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ABSTRACT

The burning rate is an important characteristic of the solid propellant. Its sensitivity to the gas
flow, parallel to the burning surface, results in a so-called “erosive burning “ of the propellant. The
pressure inside the combustion chamber and its maximum value is very sensitive to the change of

bum.r'ng rate.

This paper presents a theoretical study of the combined effect of burning rate variation and two
other internal ballistic parameters which are the specific mass of solid propellant and pressure
exponent upon the erosive burning phenomenon, then upon the pressure behavior inside the

combustion chamber of the rocket motor.

Two main differential equations and other a

uxiliary algebraic equations have represented the

pressure behavior from the starting of rocket motor function to the peak point (erosive peak) and its
decaying from this point to the pseudo-equilibrium condition. The differential equations are solved

numerically using Merson’s method.

Variation of the Main Geometric
Characteristics of Solid Propellant

Processes inside the combustion chamber of
solid propellant rocket motor are affected by
geometric  characteristics of solid propellant
charge. Main characteristics are: time
dependence of bumnt thickness e(t), time
dependence of the burning surface S(t), and
time dependence of the free volume V((t).

The law of burning for a rocket motor can
be expressed as follows: (2]

U= ug[expKp(Tp - Ty IPS'K g = uyKe (D)

and the burning thickness variation with time
is,

e=ut,or
(2)
de
—_—=y
dt

The instantaneous burning surface of solid
propellant charge is given by the equation:

S =S,0(e) (3)

where, @(e) is the shape function of solid

propellant charge and can be introduced as
follows:

AS(e

(p(e)=li'—-(—) 4)
SO

where, AS(e) represents the change of

burning surface in terms of burnt thickness e,
and the * sign corresponds to the real
character of burning of solid propellant charge.

With respect to the fact that S, is not
dependent upon the burnt thickness e, the main
problem is the determination of AS(e).Bute
is some function time, therefore the shape
function @(e) can be also simply transferred
to @(r). According to the theory of solid
propellant charges, the shape function
@(c) = p(t) can be introduced in terms of,

ple)=1tae (5)

where, a, is some constant which s a function

of basic dimensions of respective geometric
shape (mainly outer and inner diameter of the
presupposed shape, as well as the grain length
S

Equation (5) can be also written in the
following forms:
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o(1) =1z a,ut
A1) =12 au,[expk (T, ~T\) PP Kt (6)

or

o) =1t au, f(T)P Kt

The variation of free volume of rocket
motor combustion chamber is [3,5,7):

V, =V, + [Sp(e)de (7
0

from which,

a.ut
VJ, = V,ro + Souf[l i-")—:’ (8)

where, V(= constant, S,= constant fora

given geometric shape. The approximate value
of the initial free volume is,

T =9
Vf =Z$\-§kD3e_(1_Kf)KL %)
L
where, [8], K, :EP'

Differential Equations of Chamber
Pressure Behavior

The pressure behavior with time of burning
of the solid propellant grain gives full
information about internal processes inside the
combustion chamber. In the present paper, the
effect of some internal ballistic parameters of
solid propellant on the pressure course will be

studied. Mainly the effect of erosion ratio X Es
burning rate wu,, specific mass pPp and

pressure exponent & will be discussed.

A. First period

The first period represents the
pressure rise from the beginning of
rocket function till the maximum
value of pressure (A to B in Fig. 1).
The differential  equation  that
described this part is formulated
applying the continuity equation 78],

me=mﬁ+E(mG) (10)

FA. _o()FA,

g = (T.)% e
and from equation of state,
PV,
mg = 7 (12)
where,

L 0.5
2 y=i
y+1 ¥ +1

and mass emission of gases m, = Sup, (13)

During the first period, the pressure reaches
its maximum value so rapidly that the chamber

free volume ¥, and the buming surface S do
not change much and their values can be
assumed to be equal to the initial values
V6,8, then,

dP, ] o P.

_=_‘—{C]Pc KE(DP"_")"CQPC] (14)
dt Veo T,

where,

r
C] = X TCSOU(Jf(TP ),

C, =oAL GT)

B. Second period

This part of pressure time curve
starts after the pressure peak till the
end of burning. The burning surface,
chamber free volume and burning
thickness all change with time
according tc equations (2),(3) and (7);
so that the differential equation
describing this part is,
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dp, 1 )
dt Vi + G5B Kt(1-C,PS KRt s

E
[CPE K (1-2C,PEKn0p Aé) ~CyR]
where,
CJ = Souof(Tp )y

a
C, = _,)"'uof(Tp}

Differential equation (15) also describes the
pressure course from the starting of rocket
motor function till the end of burning
according to initial conditions.

