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Abstract. A modular computer program for prediction of in@rballistic performances
of solid propellant rocket motors SPPMEF has bemrelbped. The program consists| of
following modules: TCPSP (Calculation of thermo-cheal properties of solid
propellants), NOZZLE (Dimensioning of nozzle andiraation of losses in rocket
motor), GEOM (This module consists of two partspart for dimensioning the

propellant grain and a part for regression of bwgnsurface) and ROCKET (Thjs
module provides prediction of an average delivgredormance, as well as mass flgw
pressure, thrust, and impulse as functions of bgrtime).
Program is verified with experimental results obéal from standard ballistic rocket test
motors and experimental rocket motors. Analysisesitilts has shown that established
model enables has high accuracy in prediction bdl goopellant rocket motors features
in cases where influence of combustion gases flowwning rate is not significant.
Keywords: rocket motors, solid propellant, burning rateeintl ballistic performances
prediction, losses, computer program.

1. INTRODUCTION

Initial phase of solid propellant rocket motor deygnent is characterized with
number of parametric studies undertaken in order focket mission to be
accomplished. During the process of assessmenbsdille solutions for propellant
charge shape, configuration of motor and type alpellant charge, problems of
production are being considered, demands for dpeaifotor performances and
conditions of exploitations. Even though these iprnelary project studies are
comprehensive, from practical side, it is not gqodctice to treat all the influencing
factors parametrically. Instead, after first assesy® of possible solutions, optimal
construction is chosen. It is then further subj@dtedetail analysis. Using this analysis,
following is critically tested: propellant type -egmetry of propellant grain — motor
structure, in order to determine whether the muiidirsatisfy parameters necessary for
of solid propellant rocket motor design. One of th&n objective for designers of solid
propellant rocket motor is defining propellant grarhich will enable required change
of thrust vs. time, needed for fulfilment of rocketssion, taking care of other specific

limitations (envelope, mass, etc.).



Analysis of solid propellant rocket motors is pregging in two levels, where,

independent of level, it is needed to assess fatigdour basic steps [1,2]:

« Assessment of several types of propellant type§ifnamations,

» Defining the geometry of propellant grain whichisf&s conditions of internal
ballistics and structural integrity,

» Approximate determination of erosive burning andeptal instability of burning
process,

» Determination of structural integrity of the grasluring time of pressure increase
during ignition.

First level or preliminary analysis of design usesls that have to be simple and
adaptable to user. There are usually simple compgotes, based on analytical models
or diagrams that give simple first results.

Second level is level of final design of propellahiarge. Tools for this task are
more refined and these are handled by expertsrigetiant grain design. Computer
codes are based on finite difference methods defelement methods, with 1D, 2D or
3D models of physical phenomena (internal ballsstiiuid dynamics, continuum
mechanics structural analysis). They allow precakeulations, or optimization up to
defining final geometry.

Countries with high technological level (USA andstezn countries) focus their
continual research on prediction of theoreticafgrenances of solid propellant rocket
motor. They base their research on developmentighf tange ballistic guided rockets,
based on composite propellant charges. Large nurobeexperimental research,
conducted during the development of these rockstesys, enabled huge database of
influencing factors on dispersion of real from idparformances of rocket motor, for
every system individually.

Most of today’s models for prediction of the intarballistic performances of solid
propellant rocket motors are based on one-dimeakid®D) mathematical models for
solving basic equations of fluid mechanics (contypjumomentum and energy
equations). One-dimensional models, which can hadoin commercial programs
(SPP-Solid Performance Program [3-7], SNIA-BPD, BambParodi-Delfino S.p.A.,
Defense and Space Division, Colleferro, Italy [8hHave the advantage of fast

calculation times.
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Program SPP has become the standard reference wympagram throughout the
United States for predicting the delivered perfanoe of solid propellant rocket
motors. The nozzle performance methodology staits the ideal performance and
addresses each of the following performance lossham@sms: finite rate chemical
kinetics, nozzle throat erosion, nozzle submergemaezle flow divergence, two phase
flow, combustion efficiency, and the nozzle walubdary layer. The Grain Design and
Ballistics (GDB) module calculates the ideal presdhirust history, and subsequently
modifies these values based on the nozzle perfarenafficiencies. Program SPP is
used by leading manufacturers of solid propellanket motors in USA and many other
countries. This program enables prediction and/oalysis of performances for
hundreds different rocket motors, but most of thdaga are unavailable for other
countries [3].

