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ABSTRACT

An interactive computer code for the preliminary desian
of solid propellant rocket motors ("SPRMD") was successfully

developed and 1its use was demonstrated through a design

L YA
.

example. "SPRMD" was written in FORTRAN for use on an IBM

¥

PC/AT. It combined several existing codes ("MICROPEP",

3

inaiite T W 2 ¥

"GRAINS", "ROCKET", etc.) and used the performance 1loss
estimation methods suggested by the AGARD Propulsion and

Energetics Panel for aluminized propellants.
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I. INTRODUCTION

:

A. BACKGROUND v
Solid propellant rocket motor design is a very complex :?
process which often requires many iterations 1in order to 3
accomplish a successful design. Usually, the first step in E
the design process it to obtiin accurate input data on mis- ;ﬁ
sile system restraints. Examples of these restraints are ;j
ballistic requirements (which can include thrust, burning 5%
time, total impulse) and mission/vehicle requirements (which S:
can include mctor length, diameter, allowed hazard and plume %
properties, altitude, etc.). These parameters are often re- i:
N

ferred to as independent parameters. Through the wuse of F’
these independent parameters, the required propellant burn :?
time and properties can be roughly estimated. Then, theo- .;t
retical motcr performance and losses can be estimated. The i

thrust-time requirements together with the expected struc-

s

~

tural loads permit initial selection of a grain design.

At b

The next step of solid propellant rocket motor design is

RN

to use the propellant properties and qgrain design tou predict

the pressure- and thrust-time profiles and the total impulse

Py '1‘ Py ,n' CFOR)

W,

o2f the motor. Propellant properties and grain design are
then iterated until these independent variable requirements 'ﬁ?
are met, together with acceptable propellant stress levels. i?
A final step in the missile design process is to use the >
'|
N‘
2
10 -
A
I‘.\‘
. :
o
S VIS LTy LA - - “u " Ve AN, BRI I S T I IPL INL L  Vl a St ap N S . A
SN N e SR . OIS S, Y S AN iy




LE Wl G Y

thrust—-time orofile in an external aerodynamics code t9
ensure that range and terminal velocity requirements are
met.

During the past decade, there has been significant pro-
gress in the automation of solid rocket motor design. It is
mainly because of the extensive use of digital computers,
which greatly facilitate the iterative type computations
mentioned' above (Ref. 1). In recent vyears, many of the
design processes have been accomplished using separate com-
puter codes, 1i.e., adiabatic equilibrium combustion codes,
codes which estimate performance losses, grain geometry
optimization codes, etc. These codes have, in some cases,
been combined into much larger design codes, and they are
often difficult and exnensive to run. Recently, PC versions
of some rocket motor design codes have become available.
However, they must still be used individually, and were not
all available for wuse on the same computer. The use of
these codes was also very inconvenient in that the same
parameters often had different variable names in the various
codes. The user had to transfer or convert the data from
one code to the next.

In addition, a recent AGARD publication has provided
recommended emirical equations which can be used for rapid
and accurate estimation of nerformance losses for aluminized

propellants.
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B. OBJECTIVES

The first objective was to outline a suitable "Solid
Propellant Rocket Motor Preliminary Design Procedure" which,
of course, 1s not a unique procedure. The second objective
was to create, modify, and/or combine the PC versions of the
necessary design codes into one interactive code which could
he conveniently used for preliminary uesign on an IBM PC/AT
microcomputer, The final objective was to demonstrate the
program by designing a tactical solid propellant rocket

motor combustor.

C. APPROACH

The approach to achieve the objectives was first to
detail an acceptable preliminary design process. The algo-
rithm of the design process was then followed, utilizing
several existing codes and loss estimation methods as
appropriate; to obtain an integrated design code for use on
the IBM PC/AT. The programs to be used were (1) "MICROPEP"
(a microcomputer version of a pronellant evaluation program
from China Lake, Naval Weavons Center), which calculates the
adiabatic, equilibrium combustion process, and theoretical
motor performance; (2) "GRAINS" {(a radial spoked star qrain
design program from CSD); (3) "ROCKET (a Lockheed internal
hallistics nrogram), which 1is a one-dimensional £flow code
which predicts pressure and thrust versus time; and (4)

