ABPORT
ABN1=ABNCZ
ABSi=ABSLOT
IF(IW.GE.Q.C) CC TC 77
ABM1I=ABMAIN
ABMALIN=ABTO
ABTC=ABM]1
RETURN

END

TABLE IV-2 (Cont'd)
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TABLE IV-2 (Cont'ad)

SUBROLTIME CULTFLT

AR AR AR F A AR AN DN AN AR R A AR AR A kARG AR AR P RS Rr IR e A E kAN PO AR TR R
* SUBROLTINE CLTPLUT CALCULATES PASIC PERFCLRNANCE PARAPMETERS *
¥ AND PRINTS THEM CUT %
¥ {(WEIGHT CALCULLATICNS ARE PERFCRNMEC IN THE MAIN PROGRAM) *
* T IS THE TIFME IN SECS *
* Y IS THg DISTANCE BURNELC IN INCRES %
* RNCZ IS THE ANCI2ZLE END BURNING RATE IN INCHES/SEC *
¥* RHEAD IS TFE HEAD END BLRNING RATE IN INCHES/SEC *
* PCANOZ 1S5 THE STAGNATION PRESSURE AT THE NCZZLE END IN PSIA b
%* PHEAD IS THE PRESSURE AT THE KHEAC END CF THE GRAIN IN PSIA *
% PTAR IS THE PCRT TC THRCAT AREA RATIC %
* MNCZ IS THE FACH NUMBER AT THE NCZZLE END CF THE GRAIN %
* PATM IS THE ATMOSPHERIC PRESSURE AT ALTITUCE IN PSIA *
% SUMAB IS5 THE TOTAL BURKNING AREA CGF PRUPELLANT IN IN¥»22 »
* SG IS5 THE BURNING PERIMETER IN INCHES CF THE STAR SEGNENT *
* {IF ANY) *
% CFVAL IS THE VACZUUM THRLUST COEFFICIENT *
* FVAC IS THE VACUULM THRUST IN LBS *
* F IS THE THRLST IN LBS *
* F IS THE ThRRLUST IN LBS *
R  E A s i R A R s e T R s T IR P R TR R R R S A Y
REAL MGEN,MCISyMNDZ¢MNLy JRCCKyNyL,MEL,ME,I5Py ITOT:MU;HASS,ISPVAC
REAL M2,MDBAR,ISP2,ITVAC

CONFO&/CChSTl/Zh,A[ ATy THETALALFAN,G
COMMOM/CONSTZ2/CAPGAN 4 MEBOT L ZETAF+TBsHB,GAM
COMMON/VARIAL/Y+ToCELYZCELTAT,PCNCZPHEAD yRNCZ +RHEAD,,SUMAB,,PRMAX
COMMON/VARIAB/ITOT 4 ITVAC , JROCK ¢ ISP ISPVAC,MCI Sy MNDZ,S5G 4 SUMMT

YB=Y

IF(Y.LELOLQ) MZ2=MDES

MOBAR=(MZ2+MCIS)/ 2.

SUFMT=SUNMT+MCBARXDEL TATY

PTAR=1./JRCCK

PRES=(1.4BOT/2.*MEXNE}X%{—-GCAM/BOT)

ALT=HB*(T/TB)**(7./3.)

PATM=14,696/EXP(C.431C3E~-04%ALT)

CF=CAPGAMESCRT{(2. *GAF/BCT*{1.-PRES**(BDT/GAF)l)+AE/AT*(PRES-PATP/P
1CNCZ)

CFVAC=CF+AEC/AT*PATM/PCNGZ
F=ZETAF*CCS(THETA)*PCNCZ*AT*{{1.+COS(ALFAN)}/2.%CF+(].—COS(ALFAN))
1/2.%AE/AT*{PRES-FATNM/PCNQZ))

I[IF{F.LE.C.QO)} F=C.0

IF‘Y-LE-O-O) Fo=F

FRAR={F+F2)/2.

FVAC=Z2ETAF*COSITHETAY4PCNOZ*AT# ({1 .+CCSTALFAN)Y Y/ 2.%CFVACH+(1-CCS5(A
1LFAN) ) /2. %AE/ATHPRES)

IFIY.LE.C.O0) Fv2Z2=FVAC

FVHBAR=(FVv2+FVAC) /2.