From september 1997. to 2007., Center for Simulatdd Advanced Rocket
(CSAR), the University of lllinois at Urbana-Changra for needs of U.S. Department
of Energy, was developing program faediction of the performances of solid propellant
rocket motors based on numerical simulairl2]. The goal of the CSAR is the detailed,
whole-system simulation of solid propellant rock&tsm first principles under both
normal and abnormal operating conditions. The dhesigsolid propellant rockets is a
sophisticated technological problem requiring elperin diverse sub disciplines,
including the ignition and combustion of composérergetic materials; the solid
mechanics of the propellant, case, insulation, aorzle; the fluid dynamics of the
interior flow and exhaust plume; the aging and dgenaf components; and the analysis
of various potential failure modes. These problesms characterized by very high
energy densities, extremely diverse length and tswales, complex interfaces, and
reactive, turbulent, and multiphase flows. All bése modules are verified using scaled
experimental rocket motors and real rocket motdvdels enabling numerical
simulation for these type of problems demand highfggmance computers (longer
calculation times).

Defense Technology Department, at Mechanical Emging Faculty Sarajevo,
also developed their own model and program, urtfteename SPPMEF, for prediction
of internal ballistic performances of solid propell rocket motors, which can solve
problems with high accuracy, but for rocket motatsere influence of gas flow and
mass flux on burning rate is not significant, adlwefor rocket motors with central

nozzle [13].
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2. MODEL FOR DIMENSIONING AND PREDICTION OF INTERN AL
BALLISTIC PERFORMANCES OF SOLID PROPELLANT ROCKET
MOTORS

The program SPPMEF consists of a series of modiétsare integrated to provide

a method to predict the average delivered perfocméiigure 1):

e TCPSP — Calculation the Thermo- > REQUIRMENTS INPUT PROPELLANT
DATA BASE
chemical properties of solid y v
']-"”)RE"I-I( \I « SELECTION OF -
prOpe”antS, FROI;E{E)T;EEE?\FGQUD PROPELLANT
- - - i~ ' 0
* NOZZLE — Dimensioning of nozzle O

GEOMETRY
and estimating losses in rocket ]
SELECTION OF GRAIN

motor, CONFIGURATION
* GEOM — This module is consisted of v ! v
two parts: a part for dimensioning the " TR A e oD
propellant grain and a part for ~  GRANDESIGN =
regression of burning surface, and BURNING ml‘:;:mﬂ—s wep
* ROCKET - This module provides '
- . FLOW RATE, THRUST, v, VERSUS TIME A
prediction of average delivered
Y
performance, as well as mass flow, f -~

A
END

pressure, thrust, and impulse as
functions of burning time.
Figure 1. Model SPPMEF
These modules, together with analytical or expeniiaeexpressions, are used to
describe physical and chemical processes in roukétr. Effectiveness of these models
depends on assumptions and numerical model used.
Verification of models for prediction of internalalistic performances is only
possible usingexperimental tests. Experimentatareh helps in identification of
quantities that influence dispersion of internalllific parameters obtained

experimentally from ideal parameters.

2.1 Module TCPSP

This module enables calculation of the combustioadpcts composition at
chemical equilibrium (model Minimum of Gibbs eneygyransport properties of
gaseous combustion products and theoretical peaioces of rocket motors.

Calculation of theoretical performances of rockettons is based on assumption of the
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Infinite-Area Combustion chamber (IAC) model. Thm®del describes procedures for
obtaining theoretical performances of rocket motians both cases of expansion, at
“frozen” equilibrium and “shifting” equilibrium cadlitions. Three cases are considered

as follows:

» Expansion to given Mach number (condition for thraaa),

* Expansion to given pressure at the nozzle exit,

* Expansion to given expansion ratio (program enab#dsulation expansion for 3

different expansion ratio)

Module TCPSP enables calculation of theoreticafoperances of rocket motors

with propellants consisting of the following chealielements: Al, C, Ca, H, K, Mg, N,

Na, O, P, S, Si, Ti, F, Fe, Cl, Pb. The databasesisting of propellant ingredients
based on available data published by MARTIN MARIET¥6] and STANAG 4400

[15] has been established. This program is capabpgedict properties of combustion

products mixture with 156 gaseous and 39 phaseerwmed ingredients. The database,

which consists of propellant ingredients and cortibagroducts, can be upgraded with

new ingredients.