"FLYIT" (a flight simulation program from China Lake, Naval

12
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Weapons Center), which performs simplified trajectorv calcu-

lations. In addition, a code based upon AGARD-AR-230 was
written for estimation of performance losses for aluminized
propellants. Capabilities of the final program were then to
; be demonstrated by considering the design of a tactical

motor.
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II. SOLID PROPELLANT ROCKET MOTOR DESIGN PROCESS ::
»
R
A. GENERAL N
(S
The method of solid rocket motor design adopted 1in this o
work 1is shown in Figure 1. It was assumed that the required 33
information on fundamental propellant properties (burning ;ﬁi
rates, temperature sensitivity, etc.) was known. In :;
addition, the design process discussed herein did not t;
gy
B
include any stress analysis for the propellant grain or ﬁﬁ
Fdy
case., o
®
,':.::
B, INPUTS N
~
A
The inputs that are required to satisfy mission objec- -
tives (the independent parameters) were as follows: g;‘
1. Ballistics Performance Requirements f:
-
— N
a. Average thrust (F) or thrust-time profiles, N
b. Burn time (tp), or 53
IN'
. b
c. Total impulse (I¢). &;:

2z

%5

These parameters are interrelated as shown in

~

t.t) .:'},

Figure 2. Thus I = [ “Fdt (2.1) A
(o] .::
l--’

F = I/t (2.2) R

2. Mission/Vehicle Constraints i&

e

These requirements are directly related to the motor &P’

.’:
design and include: :~
Sy
N
14 N
Sy

Ny

~ ety

A

MR |
.

L TR PR LS AL TR RN WA . AT AT AW AT SR GRS N LT N TR LS TN S Nt



A Gt St I NCA A

Pmax .
APPROK. REQUIRED ¢

+

v

R ¢ s RIS
P, e W Ty T TV ¥ n T T AT

7~
Fp tbo len

L. D. MEQP
< ALTITUDE

A T RANGE

ALLOWED ERHAUST SIGNATURE
ALLOWED HAZARD RATING

g PROPELLANT PROPELLANT PROPERTIES, f = ap

TT' » COMPOSITION

 SELECTION |
[ HOMINAL fE |
N
{ THECRETICAL PERFORMANCE
| COMPUTARTION * MICRCIZP ™

~ |

MATERIAL |

N
{SELZCT NOZZLE GEOMETRY &
N

l"l

0
|

g

)?c u o?cf

—

STIMATE LOSSES : USE AGARD-AR- aTa}

|
N

lav ~ | { - - Ty =y
| SILE Ay & A, —>I CHECK J FACTOR = A,y/ Ay LIF I, 0.35)

+

, NS . ' REQUIRED WEB &
[INITIAL GRAIN'S | F vs. t PROFILE
' DESIGN w—! "GRAINS"
l . | CALCULATE l
~1F vs. t=>I1,F F
~ * ‘max’ ‘min
CHANSGE CHANGE P us. t—>Pmay

PRAPT s z
F R./P\..LLANT CRRINR:SIGN

' : ] 1O

N

RV
MOREZ SOPHISTICATED
DESIGN REQUIRED

——— "ROCKET" I

ITERATE INTERNAL BALLISTICS

’F

{ MEET THE REQUIREMENTS ON I,.tp, |

\LYES

NOT ACCEPT

VELOCITY & RANGE

CALCULATE TERMINAL | "FLYIT"

!

ACCEPT

FIGURE 1.

DESIGN PROCESS

..........

‘> P FAT AT AL A Ny

’ f&..}n...\uk;bu.‘h..;-n A A Y

15

. A'—AA..AA AP S PR

.....