~58..
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TABLE IV-2 (Cont'd)

ISP=F/(MCIS*G)
ISPVAC=FVAC/(NLIS*G)

ITCT=1TCT+FBARSCELTATY

ITVAC=ITVAC+FVEBARSCELTAT

M2=MDIS

F2=F

FV2=FVAC

[FIPHEAD.GT.PHNAX) PHNAX=PHEAC

WRITE(6,41) T'YE,RNUZ,RHEAD'PONUZ'PHEADvPThR,NNCZ,SUNAB,SG,PATM,CFV

1AC,FVAC,F

1 FORMATIL13X,*'TIME= ",FS.1,12X,'Y= *2F6.3,3/ 913X 'RNCZ= ", 1PELll.4,?

LRHEAD= %, 1PELl<4+* PCNOZ= ',1PE11.4,' PHEAD= YylPELLl.4y/413X,PT
2AR= ', 1PEll.4," MNCZ= ', 1PEll.4,* SUMARS= "+ 1PELLl.4," SG= ¢,
31PELLe44/ 413X, "PATM= 1,1PE11.4+" CFVAC= "91PEll o4, FVAC= ',ipPE
411a4," F= '31PElia4,//) '

RETURN

END
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Figure IV-1. Flowchart for main program
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ITERATION
FOR ry USING
NEWTON-
RAPHSON
METHOD

b = MDIS
P = PONOZ
on
P = PNOZ
.n
mD = MDIS
Ph = PHEAD
ry, = RHEAD
P = PNOZ
n
r_ = RNOZ
n
rnl = RN1
r = RNAVE
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:r'h = RHAVE
r = RBAR
.ave
mG = MGEN
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CALL CALL
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SUBROUTINE SUBROUTINE

o

Figure IV-1 (Cont'd)

(8P /ay) .= DPOUT

Xout = XOuT
?D = MDIS
mg = MGEN
P__ = PONOZ
on
ReL= RE
M =ME
e
T, = TAU
z =72
Mel = MEL
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Figure IV-1 (Cont'd)

KOUNT = KOUNT

T. = TAU

W

Ay = DELY
mD=MDIS
At = DELTAT
t=m

z =2
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z Ab = Abto

Ay, = DELYW

Z Ab = SUMAB
Abm =ABMATN

"

Abto = ARTO

Figure IV-1 (Cont'd)

P, = PHEAD
v =7%C

¢
Pon = PONQZ
mD = MDIS
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CALL
OUTPUT
SUBROUTINE
TIME = ¢ CALL
_ OUTPUT
2 Ab = 0.0 SUBROUTINE
]
t=1t + .5 ‘II’
ih Pon
h n

Figure IV-1 (Cont'd)

APC/Ay = DPCDY

ﬁlG = MGEN
rave = RBAR
’;11‘) = MDIS

P = PONOZ
o1l

fh = RHAVE
rn = RNAVE
P, = PHEAD
I A = SUMAB
t =T /
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CALL
OUTPUT
SUBROUTINE

I I = ISP
- °P _8p
I T = ISPVAC
spvac spvac
\
VoW W, = WC
¢ =n W= WM
m
]
Ly = ZETAM
M IT/WM | I /W= RATIO
T M
L
WRITE
INERT
WEIGHTS

3
( STOP )

Figure IV-1 (Cont'a)
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Figure IV-2. Flowchart for area subroutine

Y=Y~ IAy /2 Yy, = mean value
of ¥
| V=Yt 2, 2 )
- EAY/E Zw = ZW
z rn At = RNDT
z rh At = RHDT
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V. TEBT CABES

In this section two test cases of the simplified computer program are
presented. The complete input data and samples of the printout are tabulated.
Plots of chamber pressure and thrust versus time are presented and compared
with the results of others. Similar compariscns are made for weight calcula-
tions and related calculated values,

The first test case is for a 156 inch diameter SEM and the second for a
31 inch dismeter SRM. TFor the latter, actual static test results are avail-
able for comparison. For the former, the comparison must be based on other
theoretical results becmuse the SRM has not been constructed,

Test Case 1 ~ SEM Number 1

SRM 1 is based on a design presented in Reference k., The basic design
is depicted on Figure V-1 and input data is tebulated in Table V-1. This
design is of the general type under consideration for use by NASA as the
Space Shuttle Booster. This particular SRM was selected because a relatively
complete set of the required input data is presented in the reference as well
85 prediction results which are needed for comparison with the results of
‘the simplified computer program. Also, the design is one vwhich will test
the use of the program for a combination circular perforated and star grain.

