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Abstract: The Solid Propellant Gas Generator (SPGG) is widely used for special military and
space applications, in view of its simplicity, light weight, size and high reliability. A
mathematical model that describes the burning characteristics inside the SPGG has been
established and validated through the implementation of appropriate software. These two
methods enabled to predict the performance and to draw the time variation of chamber
pressure. An experimental work is carried out in order to prove the functionality and check
the validity of the developed techniques. The comparison between the computational results
and the experimental measured parameters showed a deviation error less than 4%.

The presented software is considered as a powerful tool for selecting the SPGG design
parameters in the stages of preliminary design and for performing further sensitivity analyses.
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1. Introduction

The GG is used as the source of gas that results from chemical propellant combustion, solid,

liquid, hybrid propellant and mono-propellant (MP) decomposition via catalytic bed. Other

alternatives are the gas bleeding by sublimation of chemical solid propellant or the direct use
of high pressure stored gas.

The first system powered by GG appeared during the 2" World War, 1944 [2]. At that time,

the use of GG has greatly expanded, and today they have numerous applications in the

aeronautics and space sectors, military missiles and commercial activities. The GG is usually
characterized by light weight, high power and long duration energy source. The GGs are
classified according to propellant type, as liquid bi-propellant LPGG, liquid mono-propellant

MPGG, solid propellant SPGG and hybrid propellant HPGG as shown in Fig. 1. Another

classification is made according to the nozzle type as sub-critical (operating pressure up to 50

bar) and super critical (operating pressure up to 200 bar). Figure 2 shows these types.

In SPGG, the gases generated pass through a cleaner and cooler to purify combustion

gases from solid particles and reduce their temperature below 1500 K. The general

schematic diagram of SPGG is presented in Fig. la.

Figure 3 describes several configurations of SPGG commonly used as follows [3]:

— SPGG without cooling, Fig. 3a; this system is mainly suitable for relatively short
durations, the regulator dumps excess gas overboard, for which a vent line must be
provided. As an alternate, an orifice may be installed in place of the regulator.

— SPGG with solid coolant, Fig. 3b; the hot gas (=<1300°C) is cooled as it passes through a
bed of solid material (ammonium nitrate) by decomposition or sublimation. Thus, the
cooling process simultaneously results in additional pressurization gas (CO, CO,, and H,O
with temp. above 120°C.). The gas then passes through a filter and is regulated to duct into
propellant tanks.
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— SPGG with azide cooling pack, Fig. 3c; cools hot gas by passing it through a bed of azide
material that decomposes and yields essentially pure nitrogen with a limited metal
particles. The gas is filtered to remove any remaining particles, regulated and pressurized
at temperature less than 320°C.

— Helium system with SPGG heating, Fig. 3d; consists of a high pressure helium tank with a
SPGG mounted internally, a filter, and a pressure regulator. The solid propellant grain
provides both heat and additional pressurant gas. This system needs a relatively large high
pressure storage tank.

The SPGG can be utilized for pumping and gas turbine drive, liquid propellant feed system,
moving actuators and mechanisms, separation units, hot air balloons, deploy airbags, electric
power generation for missiles, thrust vector control, etc.

The main characteristics of SPGGs are fast operation, limited time of operation, high
power generated, long time of storage (10-15 year), relatively small burning rate (0.3-
10 mm/s) [2] and simple design with small size.

| |
(a) SPGG (b) MPGG (C)LPGG  (d) HPGG

Fig. 1 Schematic of GGs with different propellant types

1-solid propellant, 2-igniter, 3-filter, 4-coolant, 5-mono-propellant, 6-high
pressure gas, 7-control valve, 8-injection head, 9- catalytic-pack, 10-grid,
11-output hot gas, 12-fuel, 13-combustion (ox +fu), 14-oxidizer, 15-nozzle part
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Design objective for operational SPGG may be summarized as:

— Ability to produce gases safety, with required properties (temperature, pressure, non-
explosive, harmless), in a compact unit at the required mass flow rate,

— Ability to start and operate smoothly without pressure oscillations,

— Ability to produce combustion gases free of solid particles.