LR
.
13

]

etk

LN ¢

AN

Yy
g

e
oaar

r
“

., ;.. .“

e

N,

. § v 2 TR
SOOI O

-
G %
LS

s

[s

v v
o7

1

5
P

v 'y ,.?.';

e et v < w
'-‘«‘(‘" "-'."/' : I)f:

%,

o

..
N
N
%
&%
Ay
[

AT

X

4".’

o

Ty Ay
»




a. Envelope
The allowable envelope (motor 1length L, motor
inside diameter D) is the fundamental constraint on the
motor geometry, which can be |, used to estimate the required
burning rate (r) and total volume available (Vg4) for the

propellant by following relations:

r = (D/4)/ty (2.3)
(i.e., a web fraction of approximately .5)

Va = (wD2/4) L (2.4)

b. Maximum Expected Operating Pressure (MEOP)

The MEOP is set by the structural limit of the
motor case. The maximum operating pressure at maximum pro-
pellant temperature (Pmaxtp) is less than the MEOP by the
factor of reproducibility tolerance (see Figure 2). Pmaxtp

can be initially estimated from the following equation
Pmaxtp=MEOP (l-reproducibility tolerance) (2.5)

c. Temperature Range and Altitude
The operating propellant temperature range
effects the selection of the propellant through the required
burning rate temperature sensitivity. The design altitude,
together with the nominal chamber pressure determine the

exhaust nozzle area ratio.
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d. Allowed Hazard Rating and Allowed Exhaust f}:
Signature )
l‘ {
u‘ Al
The hazard rating requirements have to do with Y
whether the propellant 1is detonable or non-detonable. %‘
»
v‘\
Modern high energy propellants are often detonable. The IN
’
’
allowed exhaust signature affects the propellant selection Y
through requirements on exhaust smoke and radiation. fi
C. PROPELLANT SELECTION ¥
From the ballistics performance and mission/vehicle con- :.
‘o
straints, it is possible to make a preliminary selection of 3;
Y
. . . SR
the propellant type that is most likely to give the required ﬁ.
performance, internal ballistics, flame temperature and %,
. ) k.‘
mechanical properties, as well as the necessary storage Ny
n.‘ Y
7
stability, the best hazard properties and exhaust signature -ﬁ;
®
(Ref. 2). A particular propellant will have known (or oy
. ot
estimated) burning rate (r), temperature sensitivity (mg), %x
; N
s
density (Dp), and composition. Then the nominal chamber ~3
pressure (Pg ) can be calculated by using the equation ie'
nom o
( Ref . 3 ) . ::.'
oty
por
Pc = Pmaxtp eXpP (mk (Tnom = Tmax)) (2.6) e,
nom - oy
o
n
D. THEORETICAL PERFORMANCE COMPUTATION _."C
Aty
Following the propellant selection, theoretical per- g&
formance computations can be made for the specified chamber —ii
N
and ambient pressures. A program such as PEPCODE (Ref., 4), }$~
A
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or the PC version "MICROPEP", will provide data such as
thrust coefficient, characteristic exhaust velocity, shift-
ing and frozen equilibrium performance results, optimum noz-
zle expansion ratio, mole fraction of condensed species in

the exhaust, etc.

E. NOZZLE GEOMETRY AND MATERIAL SELECTION

The information on theoretical combustion temperature,
pressure, gas composition, and burn time, together with
geometry constraints, permits the nozzle configuration and

material to be selected.

F. PERFORMANCE LOSS ESTIMATION
It was assumed that the delivered specific impulse could

be written:

Isn nc nc* (2.7)

“th f

where ISpth is the theoretical specific impulse calculated
by "MICROPEP"; and ncf and np* are the thrust coefficient
efficiency and characteristic velocity efficiency (or com-
bustion efficiency), respectively.
ncf was computed by summing the effects from the
following losses
1. Divergence losses (epyy):

2. Two-phase flow losses (erp).,

3. Boundary layer loss (egp).

19

T,

T P

v
[N S

l.l."l.ll

L —}'-;'\.’ﬂ,\{ ‘:"‘{ s | I

» S

r

R g s
Fai)
v

W

-y by Xy

)

PR L LSRRI -
[N . P

s
5 % AN

4

-

5

-t

7

-

f 4

-
o

CX
fofaTaly

L'

e

.
&
=

402

f_'( I" b

A

"{

R

O

E A ST FLEEERN
RN A A

e N T

AT AL LSS
c L

vq'



5

»