The SEM has three center segments consisting of circular perforated
grains, an aft segment with & circular perforated grain and a forward
segment with a truncated (slotted tube) star grain., Representation of the
grain design is a stralghtforward process in this case. The aft dome must,
however, be represented by a conical closure which is specified by selection
of the angle 6on. Also, since a star grain is located in the forward dome an
effective grain length must be specified and the star grain treated as being
flat at both ends. Since this can introduce substantisl error an adjustment
is made by introduction of tabular input values. 1In this case the tabular
inputs were based on a simple linear approximation to the effect of the
curvature using as a guide the values of star grain perimeter obtained from
a previous run in which the effect was neglected. The effect of the cutback
in the grain inside diameter to mccommodate the submerged nozzle was neglected
in this case but the taper in the remaining portion of the grain, which
substantially affects tailoff characteristics, was taken into account by
specification of Xta and hra'

The value of nozzle throat diameter used was 47.00 inches which differs
from the 45.04 inches given in Reference L. This substitubion was made based
on information received from NASA which indicated that the higher wvalue had
been used in predicting the performance dats given in Reference L. The program
was tested with the erosion constants equal to zero because it is apparent that
the predictions of Reference % were based on little or no propellant erosion.
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A simple printout of the transients values for the initisl portion of the
trace computed by the program is given in Table V-2, and on Figure V-2 the
chamber pressures and thrust versus time results are plotted and compared
with results taken from Reference 4. The reference gives only one chamber
pressure which is presumably the nozzle end stagnation pressure. It will be
noted that the results for nozzle end stagnation pressure and thrust are in
agreement within 5% except for the pericd between 110 to 125 seconds where
the variation is scmewhat greater. A large portion of the larger variation
can be attributed to the approximations made in representing the effects of
the closures. The remaining portion of the variation here as well as the
small difference throughout the traces are more difficult to explain but are
probably attributable to differences in analytical technigue although a
possibility exists that there could be some differences in the input data used.

It is notable that there is good sgreement in the web time calculated
by the several appreaches. Weight and related caleculated values are tabulated
as Table V-3. Comparison with corresponding data from Reference 4 are made
ilater in this section. '

Test Case 2 - SRM Number 2

SRM 2 is based on design of the TX35L-5 rocket motor as presented in
Reference 9. The basic design is depicted on Figure V-3 and input data is
tabulated in Table V-4. This SEM was selected because of the availability
of a relatively complete set of input data as well as specific test resulis.

The grain has, in general, a ecylindrical port with two radial slots. The
main propellant grain geometry was represented by ihe cirgular perforated
grain equations. The effect of the forward closure waes represented by
selection of Ogh. Radil at the slots were neglected except at the aft Face
of the aft slot. Here the geometry of the entire portion of the propellant
aft of the aft slot was represented by tabular input values because the step
change in port area does not permit sccurate representation through the
equation inputs. In specification of xpg the effect of the tapered insula-
tion thickness at the bottam of the aft slot was taken into account so that xrg
was taken somevwhat larger than it would have been based on the inside taper
alone.

As data on the erosive burning constanits of the propellant was not avail-
able, arbitrary values were devised to give a moderate erosion rate. These
values are listed under ALPHA and BETA in Table V-4. The tests were also run
with ALPHA and BETA both assigned zero values; i.e., no erosive burning.

A szmple printout of the transients values ¢alculated for the final portion of
the trace is given in Table V-5. These sre for finite wvalues of ALPHA and BETA.
On Figure V-4 the head end pressure and thrust versus time results are plotted
and compared with static test results reported in Reference 9. The chamber
pressure results of the typical test given in the reference are in this case
presumably head end pressure since this is ithe pressure routinely recorded

in standard test firings.
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Comparison of the program output with the test data of Reference § shows
that both sets of assumed wvalues :for erosive burning constants give only
fair representation of test data for the initial portion of the trace. (It
should be noted that the initial peaks in the test results may be at least
pertially attributeble to the ignitor, effects of which are not considered in
the program). The agreement for'the remaining portion of the trace is
again within 5% except for a small portion of the trace shortly before tail-
off. The larger variation near teiloff may be traced directly to the approxi-
mation of the effect of the forward closure mede by the specification of 8¢},
Here an adjustment could be easily introduced to correct precisely or approxi-
mately for the effect through use of the tabular input values. This was not

done in the test case so that the result of the approximation could be
evaluated by the reader.

