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Ignition Pressure Transient in Solid Rockets
Initially Filled with Water
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A mathematical model has been developed for the ignition transient of a solid-propellant rocket motor initially
� lled with water. The model predicts the gradual ignition of the propellant grains, the rise in chamber pressure,
the displacement of water from the motor, and the transition to the quasi-stationary conditions. The results
of parametric calculations are presented that show the effect of the initial depth of rocket submergence in the
water (environment pressure) and wave processes on the ignition pressure transient. The development of previous
experimental and analytical studies conducted in this laboratory is extended.

Nomenclature
A = gas-permeable surface
C p = speci� c heat of gas components or mixture
c = mass concentration
D = number of grains forming the igniter
Ea = ratio of propellant activation energy to universal gas

constant
e = web thickness of igniter grain
f = friction stress
H0 = enthalpy of combustion product
L = number of gaseous components of mixture
M = mass supply density
n = unit vector of external normal to surface
P = impulse � ux, pn C uN
p = pressure
Qo = ratio of propellant explosionheat to propellant speci� c heat
q = heat � ux density
R = gas constant
S = gas-impermeable surface
T = propellant temperature
Tg = temperature of gas
Tp = isobaric combustion temperature
t = time
u = velocity vector
V = volume
W = interior free volume of igniter device
w = current volume of pyrogranules
x = axial coordinate
y = axis normal to propellant surface
Z = preexponential factor
z = portion of condensed phase in combustion products
® = effective heat emission coef� cient, which includes radiant

and convective components
" = adiabatic index (ratio of speci� c heats)
· = thermal diffusivity of solid propellant
¸ = thermal conductivity
½ = density
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Subscripts

e = external environment
j = individual features of the components

Introduction

W HEN launching a rocket from underwater, or from the sur-
face, conventional ignition methods easily can generate ex-

cessive pressures in the combustion chamber and in any surround-
ing structures.This problem is avoided by initially pressurizing the
combustion chamber with inert gases from separate pressurizedgas
cylinders. There is another more effective method of preignition
or prelaunch supercharges, using a low-temperature gas genera-
tor. However, if the combustion products have a temperature above
100±C, they may produce an unplanned ignition of the rocket mo-
tor propellant. Preliminary experiments are needed to prevent this
accidental ignition.

One more way of reducing the gas charge and preventing exces-
sive pressures is to � ll the rocket motor with water. This method
requires proper study because the contact between the water, the
gas charge, and the propellant surface may change the propellant’s
ignitioncharacteristicsas a result of the propellantingredientsbeing
leached.1 Direct contact of seawater with the propellant surface can
be excluded by using a thin protective layer.

In this study, three kinds of motors were studied numerically:
1) motors with regular launching conditions; 2) motors with pre-
liminary gas injection; and 3) motors � lled with seawater (Fig. 1).
Case 3 is considered to be the most complicated. Here, the head
end of the combustion chamber is � tted with an ignition system.
The quantity of the volume, its geometry, and the gas parameters
are de� ned by the external pressure.The igniter is a pressure-proof,
perforated cylinder, which contains pyrogranules or charge of the
solid propellant. Then, after the signal is sent, the ignition system
starts producing combustion products. These products increase the
pressure in the head volume and displace the water from the com-
bustion chamber through the nozzle of the motor. The surface of the
propellant charge is exposed to the high-temperature combustion
products, the surface layer of the charge is heated, and the bare ele-
ment of the solid propellant eventually ignites. The combination of
the igniter and the propellant combustion products leads to a rapid
rise in chamber pressure and water displacement When the igniter
propellant is consumed and all the water is displaced, the motor
transitions to the quasi-stationaryconditions.

In case 2, where the blowoff is provided by compressed gas,
initiation of the gas � ow is considered to be the initial event. This
analysis also examines the movements of the gas, e.g., the products
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Fig. 1 Calculation region.

from the igniter and external gas source, through the nozzle of the
rocket motor, their heat transfer to the propellant surface, and the
resulting heating (or cooling) of the surface.

Mathematical Model
The mathematical model of the processes described above is

based on the integral equations of the gasdynamics derived from
the laws of mass, momentum, and energy conservation.Additional
special equations de� ne the thermal and physical properties of the
multicomponent combustion products from the igniter charge and
the air that initially � lls the chamber. This system of equations is
applied to a referencevolume V , boundedby a closed surface com-
prising both gas-permeable A and gas-impermeable S materials.
Heat and mass are exchangedbetweengas � ow and rocket-motorel-
ements. The change in the mass, momentum, and energy in the con-
trol volume is connectedthroughvolume interactions,the in� uence
of the external surroundings on each of the mentioned quantities,
and their transfer through A. This system of conservationequations
is written in the integral form with a generalizedcoordinatesystem2

as follows:

@

@t

Z

V

½ dV C
Z

A

½ N dA D
Z

S

LX

j D 1

M j dS

@

@t

Z

V

½R dV C
Z

A

½RN dA D
Z

S

LX

j D 1

R j M j dS

@

@t

Z

V

½Cp dV C
Z

A

½Cp N dA D
Z

S

LX

j D 1

Cp j M j dS

@

@t

Z

V

½u dV C
Z

A

P dA C
Z

S

P dS C
Z

S

½f dS D 0

@

@t

Z

V

E dV C
Z

A

.E C p/N dA C
Z

S

q dS D
Z

S

LX

j D 1

H0 j M j dS

where

N D .u; n/; E D
p

° ¡ 1
C ½juj2

2
; ° D

C p

C p ¡ R

One of the dif� cult problems to be solved in parallel with predict-
ing the gasdynamic � ow� eld is the surface heating and subsequent
ignition of a solid-propellant surface element. It is assumed that
the ignition of the surface element occurs instantaneouslywhen the
surface temperature reaches a certain value, at which point the heat
� ux to the propellant surface generated by the propellant combus-
tion products becomes larger than the heat � ux from the ignition
system. In other words, the ignition time is based on the condensed-
phase ignition model developed by Vilyunov and Zarko3 and other
authors.Mathematically, this model of ignition of a condensed sub-
stance (solid propellant) involves the transient equation for thermal
conductivity,which also takes into account the heat release term and
chemical kinetics:
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Here, the rate of the chemical reactions is characterized by the
Arrhenius relation. The effect of hot gaseous combustion products

on the charge is simulated by establishing the boundary conditions
of the third kind at the solid-propellant surface and by setting the
heat � ux at in� nity to be zero:
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The thermodynamicsof the gas mixture in the igniter (indestruc-
tible perforated casing) is described by averagedparameters. In this
case, the mathematical model describing the variation of gasdy-
namic parameters in the volume of the igniter casing is a system
of lumped or nondimensionaldifferential equations for interior free
volume W . It also is assumed that the entire surface D of the ig-
niter grains is ignited instantaneouslyand that the perforated casing
prevents the escape of these grains.

The system of equations for the conservation of mass and en-
ergy and for variation in the free interior volume in the igniter then
becomes
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The gas � ow M¤ through the perforation holes is calculated by
the familiar quasi-stationaryequations
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where Sp is gas-permeable surface of igniter box
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where pk is external (in the chamber) pressure.
The mass � ow rate of gas is related to the change in the volume

! of burning igniter material as follows:
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The instantaneous volume of the pyrotechnic grains depends on
the � ame depth (mo=½o ¸ ! ¸ 0, mo; ½o—mass and density) and is
a function of the grain shape. For a wide spectrum of shapes, the
relationship between the instantaneous volume of these grains $
and their sizes is very simple:
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where ei j . j D 1; 2; 3/ are the initial geometric characteristic fea-
tures of the i grain.
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The variation of typical sizes of a grain as a result of burning is
described through the burn depth ei as de� ned by the equation

dei

dt
D ri

i D 1; : : : ; D where r is burning rate. The motion of the boundary
between gas and water inside the motor is coupled to the motion of
the water throughthe nozzlearea S¤. The water � ow rate throughthe
nozzle is determined by the difference between the instantaneous
gas pressure and the exteriorwater pressure by use of the following
formula:
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These equations of motion were integrated by a second-ordermod-
i� cation to the method developed by Godunov.4 The mathematical
problem in the ignition of a solid propellant was solved using an
adaptable calculation grid that varied with the heating condition.5

Results of Calculations
The numerical comparative analysis of local and integral param-

eters of the physical processes were made for a motor with the fol-
lowing general characteristics:3 m long, 16-m2 propellant surface
area; 2.2 m motor diameter;0.16-mnozzle throat diameter.The pro-
pellant’s combustion temperature was assumed to be 3340 K. The
igniter combustion products weighed 2.5 kg, contained up to 50%
of condensed-phasematerial and had a temperature of 3320 K.

For comparative analysis, the following three sets of the motor
startup conditions were considered:

1) starting at nominal initial conditions of T D 293 K and p D
0:1 MPa and with nozzle membrane burst of 1 MPa,

2) starting the motor after pressurizingwith a gas generator pro-
ducing G D 50 kg/s of gas without metal at 400 K,

3) starting after � lling the motor with water.
Cases 2 and 3 were examined for external pressures over the

range of 0.5, 1.0, 1.5, and 2.0 MPa. In case 2, the gas generator was
assumed to pressurize the combustion chamber to the external pres-
sure, at which time the gas generator stopped working, the igniter
switched on, and a new time reading started.

