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Introduction

T HE solid rocket ignition transient representing a short period
right after starting the rocket motor consists of propellant ig-

nition, � ame spreading, and chamber � lling/pressurization. High-
temperature and high-pressuregases ejected from the ignitor at the
fore-endsection of the rocket chamberheat up the solid propellants.
As the heat � ux to the propellant surface increases, the propellant
starts to burn and releases a large amount of thermal energy in the
combustion chamber. Propellant ignition is begun at the head end
of the chamber, and the � ame spreads toward the end of the rocket,
� nally burning along the whole propellant surface. The detailed
analysis of this ignition transient phenomenon is very important
to the ef� ciency and safety of the solid rocket motor. Inside the
rocket motor, radiation is considered to affect the thermal charac-
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teristics that will � nally change the � uid dynamics. However, its
analysis presents a formidable challenge inasmuch as the radiative
transfer equation (RTE) is a form of integro-differential equation.
Even if there were numerous methods to solve the RTE, the re-
cently proposed � nite volume method1 is considereda good choice
for applicationbecausethismethodcaneasilybe applied to complex
geometries and be coupled with the other discritized equations.

In this study a more re� ned model is developed to examine the
ignition transient in an axisymmetric solid rocket motor by solving
anunsteadyturbulent� ow� eld. In contrastto previousstudies,2,3 the
effects of gas radiationare taken into account.Whereas the radiative
transfer equation is solved using the � nite volume method, the other
governing equations are numerically solved using the SIMPLER
algorithm in generalized coordinates.

Mathematical Model
Conservation Equations

When the ignitor located at the center of the port is activated as
shown in Fig. 1a, the ejectedplume startsmomentumand heat trans-
fer to the solid propellant. The Favre averaged, two-dimensional
axisymmetricNavier–Stokes equationswith k– e turbulent transport
model governing this turbulent transport phenomena are developed
as follows.
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a) Grid system

b) Ignitor plume mass � ow rate Çmin

Fig. 1 Grid system and mass � ow rate by ignitor.
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State:

p̄ = ¯q Ru T̃ (5)

Turbulent kinetic energy:
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Eddy viscosity:

l t = ¯q C l (k2 / e ) (8)

The model includes six empirical constants, typical values of
which are2

r k = 1.0, r e = 1.3, C1 = 1.44

C2 = 1.92, C l = 0.09 (9)

By taking into account of the sublayer effect, the turbulent Prandtl
number Prt is de� ned by4
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where Pet is a turbulent Peclet number, Prt 1 (=0.85) is the local
value of Prt at a position far from the wall, and C(=0.3) is an
experimentally determined constant.

The two-dimensional heat conduction equation is used to obtain
the temperature � eld of the propellant:
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where the subscripts denotes a propertyof solid propellants.Cs and
k s have values of 860 J/kg K and 1.85 W/m K, respectively.

Initial and Boundary Conditions

The inlet simulates the ignitor exit conditions, for which stagna-
tion conditions are given by5

P0
ig = 100Patm , T 0

ig = 2520 K (12)

Correspondingstatic conditions for the ignitor plume can be calcu-
lated by

Vin = Çm in / Ain q in , q in = P0
ig R0

igT 0
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At the solid propellant surface, the boundary conditions for energy
below autoignition temperature are as follows, with the subscript P
denoting propellant surface properties:
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The right-hand side of Eq. (14) represents the inward conductive
heat � ux away from propellant surface. Whereas the second term
on the left-hand side is a radiative heat � ux toward the propellant
surface, the � rst and third terms are the conductiveheat � ux into the
propellant surface and the net heat release due to surface reaction.

Here q s is solidpropellantdensity(=1728kg/m3) and Qs is the heat
of reactiondue to surface reaction (=1.05 £ 103 kJ/kg). The surface
temperature TS , P is determined through the aforementioned inter-
face conditions. The burning rate of solid propellant is calculated
using the following relation6:

v p = v p ,ref(P / Pref)
n + a eG

0.8 D ¡ 0.2
h exp( ¡ b ev p q p / j G j ) (15)

where G = q u, Dh is the hydraulicdiameter, a e =6.5 cm2.8/g2.8s0.2,
b e =125, v p, ref =1.47 cm/s, Pref = 68.08 atm, and n = 0.44. Once
the propellantsurfacereaches the autoignitiontemperature (620 K),
a burnedgas with � ame temperature2968K (Ref. 5) is consideredto
be supplied to the gas phase at the propellant surface as a boundary
condition. At the axis of symmetry, axisymmetric boundary con-
ditions are applied. At the exit, atmospheric conditions are used if
the � ow is subsonic, and the solution is extrapolated if the � ow is
supersonic.