Again there is good agreement in the web time calculated by the program
and that given by the reference. The agreement is poorer in case of action
time probably due principally to neglect of the effect of chamber wall heating
on chamber depressurization in the simplified program.

Comparisons of Welghts and Related Values

Weights and related values for both test cases are tabulated in Table V-3.
The values for SEM 2 are based on the finite erosion rates.

Generally excellent agreement is found between the program and the
reference results for propelliant weights and impulse values for both SRMs.
For SBM 1, a substantial difference in the value of Pp.., exists which results
in rather large differences in the case thicknesses, case weights and nozzle
weights, It is believed that this may be principally the results of differences
in the ballistic varisbility factors used in the two predictions. The rather
large difference in insulation weights for SRM 1 is attributed to neglect of
requirements for final thermal protection in the present program. (See step 6k,
Section ITI and Wg, Section II).

For SRM 2 substantial differences exist in the case and nozzle weights
resulting in a similar difference in total motor weight. The difference in
case weight is attributable to two factors: 1) the use of approximately 10
percent additional basic chamber thickness in the actual motor to allow for
manufacturing variations, and 2) the use of a thick wall case segment {0.25
inches in thickness) to accommodate & thrust ball bracket and related hardware.
The difference in nozzle weight is principally the result of the assumption for
the present program of a nozzle design radically different from that used in
the TX35hk-5. (See Ki and K2, Section II).

Additional testing of the program was accomplished in the process of
compiling the design performance datg given in the Appendix.
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TABLE V-1.

INPUT DATA FOR SRM NO. 1

PROPELL ANT_CHARACTIERISIICS

KHO= 0.001550

Az 00712
N= 0.250 EASIC ST AR CEOMETRY
_ALPHA=__0.0 I ns= 1,
BET A= 0.0 LGSI= 148.00
MU=__1.2700FE=07 NP= 4y
CSTAR=  S.1E60F 03 RC= T77.4170
FILL= 2. 500
NN= 0-
AASIC _MLIOP DIMEMSIONS
L= 1243,
T A= _S0.41 TRUNCATED STAR GFDMETRY
VCI= 2,2300& 0¢ fP= 27.000
VCF= 2,2400F 07 T AUS = 9,670 ,
DE=  1.4800F 02
JDIl= 4.70Q0F _D0)
T HET A= O-O
JALEAN= _ 3,0340£-01 . ,
LTAP= 1.%000F 02 ‘ INERT WEIGHT INPUTS
XT=__5,0000F 0O _PIPk= 1,F00QF-03 '
20= 0.0 | DTEMP=  2,0000€ C1
| S1GMAP="_3,0000£-02
. SIGMAS= 2.0000E-C2
BASIC PERFORMANCE CONSTANTS  Nl= 3,0000E Q0
DELTAY= Q.50 N2= 0,0 _—
XO0UT= 10Q00.00 SYCNGM= 1,9000E 05
- DPOUT= 500,00 DCC= 1.,5550F 02
ZETAE= 0.SE0 _PSIC=  1.4000F G0
TB= 130.0 "DELC= 2.83Z00E-01
HR= _150000. ‘LCC=_ 1.3025F 03
GAM= 1,143 - NSEG= 5.0000E 00
RADER= 0.01325 HCN=  &.2000E 01
SYNNOM= 1.9000€ 05
PSIS= _1,4000F QO
GRAIN COGNFIGURATION PSIA= 2.0000E QC
INPUT= 3 : Kl=_  2,0800E-01
GRAIN= 3 K2z 9,2500E=-02
STAR= 2 PSIINS=  2.0000F 00
_QRDER= 1 KEH=  2,0Q00E-03
KEN= 1,2000E=-02
' DLINER=  2,3000E-072
NA= O 00
CePe GRAIN GEOMETRY
DO=_ 154,540 TABULAR VALUES
DI= 5"10000
DELDI= 0.0 Y ABPK
S= 70
THETAG= 0.0 0.0 9,000
LGCI= 1048.50 9.67 9,000
LCNI=_ Q.0 40.0 0
THETCN= 0.75035 p 160.0 0
THETCH= 1.57015. . _ _All other A's =