Very good agreement of calculated theoretical perémces of rocket motors is
obtained by the TCPSP module, with referent progr@phelie and CEA (table 1) [14].

Table 1. Comparative analysis of some propertiéeercombustion chamber for the solid
propellant AP/CHOS-Binder/Al/MgO/H20 (wt.%:72.06/%8/9/0.2/0.16)

P [MPa] 3.447 1.724
TCPSP| CEA™ DEVIATION TCPSP | CEA™ DEVIATION

T [K] 2716.8  2724.44 -0.289d 27004  2708.0 -0.29%
Cp [J/gK] 2.418%  2.4078¢ 0.449 25407 2.531738 0.35%
y 1.196 1.1945 0.200d 1.1926 1.189 0.30%
s [J/gK] 10.529 10.5750¢ -0.449 10.784 10.82443 -0.34%
h [J/g] -2028.3 -2028.24 0.0009d -2028.3 -2028.24 0.00%
p [g/m’] 3527 3520.4 0.17% 1772 1768.1 0.22%
M (1/n) 23.11% 23.136 -0.1009 23.071 23.096 -0.119
Mw [g/mol] | 22.263 22.287 -0.099 22.225 22.246 -0.099
a [m/s] 1080.1 1081.4 -0.129 1075.4 1076.6 -0.119
(dvt)p 1.045} 1.0518 -0.589 1.069 1.0686 0.049
(dvp)t -1.0026 -1.00264 0.009d -1.003§ -1.00347 0.019

2.2 Module NOZZLE

This module enables dimensioning of nozzle, estimgdbsses in rocket motor and

prediction of delivered specific impulse.

Process of dimensioning of nozzle demands thaiviatlg is known:

994



» Average values of thrust,fsr (determined in external-ballistics analysis of siles
mission).

» Combustion pressure in rocket motor chamber (deteunduring the process of
choosing the type of propellant).

* Theoretical values of thermo-chemical parameters paodpellant, for case of
equilibrium and “frozen” state of combustion protk) for adopted working
combustion pressure and ration of exit and throzd aection of nozzle (from module
TCPSP: Mole fraction condensed phase, Specific iseplor equilibrium and frozen
expansion, Thrust coefficient) and

» Losses in rocket motor nozzle (for assessmentssel® we need to know following
parameters: material of nozzle, nozzle half anglening time, radial erosion rate of
the throat and submergence length).

Prediction of real value of specific impulse of ket motor is complex task, which
encompasses theoretical values of specific impofsgropellant, combustion process

coefficient of efficiency_. and thrust coefficient of efficiency,_:

lo =g, U1 U, (1)
For prediction of real specific impulse, empiriéafmulas are used in assessment
of losses, recommended from AGARD-a, in Propulsaod Energetic Panel Working
Group 17 or similar method, used in program SPB8[19]. The program currently
treats the following losses: divergenegf), Two Phase Flowstp), Boundary Layer
(esL), Kinetics gxin), Submergenced s) and Throat Erosiorefros).
Thrust coefficient efficiency is
Ne, =1- 0101[(£DIV témptEy tEN T Eap +£EROS) 2)

Experimental values specific impulse are determursadg:

J-th

|, = . (3)
Spex
P mp

Results of comparative analysis of assessed spegifiulse and experimentally
determined specific impulse for 4 types of rockettons (first 3 with double base
propellant and last one with composite propellgpetTP-H-3062 [20]) are shown in
table 2.
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Table 2. Comparative analysis of assessed andimgyeally determined specific impulses

Nozzle Specific impulse [Ns/kg

Diff.
d Ne | e,
(mm] LT IsP | IsPec | 1SPea | [%]

Rocket | Paer

motor | [MPa] | Type [?] €

RM-1 | 17.342] Conical| 14.0| 7.5 6.250 0.999 0.9p2210.3| 2011.5 2006.p -
0.229

RM-2 | 12.437] Conical | 29.4 | 13| 14.05(0 0.982| 0.92] 2320.9| 2098.5 2099.p0.051

RM-3 | 12.262| Conical| 29.4| 11| 12.86Y0.974| 0.92§ 2250.7| 2026.9 2033.f/0.335

St[ar]- 9.827 | Conicall 22.4{ 15 271 0.9%5 0.918069.4| 2677.1 2685.p0.329
g2

Model for prediction of losses of performances @tket motor is in very good
agreement with results obtained experimentally. i@k deviations of specific impulse
is up to 0,5%.