Radiative Heat Transfer

The radiation has an in� uence on the propellant, both the diver-
gence term of the energy equation and the boundary condition.For
a gray medium, the divergence of radiative heat � ux is evaluated
from

¡ r ¢ qr = a ¡ 4 p Ib(s) +
4p

I (s, X ) dx (16)

wherea is the absorptioncoef� cient, Ib is the blackbodyintensity, X
is the direction of radiation, and I (s, X ) is the directional intensity.

To � nd I (s, X ), we solve the radiative heat transfer equation for
gray gas,
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where r s is the scattering coef� cient and U ( X 0 , X ) is the scattering
phase function.

A diffusely emitting and re� ecting surface condition on the pro-
pellant and nozzle wall surface is applied. Surface emissivity is
assumed to be 0.5.

Results and Discussion
The governing equations are transformed into generalized form

and can be discretized into the algebraic form and solved by the
compressible SIMPLER algorithm.7 The global iterations are con-
tinued until the maximum mass residual becomes less than 10 ¡ 4.
The time step is 0.1 ms and Courant–Friedrichs–Lewy number used
is close to 1.

Metalizedpropellanthas a greater radiationeffect than nonmetal-
ized propellant, but the main purpose of this research is to show the
gas radiation effect on the chamber � ow� eld. Therefore, nonmetal-
ized propellant is assumed, and the effect of radiation is taken into
account with an absorptioncoef� cient of 50 m ¡ 1 , while the scatter-
ing effect is ignored.A nonuniformgrid system of70 £ 40 in the gas
phase and 50 £ 10 in the solid propellant, as shown in Fig. 1a, was
used. An experimental ignitor plume mass � ow rate Çm in is plotted
in Fig. 1b.5 For the present numerical analysis, the mass � ow rate is
simpli� ed as a linear pro� le.

In Fig. 2a the temporal variation of head-end pressure is plotted
for a =50 m ¡ 1 and without radiation. The numerical results for
a =50 m ¡ 1 predict the experimental data reasonably well, whereas
the case without radiation does not accurately predict the head-end
pressure variation. This results because there is more heat feedback
to the propellant surface for the case with a = 50 m ¡ 1 , so that both
the propellant surface temperature and the propellant burning rate
increase.On theotherhand, the case withoutradiationunderpredicts
the head-end pressure because there is less heat feedback to the
propellant. Figure 2b compares the propellant surface temperature
distribution.With radiation, the whole propellant surface is ignited
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a) Temporal head-end pressure b) Temporal propellant surface temperature

Fig. 2 Temporal head-end pressure and propellant surface temperature.

Fig. 3 Temporal variation in pressure.

at 60 ms, and � ame spreading is accomplished. Without radiation,
energy transfer from the ignitor gas to the propellant continues, but
the propellant surface is not completely ignited until 500 ms.

Unsteady pressure distribution is shown in Fig. 3. Compression
waves generated by the ignitor pass the midzone at about 5 ms in
Fig. 3. A chamber � lling procedure will probably be completed at
about50 ms. Flow expansionis also clearlyshown in the converging
and diverging nozzle sections.

A contour of the temporal variation in gas phase temperature
is plotted in Fig. 4. In Fig. 4, the � ame spreading is shown to be
completeat about5 ms, and by this time the entirepropellantsurface
is burning.Because radiationis included,the � ame spreadingis seen

Fig. 4 Temporal variation in temperature.

to be faster than the case without radiation, which is not included
here for the sake of brevity.

Conclusions
In this study, the applicability of numerical procedures to the

analysis of the ignition transient in the solid rocket motor has been
investigated. In particular, the effect of radiation on internal � ow
development was taken into account. Heat transfer from the gas
to the propellant surface by radiative and convective heat transfer
raises the surface temperature and burning rate. Radiation plays a
signi� cant role in igniting the solid propellantby enhancingthe heat
feedback to the propellant surface because relatively long ignition
delay is required without radiation.
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