8
1
-— ]
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- 4
- 4
(a) SPGG without (b) SPGG solid (c) SPGG with azide cooling (d) Helium system with
cooling coolant and decomposition pack heating by SPGG

Fig. 3 SPGG systems

1- solid propellant charge, 2- filter, 3- pressure-relief type regulator,
4- exhaust gases, 5- solid coolant, 6- azide pack (Decomposing
and coolant), 7- pure nitrogen, 8- high pressure helium.

2. The Main Features of SPGG

The main advantages of SPGG’s are summarized as;

— Simplicity and integrity of construction and mass in consequence of a small volume of the
needed SP charge,

— Stability of operation of the super-critical type and on safe-component and,

— They do not require high technology SP and hardware.

The drawbacks of the SPGG are:

— High combustion gas temperature of SP (1500 +2500)°C which causes heating of the
constructional parts,

— Temperature loss of the gases (up to 500+ 1000)°C using coolant element,

— The sub-critical SPGG type needs safety valve,

— For a longer duration, high thickness of insulation is required and restricted time of
storage.

The main vital purpose of GGSP is to produce high amount of with low temperature and
without solid particle. A Large variety of propellants have been used to generate hot gas with
solid trashes. The SP can be used as free-standing grain or case-bonded grain, the majority is
free-standing for easy replacing after expiry date.
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The inhibitor (restrictor) is very significant for SPGG design, the SP is used usually fuel rich
to achieve low combustion temperature with certain characteristics of combustion index,
temperature sensitivity coefficient and chemical composition.

The SP charge types and shapes vary according the type of applications. In this paper, the
end-burning GGSP can be modified and controlled by initial convex burning surface.

Special grain geometries that are used with SPGG are shown in Fig. 4, the shapes include
convex end Fig. 4a, flat end Fig. 4b) and compound end burning Fig. 4c. Detail design and
analysis of SPGG geometry are described in [4].

The GG solid propellant is designed to fulfill given main task, i.e. to secure the chamber
pressure P.=P(t), or required mass flow rate of combustion gases. The character of task
allocated therefore demands respective geometric shape of SP charge. The grain main
dimensions are introduced in Fig. 5.
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D = outer diameter of the SPGG cch,
D1= inner diameter of the SPGG cch,
iossmasecss | I - D= SP grain diameter,

S e = increment burnt thickness,

h Ls,=SP grain length,

h =wall thickness of the SPGG cch.
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The fundamental assumptions for the end burning surface combustion of the solid propellant

are: [2]

— The penetration depth of the temperature profile is small compared to the web thickness of
the propellant charge,

— The temperature gradient in the axial direction is small compared to the gradients in the
normal direction,

— The effect of all thermal stress due to conduction heat transfer is neglected.

Under these conditions, the burning rate is commonly expressed as[2]:

r=r, T (T P! Eqg. (1)
where r = linear burning rate of the propellant [m/s], r, = constant, Ky = temperature

sensitivity of propellant [°C], Ts, = temperature of propellant before burning [°C], Tn = some
reference temperature [°C] and n = burning rate pressure exponent

The rate of generation of combustion gases from SP, m_,, can be expressed as:

Myen = AT Eq. (2)
where Py = the SP density and Ay, = the burning surface area.

3. Internal Ballistic Model

Pressure-time history of the end-burning grain combustion is evaluated during different
phases of operation: ignition, burning and exhaust phases. The internal ballistics of SPGG
combustion is approximately similar to that of SPRM.

The solution of internal ballistics of SPGG is attained via applying the basic laws of thermo
chemistry, thermo dynamics and hydromechanics of gases.

Before coming to the explanation of main equations, it is necessary to define some basic
parameters, which play an important role in the internal ballistics of SPGG operations.

3.1 Equilibrium Pressure
The equilibrium pressure (Peg) is the pressure inside the combustion chamber in the steady
state condition. The value of this pressure is determined by equating the rate of generated gas
M., Eq. (2) to the gas mass flow rate discharged through nozzle m, [2].

mgen = rhD
1
_ pspa' RTc Abu = _ * _in E 3
Peq —{TA—Cr —(pspaC KI )1 q ( )
_ril
* A - . 1 2 2(771)
where ¢ = characteristics velocity, K; = Ap/Acr blocking factor and I'=(y)2 1
Y+

function of adiabatic exponent v.