2.3 Module GEOM

Grain dimensioning modules contains three standgeaith design shapes: CP Grain
(cylinder with internal burning surface, cylinderithv internal-external burning
surfaces), Cluster CP Grain (multiple cylindershwitternal-external burning surfaces),
Star Grain. For 3D grain we prefer using databds@imed modelling the grain in
AutoCAD.

This module is consisted of two parts: a part fonahsioning the propellant
charge and a part for regression of burning surfloe predicting the grain regression,
analytical methods are used [13,22].

Based on parameters determined in preliminary arslychoice of general
configuration of grain in this model is based oloiwing parameters: character of
thrust change, relative thickness of combustig (olumetric loading and ratio/D of
propellant grain. Determination of propellant graiimensions for first two types of
configurations depends on volumetric loading (dlyecelated to relative web) and
conditions of flow inside the channels for gas flowhat is why it is possible to
establish faster assessment and define geomethesd types of grain by using simple
expressions and tables.

Star Grain charge gives possibility of differentogeetry that satisfy conditions
from preliminary analysis. Procedure of optimizatiof star grain charge is based on
assumptions defined in references [21,22]. The edengrogram OPTIM [22], which
insure to choose optimal geometry of star grainvhyation of seven independent
geometric variables (figure 2) of propellant witesamptive intervals of volumetric
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loading, relative rest of propellant which is naotrthed (sliver ) and degree of neutral
burning area of propellant{in=Swux/Swer), has been developed.
Comparative analyses of results from OPTIM computate with referring code

SPP (Solid Performance Program) [23] have beemedaout and very good agreement

has been obtained (figure 3).

10% 1 [l [l 1 L L
WL, Bo B 8n

0.8% -
S 0.6% N=5
‘('E . 0 i
S
30.4% H

0.2% HH——

0.3 0.320.34 0.36 0.38 0.4 0.42 0.44
Wi

Figure 2. Geometric definition of starFigure 3. Comparative analyses of results from QPTI
grain and regression of burning  computer code with reference [23] for optimizatain
surface star grain with 5 sides (¥0.85 and #R,=r./R,=0.05)

2.4 Module ROCKET

Mathematical model which describes flow filed incket motor is based on
continuity equation of mass, moment and energy ne-d@imensional form. Basic
assumptions for this model are:

* Products of combustion are considered ideal gasses,

» Propellant burning rate is mostly influenced by toenbustion chamber pressure and
is expressed by Saint Robert's (or Vielle's) lathimia limited pressure range:

r,=arp” (4)

The pressure exponentand the burn rate coefficieatare dependent on chemical
composition of a solid propellant and initial temgdere of the propellant charge.
These coefficients are usually determined by meaindiring test of ballistic
evaluation motors [24-27,13]. Influence of inittamperature of propellant charge

burning rate and combustion pressure can be exquess
a= aoeap(Tp—To) (5)
where: ap — temperature constant for temperatlig = 20°C, T, - propellant

temperature and
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o, =n,(1-n). (6)

 Influence of mass flux or erosive burning on bugniate in rocket motor chamber is
considered using modified formula bénoir and Robillard (LR). In this model total
burning rate contains component of burning ratenammal burning (no erosive

burning)roand component which is result of erosive burnig]§,7,12]:
=TT ()
The LR model defines the erosive burning contrinuts:
r, =a [G° lexd- B, [p,/G)/ L*? 8)

