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Mathematical Modeling of the Development of Anomalous
Processes in High-Loading-Density Solid Propulsion Systems

Alexey M. Lipanov,∗ Alexander N. Lukin,† and Ali V. Aliev‡

Russian Academy of Sciences, 426067, Udmurtia Republic, Russia

One of the important directions for research in the area of high-loading-density solid propulsion systems (SPS)
is the investigation of the technologies for optimal organization of the intrachamber processes during the ignition-
transient period of operation, with aim of reducing the shock and vibrational loads on the rocket and its systems. A
numerical study of anomalous physico-chemical processes was carried out. Calculation results show that anomalous
modes of ignition (which are accompanied by intense shock waves in the high-loading-density SPS combustion
chamber) are extremely dangerous. The calculations demonstrate that the anomalous physicochemical processes
in the SPS can be prevented. The appropriate technology and an ignition system design for prevention of anomalous
ignition of the solid propellant charge were developed.

Nomenclature
A, b = mass concentrations of combustion products formed

at the solid propellant burning surface and flowing
into the front head-end clearance through
its opened boundary

C = speed of sound
CC = specific heat capacity of the solid propellant
C f 0 = friction coefficient
Co = Courant number, stability coefficient
Cp = constant-pressure specific heat capacity

of the combustion products
Cv = constant-volume specific heat capacity

of the combustion products
d = diameter of clearance
DPC = diameter of the solid propellant charge
E = energy of the combustion products mixture (sum of

the combustion product internal and kinetic energy)
Ea = reaction activation energy
F = area or front end-face cavity (clearance)

cross-sectional area
FCC = solid propellant rocket motor combustion chamber

throat area
F IS

op = solid propellant rocket motor ignition system total
perforation opening area

H = propellant enthalpy
Kb, Kdef = coefficient of proportionality, determined

experimentally
k = adiabatic exponent (specific heat ratio)
k0 = preexponent
L = length of clearance
L IS = length of the ignition system
LPC = length of the solid propellant rocket motor charge
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M = Mach number
P = combustion product mixture pressure
Pb = combustion product pressure value in the boot area
PD = engine pressure sealing diaphragm destruction

pressure value
Per = clearance lateral surface perimeter
Psup = support pressure, 0.981 × 105 Pa
P0 = environmental pressure
P∗ = boot break-off pressure value
Q = reaction heat effect
qs = heat flow value on the propellant surface
qU = value of radiative heat flow into the combustion

products
R = gas constant or clearance curvature radius
Re = Reynolds criterion
R0 = universal gas constant
r = distance from the symmetry axis
SPC = solid propellant burning surface area
T = temperature
Tig = critical temperature
t = process time
t∗ = solid propellant surface ignition delay time (surface,

located in the reopened end-face cavity)
U = longitudinal component of the combustion product

flow velocity
uc = solid propellant linear burning rate
u1 = individual burning rate in the degree combustion

law (temperature-dependent constant)
V = lateral component of the combustion product

flow velocity
W IS = solid propellant rocket motor ignition system

chamber internal volume value
W0 = volume value of the reopened cavity at P = P0

α = heat exchange coefficient
γc = relative mass concentration of the c phase

in the combustion product mixture
� = clearance between engine case head-end internal

surface and charge end-face surface
�t = time step in the finite difference scheme
�ξ = step along the solid propellant rocket motor

curvilinear zone longitudinal direction at finite
difference solution of the equations

ε = combustion product blackness coefficient
εeb = coefficient of erosive burning
εs = propellant surface blackness coefficient
η = density of the volumetric incident radiation

or diametrical coordinate of the solid propellant
rocket motor curvilinear zone (solid propellant
rocket motor front end-face clearance)
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ηEC = coordinate of the engine case internal surface
(boundary coordinate)

ηSP = coordinate of the solid propellant external surface
(boundary coordinate)

θ = peripheral coordinate
λ = heat conductivity coefficient
µ = combustion product dynamic viscosity coefficient
νc = exponent in the degree combustion law

(pressure exponent)
ξ = longitudinal coordinate in the solid propellant

rocket motor curvilinear zone (coordinate along
the solid propellant rocket motor front head-end
clearance axis)

ξ̄ = ξ relative value, ξ/L
ρ = density or combustion product mixture density
�a , �t = coefficients of radiation and combustion product

interaction (function of the combustion product
properties)