Reference to Fig. 5, the initial burning surface has the simplest form Agyg :% DZ. However,

during operation, the following relation holds for the burning surface area:
Peql_nAcr

Abu = *
C apSp

Eq. (4)
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3.2. Operating Pressure

Typical preliminary studies consider average operating pressure on a preliminary basis in
establishing a Maximum Expected Operating Pressure (MEOP) for the SPGG. An estimate of
the pressure is made for the primary purpose of determining a nozzle throat area, propellant
weight for initial grain dimensions and burning rate for web fraction.
Practically for the first estimation and preliminary dimensioning of grain and nozzle
geometry, the choice of average operating pressure at ambient temperature depends on:

1. Dimensions of the motor to be designed with particular reference to be diameter.

2. Experience and comparison with similar motors already developed.

3. Intuitive judgment of the designer.
Operation of SPGG depends on the combustion products emitted from burning solid
propellant charge. The biggest part of the products goes through the nozzle part, to get high
velocity or force of combustion gases, while the smallest part of combustion products remains
inside the GG chamber and creates internal high pressure and temperature, needed for
continuity solid propellant charge burning.
Figure 6 illustrates an end burning SPGG where the largest amount combustion gases passes
through the nozzle and the smallest amount accumulates inside to maintain the pressure and
temperature in cch.

L J
) - 1

J diaphragm
Lsp l

Fig. 6 Mass balance of gases in the end burning SPGG

—

By applying the law of conservation of mass in the chamber, the accumulate combustion
gases rate inside free volume of combustion chamber m,_ can be written as [2].
dpVv
dt
The assumptions for internal ballistic solution are:
1. The combustion gases are homogenous;
2. The combustion gases obey the perfect gas law;
3. The specific heat, gas velocity, pressure and specific mass are uniform across any
section normal to the axis;
4. Temperature of the combustion gases are constants;
5. No heat transfer through the cch and nozzle walls (adiabatic flow);
6. The combustion gases form a one dimensional steady flow and isentropic with no
fraction;
7. The frozen flow in nozzle.
The discharge mass flow rate can be defined as

1 1
: 2 )2 P,V | 7 P, )"
m.=AP| - S B P A ) Eqg. (6)
’ A\”[RTJW Y {P] -1 EPJ

=, —m, Eqg. (5)
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where y is the discharge function depending only on y and the pressure ratio between throat
and chamber (Pq/Pc). The y has a maximum value at dy/d(P/P;)=0 and then the critical
pressure ratio when sonic velocity is reached at the throat.

1
2 2 2-y

1 r+l 20y 1
dy (7 P[PV _(P)7| [2[P)7 _r+ P ]_, Eq. (7)
d(P/R) (r-1) 2|(R, P, 7\ P, y P
Wherefrom:
2-y 1 v
-1
E[ij ’ _7_+1(£j7: or e _[ 2} Eq. (8)
y\ Pc y \Pc P. y+1

This is the critical pressure ratio at which sonic velocity just exists in the throat and the
discharge function y has reached a maximum of

1 s
Voo = (Lj (ij Eq. (9)
y+1 y+1

The result shows that, the discharge function y depends only on y in the case of critical
conditions.
For the sub-critical case, the discharge function remains

1 1) 2
P L (D B P L Eq. (10)
R) |r-1 R

3.3. SPGG Ignition Phase
The time required to build up the chamber pressure is the sum of time t; during which the

A
pressure increase from P¢; to PC,/(Z/;/+1)7—1 and the time t, during which the chamber

pressure increases to P as shown in Fig. 7. The efflux during the 1% and 2" intervals (sub-
critical and super-critical) depends on P/P.: There are two design cases namely, the nozzle is
closed by a membrane or opened during ignition phase.

3.3.1 Closed nozzle by diaphragm
If the nozzle is closed for a moment during ignition by a membrane (diaphragm) and no mass
flow through the nozzle takes place, the following equation is applied

. 5 dpcvfr n Eq (11)
macc = mg dt = Abupspapc
The derivative of the accumulated gas mass in the cch free volume can be expressed as
dp Vf dp de
< TV € 4+ ! Eq. (12
dt ot %12

Where V,, is the instantaneous volume in the cch of SPGG and p, is the instantaneous
density of the combustion gas.