_ 00288, 04" PR*° [T, -7,
los |:0\:5 Ts _TO

a

(9)

whereG — the mass flux of the combustion gasses- density of propellant [kg/fh

L — characteristic length [m¢py — constant pressure specific heat of gassesKl/kg
Pr — Prandtl numberT. , Ts ,Tp - temperature of combustion products, burning
surface and initial condition of propellant [K},— constant pressure specific heat of
propellant [J/kgK]. Using equations 8 and 9, thesare burning contribution can be
calculated using only one empirical valug ), which is essentially independent of
propellant composition and approximately 53 [3,}.,IRe value of in equation 9 can
also be assigned from empirical data rather théouleged with transport properties.
A further improvement to the LR model is presentsdthe authors of the solid

propellant rocket motor performance computer pnog(&PP) [3,12] using equation:
r,=a [G° exd- A, ./ G)/ f(D,) (10)

wheref (D, )= 090+ 0.189D, i + 0.043D, [fi+ 0023, )], Dy - the hydraulic
diameter (calculated using the wetted perimetet, moning perimeter, and port
area).

« Characteristic velocity is not a function of comtis pressure but propellant type

and it is determined using [13]:

cC' =C, 7.

Penom

(11)
where: C;cmm— characteristic velocity obtained based on themketalculation of

rocket motor performances under nominal value oflmastion pressure for case of

equilibrium expansionj)_. — coefficient of combustion efficiency.

998



Calculation of pressure inside rocket motor as rction of time is based on
continuity equation - mass of gas made by combustfgropellant chargen, is equal
to sum of mass of combustion products accumulateddket motodM/dt and mass of

combustion products through nozile, (figure 4):

__dv i 12) [ 0000000000000 00000
dt '
Mass of gas made by combustion
propellant chargen, is given as, N/
T =A AT (33 rmbistion of propeliant charge i rocket

whereA, — area of combustion of propellant motor

charge [M];
Mass of combustion products accumulated in roclebndM/dt is:

dM _d av . dp
- =_" V - _+V_g,
dt(’og )= Py dt dt

pm (14)

where:p, = pc/(Rg [TC) — density of combustion gas products in rocketanfig/m?,

V — free volume for gas flow [fh p. — combustion pressure [Pa], and

d
9y ! Bd& change of density of combustion gas products, or

ot RO, d
d_M = pg d_V + v ﬂ (15)
dt dt RO, dt
Mass of combustion products through nozzieis given by:
rhn = pc [Ah (16)

C*
where:Ay, — area of critical nozzle section nC* — characteristic velocity of gaseous
combustion products.
Change of combustion pressure in rocket motor iergdened using numerical

integration of expression (from expression 12 raftéstitution of 13, 15 and 16):

dp 1 KA pc‘ mh ch
— = PR 0, —— |~ P, O 17
oV, EFRQ °[E;psu%i e ) TR e &
Change of thrust is calculated using:
F =Cg [P, [A, (18)
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Coefficient of thrust is determined using constemfficient of ratio for specific
heat of combustion products (model enables coaredtf coefficient of thrust and in the
case of significant change of surrounding (envirental) pressure — influence of

separation of gaseous flow):

(y+)I(y-1 (v-Dly
C. =no 0j2eY ijy ' 1—(&J #Pe P Bl g
i F y-1{y+1 P Pe An

This module provides prediction of an averageveedid performance, as well as

mass flow, pressure, thrust, and impulse as funetd time.

3. RESULTS

Results of verification for previous modules halieven very good agreement with
results obtained in referent computer programsvetidexperimental tests. Accuracy of
model for prediction of internal ballistic perform@es of solid propellant rocket motors
can be determined by comparing results of our ptieshi and known experimental
results for following rocket motors (table 3): retkmotor of 57 mm (RM-1), rocket
motor with 128 mm diameter with Cluster CP GrairM@®), rocket motors with 128
mm diameter with star grain with a central noz&1(3) and with multiple perforated
nozzle (RM-4) and rocket motor with 204.7 mm witR @rain (STAR-8) [20,28].