Figure 2 gives the chamberpressureand motor thrust dependence
during startupundernormal conditions.In the initial time after actu-
ating the igniter, the chamber pressure increase reaches the bursting
pressure of the nozzle membrane and it bursts. Rarefaction waves
pass along the channel of the charge (Figs. 3 and 4, t ¼ 0:018 s).
At time t ¼ 0:015 s, ignition of the charge starts from the head end
(see Fig. 5), producing considerable inhomogeneity in the heating,
which lasts for about0.0065s (from t ¼ 0:015 to 0.0215s).The pres-
sure in the combustion chamber begins to rise sharply (see Fig. 2,
t > 0:021 s) and, after completecombustionof the igniter, the motor
transitions to the steady-state regime. The curve of changing thrust

Fig. 2 Pressure and thrust dependencies under normal condition.

Fig. 3 Pressure distribution.

Fig. 4 Velocity distribution.

Fig. 5 Combustion surface.

Fig. 6 Pressure dependencies.
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Fig. 7 Thrust dependencies.

Fig. 8 Combustion surface.

Fig. 9 Velocity distribution.

follows the change of pressure in the cavity of the motor, as illus-
trated in Fig. 2. The pattern of the wave processes accompanying
startup of the motor and the changes in the spacial distributions of
gasdynamic parameters are given in Figs. 3 and 4.

Figure 6 shows the effect of environmentalpressureon the cham-
ber pressure transient and Fig. 7 shows the corresponding motor
thrust transientfor environmentalpressuresof 0.5, 1.0, and 2.0 MPa.
Analysis of the results shows that, as expected, motors with higher
levels of initial pressure come to the steady-state regime more
rapidly. This behavior is expected because the heating rate of the
chargeby the combustionproductsof a gas generatorbefore starting
up the motor is higher for higher levels of the supercharge pressure
producing shorter periods of ignition time. Ignition of the charge
after actuating the igniter starts considerably earlier (at the level
of t ¼ 0:008 s) and occurs approximately 2 times faster than start-
ing under normal conditions. Figure 8 shows the time pattern of
the charge’s burning surface for the various levels of environmental

Fig. 10 Pressure distribution.

Fig. 11 Pressure dependencies.

Fig. 12 Thrust dependencies.

Fig. 13 Combustion surface.
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Fig. 14 Free volume dependence.

Fig. 15 Velocity distribution.

pressure. Figures 9 and 10 show the spatial distributions of gasdy-
namic parameters for 1 MPa at different moments of time. As a
whole, the wave processes are markedly weaker than when starting
under normal conditions, as expected.

Analyses of igniting motors with their chamber initially � lled
with water is illustrated in Figs. 11–16. Figure 11 shows the pres-
sure transient and Fig. 12 shows the corresponding thrust transient
for different external pressures. The fundamental difference pro-
duced by the water is the rather high level of the motor thrust at the
initial moments of igniter operation, caused by water displacement
because its density is several orders higher than the gas density.
For all of the conditionsstudied, the followingpattern characterizes
the evolution of the ignition process. The igniter starts working at
the high initial pressure over a small free volume. As a result, the
gas pressureand temperature increase sharply.Simultaneouslywith
a gradual displacement of the � uid, the charge surface is exposed
to intensive heating and propellant ignition starts almost immedi-
ately (in the case of an external pressure 2.0 MPa, it is even a little
earlier) after displacing the water (t ¼ 0:0023¥ 0:0025 s). Accord-
ingly, the initial pressure in the combustion chamber can somewhat
exceed the steady-state value that is achieved after complete com-
bustion of an igniter. Figure 13 shows the time evolution of the

Fig. 16 Pressure distribution.

charge’s burning surface. The time of initial ignition and the time
to ignite the surface completely for these conditions is slightly less
(1t ¼ 0:001 s) than in thecaseof startingthemotorafterpreliminary
gas pressurization.

In Fig. 14, the time dependenciesof changing motor free volume
during the startup period are given. It is seen that higher levels of
external pressure require more time to � ll the chamber, though, the
differences are generally insigni� cant. Figures 15 and 16 illustrate
the spatial distribution of the gas velocity and pressure at differ-
ent times for an external pressure of 1 MPa. The characteristics of
the wave processes during the motor’s transition to the steady-state
regime are slightly softened because of the moving surface of the
displaced liquid.

Conclusions
A physicomathematical model is used to analyze the ignition

characteristicsof startingsolid-propellantmotors initially� lledwith
water. Analysis of the calculations shows that the water produces
fundamental peculiarities in the speed of � ame propagation over
the propellant surface, the growth rate of the chamber pressure, and
the character of motor’s thrust transient. It is shown that the time
to achieve steady-stateoperation is considerablyless than when the
motor is pressurized by a gas generator and when ignition occurs
under normal conditions.
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