The free volume is a function of time due to combustion of the SP by

m._ . t
Vi =V . ——2+ [ A,aPldt Eq. (13)
0

sp
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pressure
A

R

2" interval ! ) .
W =Super-critical = /4 ’
max y+1)\y+1

1% interval . T
T
y = Sub-criticak B Yoo iz
R y-1 R

t t2 time

Py

Fig. 7 SPGG pressure-time curve transient (Initial pressure rise phase)
where V. the volume of the empty cch, mga the initial mass of propellant and
t
J'AmaPc”dt .the volume of consumed propellant.
0

Since the chamber volume and the initial mass of the propellant are constant, then

Mo
V, _L(I)+.‘.Abua|:)cndt dPC = RTcAbupspaPcn 1_& Eq. (14)
Py o dt Psp

In this relation the p, is less than one or two percent of the o, thus it can be neglected.

Mo dP
Vc _L(I)-'_IA)uaPcndt —£= RTcAbupspaPcn Eq (15)
Py % dt

At a certain pressure, the membrane bursts and the efflux begins.

A quasi-steady flow will be assumed, i. e., the discharge rate is determined at any given
moment by the equations for steady flow. Here, Eqg. (5) is valid

msp(i) % dP
Vo -+ [ A aRMdt |~ e =RT.A, 0P = A Ry (2RT,)
Psp o

Usually, when the diaphragms burst, the chamber pressure greatly exceeds the critical
pressure,

1
2

Eqg. (17)

/4

. P 71
|.e.ig[ilj7 and  y=wmax Then,

R \r+
. _r+l
m .. =2 dP 12 @ 1
V.20 [A ap'dt |—< =RT aP" —(y)2 P (RT.)2 Eq. (18)
( c ,Osp !A}u c J dt CA)upsp c (7) [7/_’_1) Ar C( C)

3.3.2 Open end nozzle
Eg. (10) gives the discharge function until the critical pressure ratio is reached

Y
P, /P.>(2/y +1)r1, then in the sub-critical phase, the differential Eq. (18) will be

1 7-1
Mo b dP P, )| 2 P, )7 Eq.
V, - 4 [ A,aP"dt |[== =RT,A,p,aP" — AP | - [ { 2L RT |1-| =
{ c psp _!A)u c j dt cAbupsp c A\:r c[ P ] }/_1 c P (19)

C c
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r
For the super-critical phase P, /P, <(2/y+1)71 and y=ymax , then Eq. (18) will be valid.

3.4 Pseudo Equilibrium Operation
The Eq. (18) describes the development of the chamber pressure as a function of time at
super-critical phase conditions and rdt =dy then,

? a 2
P Ul TAp Eq. (20)
dy r VfrCD VfrCD

1
p=[(p )2 P Eq. (21)
¢ & A:rFZC* dy

The differential can be carried out

P __ P (L[dij Eq. (22)

dy  1-n|A, dy
Eq. (20) and Egs. (21) (22) are solved numerically by two different techniques.

3.5. Chamber Pressure Decay
Figure 8 shows the pressure decay in the transient tail off (exhaust) phase of the pressure-time

history.

Pressure ”
Super-critical phase

A P 2 1
—— <l
5 P (y+1
] 1 —1
& r (L2 p
o Yoo =1 2 | |
2 y+1)\y+1
E Sub-critical phase
(]
= P [ 2 Jl
5} _a | =
S Pc Y+1 1
1 1 y-1])|2
[ Y jZ p ) p\Y
y=|—— _a 1-|—«
v-1) \ P Pe

0 J | A Tir;e

Fig. 8 SPGG pressure-time curve transient: Tail off (exhaust) phase

After burnout of the SP, no source of combustion gases, the P¢, p. and T, that exist are
considered as initial conditions. The law of conservation of mass is applied as:

dpV,
Mace :_mD dt(f) :_mD Eq (23)
1
1 2
C(f)iﬁz_ﬁ A, (2RT, )2 T W Eqg. (24)
dt o, p; T,

Following the adiabatic relation and arranging gives
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3y-1

d ( P j z_iy[ﬁjzyw(zpﬂc )% Eqg. (25)

dt Pc Vc(f) Pc

This 1* order differential equation can be solved by separation of the variables as follows

d(P/P 1
( / 03)_1 - _ A:r }/(ZRTC)Z dt Eq. (26)

or= V
v (P/R,)2 o(1)
Since the discharge function ¥ depends on the pressure ratio, two cases have to be

distinguished, the supercritical and the sub-critical conditions.