[ sy
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TABLE V-2, SAMPLE PRINTOUT OF TRANSIENT VALUES FOR SREM NC. 1

INITIAL REYNULDS NUMBER= 1,1206F D9
T IME= 0.0 Y= . .
RNOZ= 3,9230E-01 RHEAD= &4,0029E-01 PONDI= 9.2164F 02 PHEAD= $,9906F 02
PTAR= 1.3Z01E Q0 MNOZ= 5,219SE-01 SUMAB= 3,9086E 05 SG= 4 .8B36E 02
PATM= 1.46G6FE Ol CFVAC= 1.7775 00 FVAC= 2.7270¢t 06 = 2.4T02F 06
TABULAR VALUES FOR YT=  S.670 READ IN
TIME= 0.6 Y= 0,250
KNOZ =" 3,919BE-01 RFEEAD= 3.9G45E~01 PONUZ= Gs1861E 02 PHEAD= O.0066E 02
PTAR= 143434FE 00 MNOZ= 5.0941E-01 SUMAB= 3.S175E 05 SG= 4,8925F Q2
PATM= 1.4696E QL CFVAC= 1.771714E 00 FVAC= 2.7198EF D6 = 2.4121E 06
T IME= 1.3 Y= 0,500 oo !
RNOZ= 3.9198BE-01 RFEAD= 3.9BGEE~01 PUNOZ= 9,1B861E O2 PHEAD= O.8601F 02 i
PTAR= 143665E GO0 MNOZ= 4,S745E-01 SUMAB= 3,926%E 05 SGz  4,9015€ 02 z
PATM= 1.4694E 01 CFVAC= 1.7/713E OO0 FVAC= 2.7216F 06 F= 2.47T39E 06 ;
TIME= 1,9 Y= 0,750 _ ) (
; KKOZ=  3.G1586~01 RHEAD=  3.GB55c~01 PUNDZ= GQ.18HLE 02 PHEAD= G.BLT6E 02
. PTAR= 1.,390¢E 00  MNOZ= 4,8606FE-0) SUMAB= 3,93251E 05 SG=  4.,9107E 02
: PATM=  144601EF Q1 CFVAC= 1e77712E 00  FVAC= 2.7735f 06 = 2.4758F 06
’ TIME= . 2.5 Y= 1.600 -
ENUE=  3.5718E=01 RFEAD= ~3.96836E-01 PONDZ= ~§,2053E U2 “PHEAD=" 9 .7302E 02
PTAR=  1.4146E 00  MNOZ= 4.75206-01  SUMAB= 3,9437E 05 SG= 4,9199E 02
PATM= " 1.4E6BEE 0L CFVACE T1.777IE780 FVACE 2.71310F 06 = 2.4834E°06
TIME= 3.7 Y= 1,250
RRZ= 3.G718E-01 RHEAD= 3.97%%E-01 PONOZ= "G9,2053F 07 PREADE G.7631F B2
| PT AR= 1.4%2B87E 0O MNOZ= 4.6526E8-0]1 SUMAB =  3,.5%23FE D05 S G= 4 ,92G63F 02
( PAT M= 1.4E606 01 CFVACE " 1.7770E 00 ~FVAC= 2.7132BE 056 = 7.4B53E 06
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Figure V-2. Pressures and vacuum thrust versus time for SEM number 1.
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TABLE V~3. PRINTOUT OF WEIGHTS AND RELATED VALUES

SRM Number 1
) WPl= 1.22€SE 06 ‘
. HNP2=  1.2284E Q¢
WP= 1.,227¢E Q6
PHMAX= G4.5GC¢6E_Q2 _ N
1Spe  2.6215¢ 02 ” MAX EXPECTED PRESSURE= 1,13G1E 03
ISPVACS  Z.7260E 02 ; CYLINDRICAL CASE THICKNESS= 6452586-01
1TOT= 3.2183E Q8 £ CASE Ki= l1e239EE 05
ITVAC= __3.2465F Q8 | NCZZILE WT= 1.2586E 04

INSUCATION WT= "9.34CZE 03
LINER WT= 1,3017¢ 03

TOTAL MOTOR WT= 1.3748E 06
ZETAM= 8.52$5E-01

RATIO OF ITGY TO wM= 2,340SF 02

SEM Number 2
WPl= B8,2173E 03
WP2= E,18S6E 03
WP=__8.2035E 03 '
PHMAX= T7.2B4ZF 02 R e e - e e
1SP=  2.3558E Q2 ; MAX EXPECTEG PRESSURE= B8.1058E 02
1SPYACE 2.6223F 02 CYLUINDRICAL CASE THICKNESS=  1.001SE=-01
ITOT=_ 1.922¢F Q6 CASE WT= S.7201E 02
TTTTITVACE . Z.1517E 06 NCZZILE Wl= 1.13S0F 02

INSULATION WT= 1.0105€ 02

LINER WT= 4.21E55E O1
TOTAL MUTOR WT= S,0336F 03

LeTAM= 9,0811€E-01
RATIC CF ITCT TO wM= 2.12G4F 02

_Sg—
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Figure V-3. Sketch of SRM Number 2 (Reference 9)
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TABLE V-k.