σ = Stefan–Boltzman constant
τ = friction stress
ωIS = mass of the pelletized solid propellant, placed

in the ignition system cavity

Subscripts and Superscripts

b = boundary
calc = obtained computationally
CP = combustion products
c = condensed (solid) phase (solid propellant)
EC = internal surface of the solid propellant rocket

motor head end
exp = obtained experimentally
ig = moment of propellant ignition
IS = ignition system
LB = left (opened) clearance boundary
RB = right (nonflowing) clearance boundary
SP = external surface of solid propellant rocket

motor charge
s = propellant suface
st = stationary values
0 = initial conditions
1 = solid propellant combustion products
2 = combustion products entering the clearance through

the opened boundary
3 = gas originally filling the clearance

Introduction

T HE evolutionary history of solid propellants reflects to some
extent the history of the investigation of unstable combustion

and methods for its prevention and restriction. The general ten-
dency in the development of modern large-sized solid propellant
rocket motors (SPRM) is characterized by increased propellant mass
(propellant loading density ≥ 0.95) and operation loads. Improve-
ment of the characteristics of modern high-loading-density SPRM
and reduction in the cost and difficulty involved in their manufac-
ture depend largely on improved understanding of the anomalous
physics–chemical processes that can arise during operation.

The most important area of study for the improvement of high-
loading-density SPRM characteristics is the investigation and cre-
ation of technologies to optimize the intrachamber processes of the
SPRM ignition-transient period of operation to reduce impact and
vibrational loads on the SPRM. It is necessary to provide short pro-
pellant charge ignition delay times and ignition-transient periods
without increasing the pressure level in the combustion chamber
and thermal loads on the solid propellant charge and the engine
combustion chamber structural elements.

The main peculiarity of such propulsion systems is that the case-
bonded charge with internal channel has a partially nonfastening and
unarmored end-face surface. Under these conditions, the end-face
combustion surface can represent up to 50% or even more of the
whole combustion surface. The charge end face is usually fastened

to the engine head end by use of a boot (sealing ring). Figure 1
shows a typical structural diagram of this type of SPRM, where
1 indicates the lid, 2 the engine casing, 3 the case-bonded solid
propellant charge, 4 the fastening layer connecting propellant charge
with load-carrying SPRM case, 5 the pyrotechnic ignition system
(IS), 6 the split control nozzle, 7 the autonomous solid propellant
engines for roll channel control, and 8 the actuators. The engine case
has a cocoon-type design and is manufactured from organic plastic
materials.

The other peculiarity of this class of SPRM is that under normal
conditions the clearance between the engine case head-end internal
surface and the charge end-face surface � ≤ 0.001 m. As the cham-
ber is filled by the high-temperature combustion products (CP) com-
ing from the IS and from the ignited part of the propellant, there are
simultaneous elastic deformations of the propellant charge and the
engine case. Under such conditions, the thickness of the nonflowing
clearance between the SPRM case head-end internal surface and the
charge end-face clearance can increase 20–100 times at the oper-
ating pressures in the combustion chamber (5–10 MPa). In Fig. 2,
the dependence of the front end-face clearance cross-sectional area
on the longitudinal coordinate is shown for various time intervals:
1) t = 0 s, 2) 0.036 s, 3) 0.048 s, and 4) 0.060 s. Here the co-
ordinate ξ = 0 corresponds to the boundary between the end-face
cavity and the engine front volume. The coordinate system is shown
in Fig. 3.

The investigation of flame propagation processes in narrow,
flowing-type channels and in solid propellant cracks was un-
dertaken for cases when the convective combustion mode was

Fig. 1 High-loading-density sustainer SPRM design of the intercon-
tinental ballistic rocket third stage: 1, lid; 2, fiber-glass engine case;
3, case-bonded solid propellant charge; 4, fastening layer connecting
propellant charge to load-carrying SPRM case; 5, pyrotechnic ignition
system; 6, split control nozzle; 7, autonomous solid propellant engines
for roll channel control; and 8, actuators.

Fig. 2 Front-end-face clearance cross-sectional area in the vicinity of
the engine front bottom vs longitudinal coordinate for various time in-
tervals: 1, t = 0 s, 2, t = 0.036 s, 3, t = 0.048 s; and 4, t = 0.060 s.
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Fig. 3 Computational area of the SPRM curvilinear zone (SPRM
front-end-face clearance).

realized and was presented in previous papers.1,2 Investigations of
the flame propagation processes along the propellant surface in the
narrow, nonflowing, and deformable channel have also been pre-
sented elsewhere.3,4 The present research considers the case when
a new cavity is opened on the boundary between the narrow non-
flowing end-face clearance and the boot. This occurs when the boot,
which fastens together the solid propellant charge endface and the
engine head end, breaks off from the engine case and from the
charge. This newly opened cavity also represents a nonflowing chan-
nel. The appearance of the new cavity causes the development of
anomalous physicochemical processes. Special attention is given
to the question of radiative heat transmission during the analysis
of propellant heat-up because the convective heat flows have small
values. Under these conditions, the radiative heat flow lengthways
is additionally taken into account on the narrow clearance.