3.5.1. Decay during super-critical phase
For the supercritical condition, the pressure ratio is as developed previously as:

e 1
— 2 -1
i g(in ' and ., :[ r j ( 2 jy , the boundary conditions are:

P, y+1 y+1) (y+1
t=0 - —=1 t=ty — —:B
C C F)C

Then Integrated Eq. (27) yields;

T dPR) _ A :

f ( 321 iy ~7(2RT,)2t, Eq. (27)
Ly (P/P,)2 ()
Eq. (27) after integrating and rearranging, expressing the chamber pressure explicitly as a
function of time becomes

2y

7+l 7-1

_ 2(y-1 1
P_| Aby-lf 2 )(J’RTC )2 Eq. (28)
P. V. 2 \y+1

Eqg. (28) shows that the efflux at supercritical condition is independent of P¢,/P..

3.5.2 Decay during sub-critical phase

Eq. (27) is also valid which is with the sub-critical discharge function as Eq. (10) and pressure
r

-1
ratio as R > (iljy , taking into account the initial condition

e \V+
=0 — Ep= For p t=t; — E:PE
© R[2/(y+1)])= c e
Finally the equation is
1 1 3
ol DRLE (RY TF_(RR) = d(PR)
V, P Eq. (30)

Sl {1—(%/ P)7 (P/R) " }

The above integral can be calculated only by the numerical method.
From Eq. (23) the super-critical phase can be solved by [2]:

10
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v 4P _ A (RT s Eqg. (31
o(f) gt =P r( ) g. (31)
dP, T?AC
e = Twr gt
P v Eq. (32)

c c(f)

After integrating and setting t,=0 then the super-critical phase decay time becomes

(i P Eq. (33)
f FZ)A\:',C*. P q'

c

4. Computational and Experimental Work

Computer program was developed to solve pressure—time history and calculate performance
(average pressure, burning rate, burning time, .etc.) for SPGG end burning grain with
different shapes (convex, flat, compound).

The experimental work is to realize a functioning test SPGG, to predict the variation of
pressure with time and compared to results obtained from theoretical computations.

In order to check the validity of the developed computer program, it is used to predict the
variation of pressure with time and the other important parameters for the real SPGG, the
experimental data were compared with results obtained from theoretical computation. The
comparison has shown good agreement, which proves the validity of the developed program.

4.1 Computer Programs
Two programs were developed to perform done discussed, calculations in these different
approaches. Data is manipulated through input and output files, beside the main program. The
program computes, in SI system units.

4.1.1 Computer program No.1
Figure 9 describes the block diagram programs, the input file contains the SP basic dimension
and characteristics, cch dimensions and basic performance of thermo-chemical parameters,

Internal ballistic solution

Pseudo equilibrium operation
) Ape)\P
Pa(e) i-Pegm- A~ 1o Output file
Input file - Plot the curve
o P 1(EEI-mrT) 1 AA P (P-t curve).
pdy, - ———~ .| _— .
' (1-a) Apo \Lstep
e propellant data (fo,Kt, Tn, Tsp,N.psp)
o thermochemical calculat - ro e
result(Tc,Mw,y) P1_par, = { (P 1(EB-mm) B 'V—f’ee.'dpfdyi}
e SP grain paramrtes(grain geometry,Ac) sl . . T
« Nozzle dimension Initial pressure rise (ignition time)
e igniter data
@ Pig, Pfinal \ Viree P - 1 Vew . " P sp T eXP(K T:AT) C g K - piglw Output file
e My T« -
oo P CoarAa | Psp(Toep(KTaT))Coar k- P gqvae);apgrgssrirses.ure
Taill off time ( exhaust curve, i - .
( ) - burning time.
v P - burning rate.
Py m Yty _f)
™A o Cstar

Fig. 9 Math-Cad Software (Program No:1)
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The main program solve three phases of pressure-time profile, each phase contains the certain
assumption to satisfy operating phenomena. The solution strategy that has been adapted to
determine the pressure history and performance can be described by solving each phase
separately. The ignition phase is characterized by: zero burning surface, constant initial free
volume, zero discharge mass flow rate and the rate at which the chamber pressure increases
with time is relatively high.