PROPELL ANT CHARACITERILISTICS

INPUT DATA FOR SRM KG. 2

RHC= 0 .002010
A= 0,050 : ’
N= 04274 : ~ CaPe GRAIN GEOMETRY
e ALPHA= T4 1 : D= 3D,7<0
BETA= 220.0 DI= 7.500
MU= 1.2600E-07 DELDI=_ 049490
CSTAR= 5,2110€f @2 §= 3.
THETAG= 0.0
. LCCI=  173.00
. RASIC MOTUR DIMENSIONS LGNI= 0.0
L= 200. THETCN= 1.57075 :
T AU=_11.61 TLETCH: Q0.75035
VCI=  1.3000F 04 w :
YCF=  1,3000F 05 INERT WEIGHT INPUTS
DE= Z2.29%50F 01 CPIPK= 9,0000E-04
DII1=_8.2°00F 00 DTEME= _2,2000QF G1
THETA=  1.7450€-01 SIGMAP=  3,0000E-02
—ALFAN= _ 2.2570£-01 SIGMAS= 0.0
LTAP= 1.,3000E 01 Ni= 3.0000E 00
XT= &,0000F-01% NZ2= (.0
20=" 0.0 SYCNCM= 1.5000E 05
pDCC= 3.0900F 01!
) PSIC=  1.2000E 00
RASIC_PEEFEDRMANGE CONSTANTS " DELC= 2.830Q00E-01
DELTAY = 0.050 i LCC= 1.7:Z00E Q2
XCUT= 999%,99 I NSEG= 1.0000& Q0
DPOUT= 9999,G9 HCN= 1.5000E 0O}
ZETAF= 0,910 SYNNOM= 32,5000 04
TB= 40,0 PSIS= 1.,4000E €O
HB= 0. ~ PSIA=  2.,0000E 0O
GAM= 1,160 Kl= 2.0800E-01
RACER= 0,0040 " K2=  9.2500FE-02
: PSIINS= 2.Q0000t 00
DELINS=  5,200Q0E-0Q2
GRAIN CONFIGURATION KEH= 3.0000E-03
INPUT= 3 KEN= 1,2000E-02
GRAaIN= 1 " DLINER= 3.,3000E-02
STAR= 0 S TAUL=  6.5000E~02
NT= O. . . WA= 0.0 ; i
QRDER= 2 ‘
L _ TABULAR VALUES .
Y ABNK Y ABNK Y ABNK
0 1586 4,0 1290 8.0 T
1.0 1562 5.0 1224 9.0 397
2.0 1549 €.0 1089 9.72 0
3.0 1457 7.0 oLl 30.0 0

All other A's = O
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TABLE V-5. SAMPLE PRINTOUT OF TRANSIENT VALUES FOR SRM NO. 2
T IME= 2549 Y= 11.500
RNOZ= 2,0853E-01 RHEAD= 3.,0863E-01 PONOZ= 6.1948E 02 PHEAD= 6.2027F 02
PTAR=T ._1.2604E Q1 MNDZZ _ 4.6511F=02 SUMAB=  1.1023F 04 SG=_._ 0.0
PATM= 1.4696E Q1 CFVAC= 1,7184E 00 FVAC= 5,8179E 06 F=  5.2372E 04
LIME= _37.0 = 11,550 |
RNOZ= 2.0743E-01 RHEAD= .3,0754E-01 PONOZ= 6.1150E 02 PHEAD= 6.1227€ 02
PTAR=__1.78Q0F Q1.  MNOZ=  4.6525E-02 . SUMAB= 1,.0923F Q& _ SG=_0.0
PATM= 1.4696E OL CFVAC= 1.7184F 00 FVAC= 5.7446E 04 F= 5,1639F 04
**#*#***#**#*****#***##
wxxkTATL OFF BEGINS®x%x%
ek o Mo gk ook ok el ook ok %o ok
TIME= 37,2 Y= 11.600
RNGI= _2,6402E-01 RHEAD=_ 2,6402E~ PONOZ= 3,5Q84F PHEAD=
PTAR= Le27GEE O1  MNDZ= 4.6540E-02 SUMAB= 7.3614E 03 SG= 0.0
PAT M= 1 .4696F 1 CFVALS 1.2Y83F Q0 EvVAC= 2,29K8F 0O¢& F= Z2.T160F 04
#%#%BEGIN HALF SECOND TRACE**#%
T IME= 37,4 Y=_114650 .
RNOZ= 0.0 RHEAD= 0.0 PONOZ= 1.7542E 02 PHEAD= 1.7542E 02
PTAR= _1,2796E Q1 MNOZ= 4,6540E-0D2 SUMAR=_ 0.0 SG=__ 0,0 -
PATM= 1.46G6E Ol CFVAC= 1,7183E 00 FVAC= 1,6489E 04 F= 1.0681E 04
TIMEz __37.9 Y=.11,.450
RNOZ= 0.0 RHEAD= 0.0 PONOZ= 5.7567E=D1l PHEAD= 5.756TE-01
PTAR= _ 1.27S6E 01  MNIZ=_ 4,654Q6-02 SUMAB= 0.0 SGz 0.0
PATM= 1.4696E O1 CFVAC= 1.7184E 00 FVAC= S5.4115€ 01 F= 0.0
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TABLE V-6.