-
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{

. . A

4. Kinetics loss (egxiN)+ Yy

-+

,

5. Submergence loss (egyp): o
6. Erosion loss (egrpsg) - 2
I\'

Thus, nc_ = 1-(eprv*terp*eprtexInt esys*egros)/100 (2.8) ~3
A

l.-

The combusion efficiency depends primarily on the o)
residence time (t,), and the latter can be expressed as Y
A

t, = (Vol/m) (P, M/12 R T.) (2.9) i

i’

where f"
w3
- Vol is the irstantaneous volume of the combusor (in3), 20
. . \F
- P, 1s the chamber pressure (1bf/in2), v
13 h

- T, 1is the chamber temperature (%Rr), )
-\-
- M is the molecular weight, i;

- R is the universal gas constant (ft lbf/lbmoleOR),and i_
I\

. L‘\

- m is the mass discharge rate (lbm/sec!}. 2
For example, Figure 3 (Ref. 2) is a plot of specific impulse :2‘
r:'
versus average residence time for aluminized propellants. ;;\

L]
a

i 4bY

It shows that the residence time must be somewhere between

10 to 15 msec to obtain a combustion efficiency between 90% ;g
.'.\.

and 95%. Increasing the free volume of the combustion =

chamber will improve the residence time. 1In this work the »

initial volume was used in the residence time calculation,

i.e., the worst case. o

G. THROAT AREA AND EXIT AREA
Accurately sizing the throat and exit areas 1is one of

the major goals of the solid propellant rocket motor design.
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These areas are dependent on several other variables,
such as thrust coefficient efficiency, combustion
efficiency, specific impulse, and etc.. In the sizing
process, it is convenient to start by using the theoretical
values. The effects of losses can then be handled itera-
tively until the solution converges to the final areas. The
rest of this section will present the basic algorithm for
the throat and exit area sizing process.

The basic definition of specific impulse can be ex-

pressed as (Ref. 3):

Isp,, = F/m (2.10)
where

F = Ce, . Pchth (2.11)
Then

Ath = E (2.12)

Cfen "Ce Pe

The theoretical throat area can be estimated by using
Cfth for shifting equilibrium flow (from 'MICROPEP" - the
theoretical performance computation). The losses which are
calculated to obtain ncf depend upon the output from
"MICROPEP" and the throat area. Thus, iteration is required
to obtain both the losses and throat area.

In summary, the calculation can be conducted in the

following steps:
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1. Calculate A} using equation (2.11).

2. Calculate ncf as discussed above.
3. Calculate Ayp using equation (2.12).
4. Repeat steps 2. and 3., until the values for throat
area and ncf converge.
In the current program the iteration was terminated when
there was less than a 1% change in Ay, per iteration.
The exit area can then be calculated from
Ag = Ayp € (2.13)
where € is the exit to throat area ratio. ¢ is calculated
in "MICROPEP", assuming that the nozzle exit pressure 1is
equal to the local ambient pressure (one-dimensional, ideal

flow is assumed).

H. GRAIN DESIGN

The primary purpose of grain design is to shape the pro-
pellant grain such that the rocket motor can deliver the
required performance (thrust-time or pressure-time profile).

In order to be able to select the general confiquration
of the grain geometry, several parameters must first be
determined: the web fraction (Wg), volumetric loading frac-
tion (Vy), and the length-to-diameter ratio (L/D) (Ref. 5).
L/D is known from the input data. Web fraction is the frac-

tion of the motor radius that is filled with propellant.

Thus, .
Wg = rtb (2.14)
£~ 1o/2) :
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The propellant burning rate (r) is generally expressed in

o

the form:

p.’\;. ,\‘_\‘_\ 3y I:- O

n
r = apc (2.15)
where a and n are empirical constants. They are assumed to ,
4
be known for the selected propellant. The volumetric load-

»
[
LA

ing fraction is defined as the ratio of the volume occupied

N
by the propellant (V,) to the total volume available in the ﬂa
motor for propellant (Vz). Thus, ;

‘ .
\V/ e
o] N
Vg = — (2.16) 5?
Va pos
where 5 ﬁi
_ (7D g
va = ( i ) L (2.17) ?,‘-
I.’l
The reguired pronellant volume is found as shown below :}
N
- W .\i
It = Ftb Ispmtb = Isp 'EE tb = IspwP (2-18) hE
Thus, ‘\lp = It/Isp (2.19) "'::
This yields the reguired propellant weigat (Wp) and o
Vp = ( 2 . 20 ) ;\:
Pp o
o
. . N
where °p is the density or specific weight of the selected o
LAp
propellant., With Wg, V&, and L/D known, an initial selec- }3
tion of qgrain qgeometry can be made (for example, see Ref. ﬁf
5). For a selected grain configuration, the web versus I:f
burning surface area (which is the data needed for §$
X
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thrust

and pressure versus

computed.