Development of Anomalous Processes
In a number of cases, the earlier-mentioned peculiarities of the

SPRM can cause the increased tendency of the SPRM initial-stage
operation to various kinds of unpredictable behaviors. These unpre-
dictable behaviors include deviations from the working parameters
of the separate units and elements of the SPRM and may be the
result of design errors, or failure to predict technological process
modes or aging of the materials, in the design of both the SPRM
and the charge.

The intraballistic parameters in the ignition-transient period of
high-loading-density SPRM operation are determined in many re-
spects by the physicochemical processes in the pyrotechnic IS and
subsequent heat effect of the IS charge CP on the motor main charge.
In the situation considered here, the cause of an anomalous mode of
ignition and combustion in the SPRM can result in unpredictable ac-
tion from the pyrotechnic IS. Such unpredictable (and uncalculated)
effects result in nonuniformity of the working processes during pro-
pellant charge ignition. Traditional IS design schemes provide CP
to the high-loading-density SPS charge simultaneously in all di-
rections. In the course of filling the intrachamber volume with CP
coming from the IS and from the already ignited part of the charge,
simultaneous elastic deformations of the propellant charge and the
organic plastic engine case may occur. However, the elongated non-
flowing end-face clearance has no time to be expanded to the neces-
sary size. When this occurs, in the most crucial period of operation in
this class of SPRM, anomalous physicochemical processes capable
of significantly affecting engine operation can be initiated.

The most probable sequence of anomalous-mode ignition devel-
opment is as follows. The end-face clearance, being a poorly heated
stagnation zone, will reduce the supply of heat available for ignition
of the charge front-end face. In the absence of carefully distributed
CP flows from the IS, it may also result in much greater irregular-
ity of the heat supply to the charge. It will lead to an increase in
the front-end face ignition time delay and to the nonuniformity of
all charge ignition processes. Furthermore, in the early stages of

ignition, the CP flowing into and out of the IS, and from the ignited
charge sections, will compress the gas initially placed in the end-
face clearance. Compression waves will begin to propagate into the
depths of the end-face clearance and, typically, form an intensive
shock wave. The latter, on reaching the area of interface of the en-
gine head end with the boot and the charge end-face, is reflected by
simultaneously built-up pressure. Then, propagation of a reflected
shock wave begins, and the initial gas, which is contiguous to the
area of interface of the engine head end with the boot and the charge
end face, will be compressed to high pressure.

In the area of the interface of the end-face clearance cavity with
the boot, which fastens the charge end face with the engine head
end, this process can give rise to strong local dynamic loads, caus-
ing the boot to break off either from the engine case or from the
charge or from both. Numerical analysis shows that, for a clearance
of � = 0.001 m, the maximum pressure in the end-face clearance
cavity will exceed 13 times the pressure level, corresponding to a
clearance of � = 0.1 m. The boot breaking off from the engine case
is accompanied by the opening of a new cavity, into which the high-
temperature CP begins to flow. At this point, the anomalous process
development begins on a new qualitative level. Such anomalous
behaviors can have large-scale effects on the SPRM intrachamber
processes.

The further development of nonstationary physicochemical pro-
cesses can endanger the normal functioning of the SPRM. If the
surface from which the boot breaks off is large, the intraballistic
process in the engine chamber can develop in the following way:
Over time the CP pressure near the point where the boot breaks
off can decrease, and a rarefaction wave will be propagated in the
SPRM chamber. In case of a strong rarefaction wave, the propellant
charge may be completely or temporarily extinguished, or the pro-
pellant charge may transition to unsteady burning modes (SPRM
chuffing).5 Propagation of the compression wave along the cavity
formed where the boot breaks off can result in ignition of the opened
propellant surface and can create dangerously large pressures in the
vicinity of the upper boundary of the cavity. This, in turn, can result
in the destruction of the propellant charge.

Also, in traditional IS design schemes, it is necessary to increase
the IS mass flow rate characteristics and the heat flow from the CP
to intensify the solid propellant charge ignition process and reduce
the ignition-transient period time. In this situation, however, the in-
creased thermal effects on the solid propellant charge induce charge
burn out and an extreme pressure rise (pressure peak) in the engine
combustion chamber. Intensive, non stationary axial pressure differ-
entials will arise between the various charge channel cross sections.
As a result, before the nozzle plug opening, high nonestimated vi-
brational and impact loads arise and act on the solid propellant
charge and the SPRM case. These loads may cause both break off
of the charge from the engine case and destruction of the charge
and, thus, result in loss of functionality of the SPRM, the onboard
control system, and the rocket.