COMPARISON OF COMPUTED WEIGHTS AND RELATED VALUES
.~ WITH RESULTS OF OTHERS

SRM 1 SRM 2

Parameter Present Program Reference 4  Present Program Reference 9
wp ,1bm 1,227,600 1,214,327 820l 8220
Ph max’PSia 999 —— 728 721

I

5P
1bf-sec/lbm  262.2 — 235.6 237.6
I >

5p vace
1bf-sec/1bm 272.6 270.9 262.2 266.1
Ip,1bf-sec 321,830,000 — 1,932,600 1,953,400
IT vac?
1bf-sec 334,650,000 331,300,000 2,151,200 2,187,000
Pmeop,psia 1139 1,000 811 799
T »in. 0.656 - 0.570 0.102 0.100
W, ,1lbm 123,950 102,724 5713 971
W, 1bm 12,580 11,862 113 342
W oo »1bm 9,340 11,906 101 143
W, ,1bm 1,302 1,278 Lo 27
W »lbm* 1,374,800 1,342,097 9033 9703

¥ No sllowance is made for Wé.

-88-



VI. CONCLUDING REMARKS

The SEM design and analysis program presented in this report is based
in part on approximate equations and methods but gives a reascnable descrip-
tion of SRM performance. Computational times are reasonably short. The
designer should be able to acquire guickly the skills necessary to prepare
input data.

Additional comparisons should be made between program and actual test
results to establish clearly the accuracy of the program.

Obvicous improvements possible in the program fall into two categories:
1) several modifications may be made to reduce the number of input variables
without compromising accuracy, and 2) the method of handling the end conditions
can be made more accurate. Most, but not necessarily =ll, changes in the
latter category are toward more sophisticated programs which it was the
objective of this analysis to avoid.
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APPENDIX

DESIGN DATA COMPILATION

Here the effects of changes in various design parameters are examined
and the results compiled in the form of traces of nozzle end stagnation
pressure versus time. The baseline SRM used in the analysis is the same
as SRM 1 of Section V. Except as noted below, the effect of ezch design
parameter is determined separately; that is, all other input parameters
given in Table V-1 are kept the same while computations are made for
different values of the parameter under considerstion. Alsc, the parameters
selected for variation have in general only minor influence on the propellant
volume so that the designs analyzed all load approximately the same amounts
of propellant. The stagnation pressure at the nozzle end of the grain
was selected for plotting versus the burning time because this characteristic
is most descriptive of SEM performance. For example, the vacuum thrust may
be obtained by multiplying the stagnation pressure by the product of the
vacuum thrust coefficient and throat cross-sectional area. This product
is & constant at a given time for all the variations congidered except in
the case of changes in the radial erosion rate of the nozzle throatb. Study
of the resulting plots should provide a guide to the desigher in predicting
at least the qualitative effects of changes in the various design character-
istics on the performance of SRMs of the general type considered.

Radial Erosion Rate

Figure A-1 shows the effect of the radial erosion rate (En = RADAR) on
the stagnation pressure at the nozzle end of the grain at variocus times.