I.

The

made using

The

equal to the sum
and the

Figure 4.

mass

thrust and

addition from the
of the
mass exhausted fronm

Thus,

mg = dM/dt + mp

time

pressure versus
conservation of mass for the

burning

the

time

mass accumulated in

calculations)

THRUST AND PRESSURE VERSUS TIME CALCULATIONS

combustor({Ref.

propellant

can

......

be

calculations are

3).

(ﬁg) is

the combustor

nozzle (mp) as

shown in

(2.21)

ﬁo is the mass of gas generated from the burning propellant.

1

. n
mg = lepApr = ]epApaPc

(2.22)

The summation is over all pronellant grains that are burning

at the same time.

dM

dt

where

then

is the mass accumulating in the combustor.

daM d dvol dpg
— = — (oY = — ¢ —
at gt (PgVol) = eq=gp vol —5¢
dvol _ . dpq 1 dP.
at }rAb and 3% ¥ RTg ae
dM EE dvol . vol dP,
dt §TC dt ﬁTC dt
25
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(2.24)
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&n is the mass exhausted from the nozzle. For chocked flow,

tp = EEL%¥¥1J%E (2.25)
Combining equations 2.21 through 2.25 results in
;ppAbapg = (§§Z) dg§1+(ggi)gi° . [Pcéshgc] (2.26)
Solving for dpP./dt
gg% = (v%T)[ETC(z PpBpaPe = 322;299> ~ PC(Q%%l)] (2.27)

Equation 2.27 can be numerically integrated to give P.(t).
The thrust-time behavior can then be obtained from

Po(t) = nc_ Ce(E)Pc(t)Agh(t) (2.28)

J. TERMINAL VELOCITY AND RANGE CALCULATIONS

The last step of solid propellant rocket motor design is
to incorporate the designed motor into the desired airframe
and make a flight simulation. The purpose of this flight
simulation is to verify that the motor <can produce the

desired range and terminal velocity.
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ITI. MICROPEP

"MICRCPEP" is a microcomputer version of the propellant
Evaluation Program (PEP), published in Naval Weapons Center
Report NWC-TP-5037, "Theoretical Computations of Eguilibrium
Compositions, Thermodynamic Properties, and Performance
Characteristics of Propellant Systems," by D. R. Cruise,
April 1979 (Ref. 4). The code (MICROPEP) can handle 12 dif-
ferent input ingredients and 200 combustion species. It
performs the calculations for the thermodynamic properties
and pnertormance of propellant systems.

A. BASIC ASSUMPTIONS
The basic assumptions of "MICROPEP" are as follows:

1. Eguilibrium adiabatic combustion at the nozzle
entrance. *

2. One-dimensional, isentropic expansion in the nozzle in
which the flow can be either a shifting equilibrium
flow (assuming chemical equilibrium 1is maintained
throughout the expansion process) or frozen composi-
tion flow (assuming the chemical composition of the

the flow remains the same throughout the expansion

process).

3. Gases were considered to be perfect.

4. Nozzle exit pressure is assumed to be equal to the

ambient pressure.
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B. INPUTS
Inputs required by "MICROPEP' are:
1. Composition and mass of each ingredient. WNormaily the

weights of ingredients are chosen to add up to 100 g.

NOTE: Ingredients may be input by the user or they
may be selected from an existing data file. 1In
the latter case ingredient serial numbers are
used.

For assistance, use README, which should be on
tne PEPCODED.DAF Data File.

2. Combustion pressure.

3. Nozzle exit pressure. This defines the limits for the

expansion process.