The steady state phase generally occupies the longest time operation if compared with other
phases. That phase starts directly after ignition while considering y=0. The phase ends at the
moment when the web thickness tends to zero. The prediction of pressure-time history is
performed by mass conservation over very short time (or web thickness) intervals. Solution is
obtained by iteration on chamber pressure equation to reach the equilibrium value. The
equilibrium pressure changed with the rate of change of chamber pressure with depth of
burning (dP/dy), which functions of rate of change of burning are and free volume.

The exhaust phase, the SP combustion was completed, that is mean, stop combustion gases
generated inside combustion chamber. The reminder of accumulation combustion gasses is
simply exhausting (ejected) through nozzle section. In the other hands, that regime is
characterized by: no SP combustion (no mass flow generated), constant free volume equal the
combustion chamber volume and the rate of chamber pressure drops with time is relatively
high.

Table 1 shows the input data while the calculated pressure-time curve is shown in Fig. 10.

Table 1 Input File Data

Propellant data SP grain parameters
N . N 0.00147x10™ .
Initial burning rate coefficient , r, (Misec)/(Py)" Inner cch diameter, D 28 (mm)
SP temp. sensitivity, Ky 0.0042(K™). | Outer SP grain diameter, D, 25 (mm)
SP normal temper., Ty 293 (K) Length of SP, L, 90 (mm)
SP combustion temper., Ty, 293 (K) Throat diameter, D, 1.0 (mm)
Combustion index, n 0.67 Initial concave angle, 6 60 (deg)
Density of SP pyp 1564 (kg/m”) igniter data
Temper. of combustion, T, 1970 (K) Igniter pressure, Piq 75 (bar)
Molecular weight of combustion 22.64 (gm/mol) | Initial free volume, Ve 5 (cm®)
gases, My
Specific heat ratio, y 1.22 Final decaying pressure, Psinr | 1.0 (bar)
200

E 160 ‘ =O=pressure burning

_uQ; 140 &x & pressure off

% 80 ‘\1&)000000‘ OO~ OmOOmOmORO=OROORORCR

%o !

5 w 1

20 X
; A\

0 2 4 6 8 10 12 14 16
Operating Time, sec

Fig. 10 Calculated pressure-time history, (program 1)
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4.1.2 Computer program No. 2

Figure 11 shows the schematic diagram for software program, the input file is smaller input
file of Math-Cad program. The computer program described in this section is capable of
calculating the pressure-time curve variation and performance by using conservation of mass
Eq. (5), the propellant mass burned per unit time must be equal the sum of the change in gas
mass per unit in the combustion chamber and the mass flowing through the nozzle per unit
time. The main program solve three phases of pressure-time profile, ignition, pseudo
equilibrium and tail-off phases by applied continuity equation under certain conditions for
each phase.

The calculated pressure-time curve is shown in Fig. 12,

Internal ballistic solution

Pseudo equilibrium operation

Output file
dP 1(r2Ab Ped on  TPA j
. —c == 1T pn_ o p - Plot the curve
| t fil c c
nput file dy r\ V,CD? V,CD — (P-t curve).
Input data
1- solid propellant characteristics. Initial pressure rise (ignition time)
2- solid propellant grain parameter.
3- thermochemical calculat result s m, =0
(Te,MW.,y)
4- SPGG chamber dimensions Tail off time ( exhaust curve) Output file
5- Pig , Pfinal ,Vfree h =0 - max pressure.
m, = > average pressure.
dP A C - burn!ng time.
¢ =—— o dt - burning rate.
P V.

c c(f)