As can be seen, the effect is substantial during the latter portion of
the trace, the higher erosion rates producing significant lower stagnaticn
pressure as the burning progresses., The effect on thrust, however, will be
mich less throughout the trace because of the larger throat areas which
accompany higher erosion rates. OF somewhat more significance is the influence
of radial erosion rate on the burning time of the SRM. As seen from the plot,
the burning time variation is approximately four percent over the range of
erosion rates considered.

Initial Grain Temperature

This parameter was investigated by adjusting the burning rate coefficient
(a=A) according to the relationship

a=a exp[(-np)k {1-n)aTi]
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vhere a_ is the burning rate of the baseline design, which is based on an
initiel “temperature of TO®°F, and AT is the varistion from this temperature.
The results are shown on Pigure A-2 for variocus initial grain temperatures.
The generally higher pressures and reduced burning times at the higher
initial grain temperatures are evident from the plot.

Number of Burning Slot Faces

The results are shown on Figure A-3. An increase in the number of
burning slot faces (S5=S) in the circular perforsted grain section of the
baseline design produces initially higher chamber pressures because of the
added burning surface ares, but the trace is more regressive because of
the additional decrease in propellant length with distance burned. It is
of interest that the net effect is an essentially constant burning time over
the range of this parameter considered.

Number of Star Points

Influences of the number of truncated star peints (np = NP} on the
trace of nozzle end staghestion pressure versus time for a fixed length of
the star grain in the baseline design is shown on Figure A-U. The results
are gualitatively similar to those of the varigtions in the number of burning
slot faces (5=8} in the circular perforated grain section.

Length of Star Grain

Influences of changes in the initial length of the star grain (Lggi=LGSI)
were evaluated for a fixed overall grain length (Lggi + Lgej = 1196.50 inches).
The results plotted in Figure A-5 confirmed the expected higher initial
pressures and greater regre551v1t1es aceompanying the greater lengths of
star grain.

-

Taper

Effects of taper were investigated by independently varying the aft end
taper and the taper of the main portion of the grain. The former variation
involved changes in the difference in web thickness (X@a = XT) over the aft
end tapered length and the latter involved changes in the differences in web
thickness (zo = Z0) over the remaining portion of the grain. The results are
shown in Figures A-6 and A-T7 for the final portion of the traces vwhich is the
only part where a substantial effeet is produced. The pressure changes for
the initial portion of the traces were less than 1.7 percent over the range
of variations considered, these changes being produced by changes in the
parameter ADy = DELDI corresponding to and egual to the changes in the
parameter zg = Z0. It should be noted that the effects of 2z, variations are
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coupled with the effects of an Xy, value of 5.0 inches which is the value
for the baseline design. Influences of the two types of changes are similar
except that z, increases produce much greater regressivities and burning
times. The longer burning times result from the burning rate reductions
which accompany the reduced pressures. It is noteworthy that if each

center grain segment were tapered identically with a z, over each segment
equal to the z, corresponding toc a contlinuous taper over the entire grain
length (the present case) the results would be essentially the same, and
therefore the alternate design could be trested by the simplified computer
program.

Thrust Termination Passageways

Figure A-8 illustrates the effects produced by use of twe thrust
termingtions in conjunction with SEM 1. The passageways were assigned the
same dismeter {Dgp = DTP) as the nozzle throat. The angle between the axis
of the passage and the motor axis (@p = THETTP) was taken as k5°. The
effective web thickness (TTeff = TAUEFF) was assigned various values. The
discontinuities in the resultant traces occurring at y = 1Tqesrpr are the
result of the method used to approximate the effects of the passage geometry
in the simplified analysis and will not occur in actual firings. To cbtain
a better approximation, the traces should be smoothed out for some distance
ahead of the discontinuity depending on the precise gecmetrical situation,
i.e., the location of the axis of the passage with respect to the head end
of the motor.

Erosive Burning

Ercosive burning was investigated by arbitrary variation of the constantis
{aep = ALPHEA and B = BETA) in the Robillard-lenoir burning rate eguaticn.
The values ¢ = 7.7 and B = 88.7 are the approximate values given by Peretz
{Reference 7) for a composite unmetallized 78% ammonium perchlorate - 22%
polyester propellant. Coamputations were made for these values and for
changes of 50% in each variable. The results are shown in Figure A-9 salong
with the baseline results.
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Figure A-7. Nozzle end stegnation pressure versus time for various
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ends of the main grain {(SRM 1).
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Figure A-9.

Nezzle end stagnetion pressure versus time for various
values of the erosive burning constants {SEM 1)