C. OUTPUTS
The program calculates:

1. Combustion product composition, properties , and
temperature at the nozzle entrance.

2. Nozzle exit product composition, properties, and
temperature for two cases:
a. Shifting equilibrium flow
b. Frozen composition flow.

3. Required throat area and exit area with no losses, for
the same two cases.

4. Theoretical specific impulse, thrust coefficient, and
characteristic exhaust velocity for both shifting
equilibrium and frozen composition flow.
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Iv. LOSS MECHANISMS

For estimation of the performance losses, a set of
empirical formulas suggested by the Propulsion and

Energetics Panel of AGARD in AGARD-AR-230 (Ref. 6) were

worou
oy e
PR

used. Similar methods can also be found in NASA Report SP-

'x. ’\;\" ‘1

I

Iy

8039 (Ref. 7) "Solid Rocket Motor Performance Analysis and

LAl ]

Prediction."” It is assumed, as in equation 2.7, that the

2.7,

oy

-

combustion efficiency (nc*) and thrust coefficient effici-

)
4

s Mr

'_-"-_"l

ency (nc ) can be treated f independently. The empirical

L]

formulas are valid only for aluminized propellants.

hd
x

N

A

A. THRUST COEFFICIENT EFFICIENCY

et

.’ }

-

The thrust coefficient efficiency (ncf) can be expressed

._.,
AN )
-,

.

o

as in equation 2.8

e = 1-(eprv*terptepLtekINt €sUBt €EROS) /100.0

7
'v'\’l_'l'

Empirical equations for each of the losses (e's) will be

'\'I.'I‘
e ]

presented and briefly discussed below. More details can be

o
s
SN

found in Reference 6. JL
r:'..-

1. Divergence Loss (&DIV) N

e

. . : . )

This is the loss due to the radial velocity com- s

oo

ponent of the gas at the nozzle exit nlane

'\' ." ."’

0
LU

A

.
1%

(a+9ex
2

f'l{' . ] ..'

EDIV = 50 [l—COS (4.1)
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a is the nozzle half angle and ©6ex is the exit angle for a

contoured nozzle. For a contoured nozzle, o is measured to
a line drawn from the exit and tangent to the wall at the
throat.

2. Kinetics Loss (®*KIN)

- -I\.l?‘\ TR RN R -v_‘-.‘-"-{'l.<

This is the loss (or reduction in performance from

© r ¢ Y
¥oa "

the value of shifting equilibrium flow) associated with not

A5
attaining chemical equilibrium throughout the nozzle expan- :z
b

sion process. It is estimated to be 1/3 of the fractional !
(l

difference between the specific impulse for shifting equi- E
o L . s
librium (Isps) and frozen composition (Ispf)° Thus, >
I .
exry = 33.3 [1 - =2R& (4.2) o
SPs \
R

Both Isps and Ispf are obtained from 'MICROPEP." R,
3. Boundary Layer Loss (%BL) .
N

The boundary layer loss (epp) 1S expressed as N

N

p 0.8 p 0.8 .
c c )

ERL < Cl —_0-—2 [1+2 exp(-C2 ——0——2— tb)] [l+0.016(€—9)] :
Dth Den ™ ° "3
(4.3) ol
~

,h
This loss accounts for both reduced flow areas and transient ﬁv
’

heat loss. 1In equation 4.3, P, is in psi, D¢h is in inches. &
The C; and C, coefficients are "4
N
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for ordinary nozzles Cy = 0.00365
Cr = 0.000937

for steel nozzles Cy = 0.00506

W

Co 0.0

4, Two-Phase Flow Loss (fTP)

This loss 1is due primarily to the velocity lag of
the condensed species of the combustion products as the

mixture passes through the exhaust nozzle,

MgCa D,C5

erp = C3
PC0.15 -0.08

(4.4)
C
Dep -~ ©
where
a. Dy is the diameter of throat in inches

b. Dp is the mean Al,04 particle diameter in

microns and is calculated from

Dp = 3.39 Dth0.4692
c. P, is chamber pressure in psia

d. C's are dependent on the diameter of the throat

Cy = 0.5
D¢ < 1 Cy = 9 Cg = 1 Ce = 1
1 < Dgp < 2@ C3 = 9 Cg = 1 Ce = 0.08
Dyhp>2 and Dp<4: Cy3 = 13.4 Cg = 0.8 Cg = 0.8
D¢p>2 and