Fig. 11 Mat-Lab for Software (Program No.2)
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Fig. 12 Calculated pressure-time history, (program 2)

4.2 Experimental Work
The direct goal of the experimental work is to check the validity of the mathematical model
and the developed computer programs through evaluating the performance of real SPGG end
burning used with air defense missile shown in Fig.13. The static firing performed in the test
facility considers a typical pressure-time diagram for SPGG as defined in Fig. 14. The exact
definitions of the different times in this curve are, burning time (t,) and action time (ty).
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Burning time (tp) is well established as the interval form 10% max pressure to web burnout,
usually taken as the aft tangent—bisector point. Action time (t;) typically is the time interval

form 10% max pressure to 25% P, or Pmin. The total time (t;) is the time interval from 0 to the

aft pressure of 2 bar.
t

. = 1z

The mean chamber pressure is calculated as P,, = — I Pdt
b o

The average burning rate is determined according to ra=Lsp/to,. The pressure time curves

obtained from fire tests indicate that the gas generator is functioning properly. The ignition

takes place without problems, the pressure reflects a stable and quite steady burning, the

exhaust gases are clear and steady, the pressure decay is smooth and the required mass flow

and burning time are satisfactory.

The records of pressure-time history of real three static firing tests at room temperature are
shown in Fig. 15. Results are displayed in Table 2.

Fig. 13 Real SPGG (airvdefense rhissile)
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Fig. 14 Pressure-time profile for SPGG
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Fig. 15 SPGG experimental pressure with time operation

Table 2 Experimental static firing results of SPGG

Measured Parameter

Experimental

Testl Test2 Test3 Average value
Average pressure [bar] 87.90 79.6 80.20 82.57
Maximum pressure [bar] 167 196 182 181.67
Burning time [sec] 14.91 14.70 13.20 14.27
Burning rate [mm/sec] 6.03 6.12 6.81 6.32

4.3 Comparison of Computer and Measurement Parameters
The measured experimental data were compared with results obtained from theoretical
computation. The comparison shows good agreement, as seen in Table 3, which proves the
validity of the developed program, since the maximum error of the program No: 1 is generally
less than 4% and program no:2 max error is equal 3%. However, the error in maximum
pressure that amounts to 15% in Mat-lab program output can be attributed to ignition phase

assumptions.

It can be seen that the theoretical predictions are in good agreement with the test results and it
is clear that it has the same behavior. Fortunately, the values of the calculated and measured
performance parameters are approximately the same.

15



Paper: ASAT-15-075-PP

Table 3 Comparison of computers and measured parameters

Average Average Average

Parameter Measu?e d Program 1 error‘ygo Program 2 errorfygo
average pressure [bar] 82.57 85.31 3.3 81.20 1.7
Maximum pressure [bar] 181.67 184.08 13 153.37 15
Burning time [sec] 14.27 14.75 3.4 14.58 2.2
Burning rate [mm/sec] 6.31 6.10 3.3 6.17 2.2

5. Conclusions

The main advantages of SPGG’s are summarized as; simplicity and integrity of construction
and mass in consequence of a small volume of the needed. The main vital purpose of GGSP is
to produce high amount of gas with low temperature and without solid particle (smokeless).

A survey of available constructional ideas and basic relations for solving the internal ballistic
model for an end burning SPGG has been introduced.

Mathematical formulation of different burning phases is introduced to get an approximate
solution of the relevant differential equations. With this treatment, it is possible to examine
the pressure time history including the phases of ignition, burning and tail-off.

Two software programs have been implemented and applied for the calculation of the
pressure-time history corresponding to some given propellant data.

The pressure time curves obtained from fire tests indicate that the gas generator is functioning
properly. The ignition takes place without problems, the pressure reflects a stable and quite
steady burning, the exhaust gases are clear and steady. The pressure decay is smooth and the
required mass flow and burning time are satisfactory.

Checking the validity of the proposed mathematical model and the computational solution is
done through the comparison of computational and experimental results. The deviation error
of computational and measurement results moves within 3% for program no:1 and 4% for
program no: 2. Comparison of computational and experimental results showed reasonable.
The implemented programs are considered as an effective tool for the evaluation of the rocket
motor performance.
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