Differential equation (14) is solved using
the atmospheric pressure and zero time as
initial conditions. When the pressure reaches
its maximum value, the differential equation
(15) completes the course of pressure using the
last values of pressure and time obtained from
equation (14) as initial conditions.

-
e

Calculation of Results

As an application for the theory introduced,
a propellant of colloidal type and of grain
shape has been used, where: y = 1.28, ¥ =.98,

T.=2230K,7=372.999 1 kg K", P, = § MPa,
@y= 12, £,=1.15, D=.63m, D,=.055 m,
D,=.049 m, D;= 012 m, L,=.16 mand
assume 7, =T, = [5°.

The necessary algorithm for solution is,

D, -D,.
So=N:n(D,+D,)L,+ '2 ~]
Wy e

[+] Psn
I-a
, = PED(SD(Y) (16)
ol BN R TR O
B.-D,
t, = —+—2
du P2
A=:S_°
K,
n & In2 ,
Vro=‘;(9v§KD 8°(1-K{)K,
47(D,; '+ D,)
a, =—232_ "3
S,

also tie constants Ci. C;,C,, C, and

differential equations (14) and (15).
The used ranges of parameters are:

KE {1-1.3)
u{.01-.05) ms !
a(.2-.8)

pp =1600kgm™

2y p. [Mpra]
=024
10+ 1.3
0240
f——— 0264

24

| tls]

o .004 .01

Fig. (2) Initial pressure rise for u=0.01, c=0.2, pp=1600
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Fig. (3) Stabilization and equilibrium pressure
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Fig. (4) Initial pressure rise for u=0.03, a=0.2, p;=1600
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Fig. (5) Stabilization and equilibrium of pressure
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Fig. (6) Initial pressure rise u=0.05, =02, pp=1600
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Fig. (7) Stabilization and equilibrium pressure

// t[sl

0 001 0 1
Fig. (8) Initial pressure 1ise for uv=0.01, a=0.5, pz=1600
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Fig. (9) Stabilization and equilibrium of pressure
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Fig. (10) Initial pressure rise for u=0.01, 0=0.5, ps=1600
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Fig. (11) Stabilization and equilibrium of pressure
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Fig. (12) Initial pressure rise for ¢=0.8, pp=1600
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Fig. (13) Stabilization and equilibrium of pressure
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Fig. (14) Initial pressure rise for o=0.5, pp=1600
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Fig. (15) Stabilization and equilibrium of pressure

CONCLUSIONS

Erosive burning takes place in each rocket
motor regarding the type of propellant used,
grain configuration, dimensions of grain, ratio
of port area to nozzle critical area when this
ratio is less than 2 and other factors. According
to this it must be taken into consideration in
theoretical work, otherwise it will cause
difference between  experimental and
theoretical ~ solution, mainly in pressure
evaluation.

Through the previous calculations, the
erosive phenomena have been taken into
consideration with certain range. The effect of
erosivity was clearly evident from results
obtained. The time to reach the maximum
pressure decreases with increase of erosive
burning effect for certain values of w,a and

Pp- As the burning rate u increases within

presupposed range, the time to reach the same
maximum pressure is shorter. This leads to
early pseudo-equilibrium state and early
diminishing of the erosive effect.

The effect of pressure exponent a<1in
combination with erosive burning and burning
rate gives higher erosive peak through longer
time, also longer time to pseudo-equilibrium
state.

From the previous conclusion one can point
out that the erosive effect can be partially
controlled by choosing suitable values of the
mentioned internal ballistics, then to determine
accurately the performance and the structural
resistance of rocket motor.
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NOMENCLATURE
A, - nozzle critical area [m?)
Ay, - initial free area [m?]
D - rocket outer diameter [m]
D, - rocket inner diameter [m]
D, - grain outer diameter [m]
D, - grain inner diameter [m]
e - burning thickness [m]
K, - erosion ratio [-]
K, - filling coefficient [-]
K,  -slenderness ratio [-]
K,  -temperature sensitivity
coefficient of solid propellant [C]

N, - number of grains (-]
o) - combustion chamber pressure [Pa])
B - equilibrium pressure [Pa]
S - instantaneous burning surface [m?]
Sy - initial burning surface [mz]
Iy - normal temperature of solid

propellant [C]
T, - combustion chamber temperature [C]
L., - temperature of solid propellant [C]
l, - time of solid propellant burning  [s]

- burning rate of solid propellant[ms™']

U, - noneros:ve burning rate [ms™]
u, - burning rate at unit pressure [ms'lpa"’}
v, - instantaneous combustion

chamber free volume [ms]
Vi, - initial combustion chamber

free volume [m3]
a - exponent of burning rate (-]
4 - coefficient of thermal losses  [-]
¥ - adiabatic exponent (-]
6 - modified strength factor [-]
Ppr - specific mass of solid propellant [kgm'3}
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