Table 3. Data on tested real rocket motors

— n

Rocket . r=a(RIMPal)” | oy A,

motor Propellant type Grain _ [m/s] . [m]
RM-1 NGR-C (NC12%N/NG - 56.73/27.5 % CP 0.00731 278. 1.17
RM-2 NGR-B (NC12%N /NG - 55.7/ 30 %) C'gi,ter 0.00276 | 05734  2.55

NGR-A (NC12%N /NG - 55.24/ 33.84 0.013072| 0.2276

_ *
RM-3(4) %) STAR | 0.021616| 0.0369| 112
STAR-8 TP-H-3062 (AP/CTPB/Al — 70/14/16%) CP 0.004202 0.31 12.4

Note: Propellant with “plato” effect (first law dfurning applies to 14 MPa, and second law -
above)

3.1 Rocket motor 57 mm — RM-1

Rocket motor RM-1 uses CP grain with internal-exa¢r burning (without
restriction of burning surface) with central nozzighout erosion of throat nozzle
section. During the experiment, change of thrustiuse was measured for group of 63
rocket motors. Standard deviation of total impulpegssure integral and specific

impulse is under 1%.
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In fig. 6 comparative results of change pressucktarust vs time were shown for
prediction model and experimental test. In simalatibasic burning rate is corrected
with erosive burning influence (coefficienfisAm/A,=0.385, K=Ay/An=512, andry=
19.5 mm/s) by using equation 8 €120). Also, influence of HUMP effect is analyzed
(obtained in analysis of burning rate based on oddlogy given in reference [29]).

Very good agreement is achieved in prediction eofigh change vs. time, with
experimental data. Agreement is especially noteibfEhase of quasi-stationary burning,
while higher deviations are present in the exhagsphase (model doesn’t consider
structural integrity of charge in final phase ofing and eventual sliver). Deviation of
total impulse value is 0,3%, and integral of puesaup to 0.45% which represent good

agreement with experimental research.

3.2 Rocket motor of 128 mm — RM-2

In chamber of rocket motor RM-2 there are four GRirgwith internal-external
burning, without restriction of burning surface. dRet motor have central nozzle
without erosion of throat nozzle section. Fig. Dwh change pressure and thrust vs
time for rocket motor RM-2 obtained with programP3FEF and experimentally.

Also here there is excellent agreement in our pteuh of thrust change vs. time,
with experimental data. Deviation of total impulsdue is 1,2%, integral of pressure up
to 0.6%.

22 5500 14 o 15750
20 h"%m 5000 " £ SPTHOSTm o AR Qg0 001, 13500
TEGRRRG: _ -—
18 S aaingg, 4500 s acnmecmumnd |
%Ots- o
16 48 1 4000 10 s 11250
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% 14 3 s 3500 = % 3 == == Predicted pressure - =
s 12 3000 o G 8 —Ie @ ©® @ Veasured thrust 9000 =
4 QO QO Measured pressure [ 4 Predicted thrust ]
3 10 1 == == Predicted pressure 2500 & 7 6750 c
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2 \ E 500
0 0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.15 0.3 0.45 0.6 0.75 0.9
Time, s Time, s

Figure 6. Pressure vs time and thrust vs timeFigure 7. Pressure vs time and thrust vs time
for rocket motor RM-1 for rocket motor RM-2

3.3 Rocket motor of 128 mm — RM-3

Rocket motor RM-3 contained star grain with doubbese propellant and used
central nozzle without erosion of throat nozzletisec During testing of the rocket
motors RM-3 combustion chamber pressure were medsat both ends of the
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combustion chamber. Also, thrust change vs. timenéasured. Difference between
pressures at both ends of the combustion chambzameand 8%.

In fig. 8 comparative results of change pressucktarust vs time were shown for
prediction model and experimental test (averageiemlof pressure). In simulation,
basic burning rate is corrected with erosive bugnimfluence (coefficients
J=Ain/A=0.448,K=Ap/An=242, andr,= 22 mm/s) using equation @ £120). Influence

of HUPM effect was analyzed. The prediction haswsh@ood agreement with test
results.

3.4 Rocket motor of 128 mm — RM-4

Rocket motor RM-4 has the same propellant and ehaopfiguration as rocket
motor RM-3. This rocket motor uses multiple pertethnozzles (8 nozzles without
tangential eccentricity of nozzle) without erosiointhroat nozzle section whose total
surface is equal to rocket motor RM-3. In fig. Qmgarative results of pressure and

thrust change vs. time were shown for predictiordehdSPPMEF) and experimental
test.