4pof8: Cy = 10.2 Cg = 0.8 Cg = 0.4

Den>2 and Dp>8:  C3 = 7.58 Cg = 0.8 Cq = 0.33

e. Mg is the mole fraction of consdensed phase in

moles/100 gm of reactants.
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5. Submergence Loss (&SUB) 3’,
}
This loss is expressed as =
s_
Pee 0.8 0.4 ]
esup = 00684 (=) = — (4.5) o
Ath D * ’-
th [
4
It is due to the nozzle configuration for a submerged nozzle LS
where S is the submergence length in inches (the length that 2
the nozzle is imbedded in the combustion chamber). ;;
6. Nozzle Erosion Loss (€EROS) E
This loss results from nozzle erosion during the :3
o
~
burn and is expressed as :2
I A
e = [1 - ] x 100 (4.6) y
EROS I;E‘Z’g ',
ISpth is the theoretical Isp for the initial nozzle expan- Qi
sion ratio and Ispm is the theoretical Isp for the mean ;}
-\"
expansion ratio. Ispm is determined by interpolation of -
Isp versus the nozzle expansion ratio data from 3
th T
"MICROPEP." =
| .
w
-3
B. COMBUSTION EFFICIENCY N
L4
4
NASA Report SP-8064 (Ref. 2) states that the combustion -
)
efficienty (nc*) is determined by " he completeness of metal o
combustion within the motor and by the degree to which com- f;
-.‘_
R
; bustion products reach chemical equilibrium among N
)
themselves." These effects depend primarily on the 3
My
. . iy
residence time (ty) as expressed in equation 2.9. An ncx of R
&
i
)
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55
90-95% can be attained if residence time is 10-15 msec (see E
wa
Figure 3). o
¢ =
i v
. PROGRAM B
;.-f "
)
The subroutines which solve for the thrust and combus- t*'
tion efficiencies are listed in Appendix A, Subroutine PFE ;
and Subroutine LOSCF. Basically, they followed the method if
discussed in Chapter II. The algorithm is shown below '{f
1. 1Initialize Cg (coefficient of thrust) as Cfth ;'
a e
(theoretical coefficient of thrust from "MICROPEP" g}
o
for shifting equilibrium). 55‘
"’
:\’7'
2. Calculate Ayp and Dgp: Y
o
o
F 1/2 et
Den = 2(c 57 R
th € o
Ly

2N

3 . o ¥
3. Calculate ncf using the relation Eg'
N

ne, = l-(epry*esp*erp*egInt esyp* egros) /100 iy

D

4. Calculate Cfg using g:
:\‘! Y

Cg = C n o

£ fth Ce i
5. Correct Dgyp using 5&;
1/2 vy

F °

Dep = 2 (—F—) a3

Ceg Par Ny

£ Fc N
g
6. Repeat Steps 3 to 5 until Ayp, converges. iﬂf
u\' -

AT

The reason that App was used for the iteration variable was ®
s

that ne (through eg;, epp, and egyg) depends upon Agy. ;&:
0
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V. GRAINS '~
o
[
e
"GRAINS" iS PC based code for the design of radial sided :5
J‘n
star grains, The original version was written by G. J. E‘
2N
Woten and R. McCormick of CSD, United Technologies, November
. . g
1984. It was then modified by LT G. Liston of AFWAL/Port, &f
December 1984. The general shape of this grain and the %:
geometric variables are shown in Figure 5. 4
Ny
"GRAINS" <can be wused in either of two modes: the 3;
4
"Design Mode" or the "Burnback Model." N
.
A. "DESIGN MODE" P
Fof
In the "Design mode" the program solves for geometries 'i
l}
that satisfy input requirements on the number of star points é
required port area, perimeter factor, web, and etc., !l
.S
. '-.'
together with the allowed tolerances on these parameters. o)
The geometric constraints for the grain are determined ~
5
from the propellant characteristic and motor constraints. e
For example: i‘
l\.
<
m Ft3b L
aport = (7)p2[(1 - (3===)) i
spPp e