14 16800 16 B 19200
\\\\\ 2 8
12 .. 12 14400 14 E - 16800
g ¥ - =T -
3 10 _"_‘v_’ 12000 ) 12 i - § ??) 14400
o QOO Measured pressure o vk \
= 8 = = Predicted pressure 9600 z S 10 A7 4 ? 120002
o) @O ® Veasured thrust = [y [ ] =
; Predicted thrust E’ g % 8 1000 gezs;r:d;vessuve %’ 9600 g
r = = = Predicted pressure =
] 6 Vo 7200 = 3 g -||00@ veasueamns s 7200 &
———  Predicted thrust
* & | 4800 ¢ 1
s 4 \} 4800
. \®
2 - 2400 2 — 2400
N\
0 \ \ \ 0 0 \ \ 0
0 0.25 0.5 0.75 1 1.25 15 0 0.25 0.5 0.75 1 1.25 15

Time, s Time, s

Figure 8. Pressure vs time and thrust vs timeFigure 9. Pressure vs time and thrust vs time
for rocket motor RM-3 for rocket motor RM-4

There is significant deviation in prediction of dst and pressure change when
compared to experimental tests. This is due to fast that when products of
combustion leave internal cavity of propellant gréhey don’t immediately enter the
nozzles (multiple perforated nozzle), but gas fisweurled and it is forming turbulent
flow at the front of nozzle block. Only after ittens into convergent-divergent conical
nozzles. During this process there is significdrdnge of gas flow velocity vector and
redistribution of gas flow pressure in this regiavhich is influencing the changes in
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development of pressure in rocket motor and chawfesternal-ballistic parameters
(i.e. total and specific impulse of rocket mot@&yJ.

At this moment Defense Technologies Departmentoisdacting the research
pointed to the expansion of model where complegitygas flow between propellant

charge and nozzle, by means of numerical simulatsotaken into account.

3.5 Rocket motor STAR 8

The STAR 8 was developed and® 9600
¢ b2 e’ X WP o -

qualified (2002) as the rocket assisted’ # .. sss=mee e T

)

8000
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. S 8
dece|eraﬂ0n (RAD) mO'[OI‘ fOI‘ the Mal% .—.—.Pvedideddp:ssure

Predicted thrust

4800

T OO [ 24

Thrust, N

g2 6
Exploration Rover (MER) program for the Jét
o 4

3200

T

Propulsion Laboratory (JPL) in Pasadena, | = 1600

CA. The motor contained CP propellant grain, %

0
0 05 1 15 2 25 3 35 4 45 5

wit composite propellant TP-H-3062 and Time, s
used 6AI-4V titanium case, pirogen igniter,Figure 10. Pressure vs time and thrust vs

time for rocket motor STAR 8
and centred nozzle. (-30°C, vacuum)

In fig. 10. comparative results of pressure andghchange vs. time were shown
for prediction model and experimental test.

In simulation initial surface of throat sectiondsrrected due to the eccentricity of
nozzle, based on methodology in reference [27]oAésosion of throat nozzle section
was considered based on value of radial erosionedegiven in reference [28]. The
prediction has shown a good agreement with testtee8y taking into account HUMP

effect these agreement would be even better.

4. CONCLUSIONS

A modular computer program SPPMEF is developedpiediction of internal

ballistic performances of solid propellant rockedtors, which enables:

» Calculation of theoretical performances of propslladeal rocket performance and
prediction of losses of performances in rocket matzzle,

» Dimensioning and regression of burning surfaceropellant grains.

» Prediction of average performances such as massgtessure, thrust, and specific

impulse vs. time,
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e Modularity of its structure enables further develgmt of the software for
improvement of particular modules in future work.

Comparative analysis of results of program SPPME# wesults of referent
program versions and experimental tests has sholawing:

« Very good agreement was obtained in predictionreggure/thrust change vs. time,
when compared to experimental data where therewssignificant influence of gas
flow and mass flow on burning rate, as well as ebekotor with central nozzle.

» For rocket motors that have stable work it is gussio determine average values of
pressure and thrust, as well as their integrals agicuracy up to 2%, and for rocket
motor with significant instability in combustion,aximal error in prediction is up to
5%.

« Understanding of complexity of gas flow, in caserotket motor with multiple
perforated nozzles, is only possible using metludasimerical simulation.
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