Attempts to improve this situation without changing traditional
IS design schemes, by reduction of the IS charge mass and the
standard IS flow rate characteristics, and also by reduction of the
opening pressure of the SPRM nozzle plug, results in reduction of
the reliability of the SPRM charge front-end face clearance surface
ignition, especially, under low-temperature conditions.

Assumptions
When a mathematical model was constructed of anomalous

physicochemical processes in the SPRM end-face clearance, af-
ter boot break off, the following assumptions were made: The cold
gas originally occupying the clearance cavity, the hot CP coming
through the opened boundary into the computational domain from
the IS, and the solid propellant CP, all form a chemically nonreacting
mixture, the flow of which is nonstationary and follows the laws of
ideal gas flow. In the CP mixture, condensed particles can be present,
at rates and temperatures that coincide with the corresponding pa-
rameters of the gas. The heat flows from the CP to the propellant
charge and the engine case are determined by using the criteria re-
lations. Boot break off occurs instantaneously. The friction losses
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and the heat transfer from the CP mixture into the propellant and the
material of the end-face clearance walls are taken into account by
introducing source terms into the momentum and energy equations.
The gas mixture is transparent. The solid phase thermophysical co-
efficients do not depend on space and time. Last, the solid propellant
located in the narrow and nonflowing end-face clearances is ignited
and heated by the hot CP, which flows through the opened boundary
into the domain to be computed.

Mathematical Model
Let us consider two-dimensional differential gasdynamics equa-

tions for the CP flow in the SPRM curvilinear zone (the SPRM
front-end face clearance) (Fig. 1). A diagram of the SPRM curvi-
linear zone (the SPRM front-end face clearance) is shown in Fig. 3.
Here r and R are the distance from the symmetry axis and the curva-
ture radius of the clearance, respectively. The orthogonal coordinate
system is designated by ξ , η, and θ . Because the end-face clearance
value is small, it is reasonable to assume that the variation in gasdy-
namics parameters in the direction along the clearance thickness is
negligible. Moreover, we believe that the curvature of the calculated
area can be ignored, that is, Rmax

1 /R � 1, where R1 = rEC − rSP. In
accordance with these assumptions, all of the gasdynamics param-
eters are averaged across η,

∂ηEC

∂ξ
,

∂ηSP

∂ξ
,

1

r
· ∂ηEC

∂θ
,

1

r
· ∂ηSP

∂θ
� 1

∂ηEC

∂t
= ∂ηSP

∂t
≈ 0

For flow of the CP mixture along the clearance, in the orthogonal
coordinate system (ξ, θ), this equation has the following form:

∂

∂t
A + ∂

∂ξ
B + 1

R2
· ∂

∂θ
C + D = M (1)

where

A =




ρ · R3

ρ · a · R3

ρ · b · R3

ρ · U · R3

ρ · V · R3

ρ · E · R3




B =




ρ · U · R3

ρ · a · U · R3

ρ · b · U · R3

ρ · U 2 · R3

ρ · U · V · R3

ρ · U ·
[

E + P

ρ

]
· R3




R2 = 0.5 · (rEC + rSP), R3 = R1 · R2

C =




ρ · V · R3

ρ · a · V · R3

ρ · b · V · R3

ρ · U · V · R3

ρ · V 2 · R3

ρ · V ·
[

E + P

ρ

]
· R3




, D =




0
0
0

R3 · ∂

∂ξ
P

R1 · ∂

∂θ
P

0




M =




ρc · uc · rSP

ρc · uc · rSP

0
−rSP · τS

0
ρc · uc · rSP · H + (qU − qS) · rSP




Moreover, because the geometry of the calculated area does not
depend on the peripheral coordinate θ in the design considered here,

we assume that partial derivatives on the peripheral coordinate θ
are equal to zero and also that V = 0. Multiplying the left-hand and
right-hand parts of Eq. (1) by the 2 ·π value, and taking into account
that (2 · π · R1 · R2) = F , and (2 · π · rSP) = Per, we obtain

∂

∂t
(F · ρ) + ∂

∂ξ
(F · ρ · U ) = ρc · uc · Per, t > 0 (2)

∂

∂t
(F · ρ · a) + ∂

∂ξ
(F · ρ · a · U ) = ρc · uc · Per, t > 0 (3)

∂

∂t
(F · ρ · b) + ∂

∂ξ
(F · ρ · b · U ) = 0, t > 0 (4)

∂

∂t
(F · ρ · U ) + ∂

∂ξ
(F · ρ · U 2) + F · ∂ P

∂ξ
= −Per · τS (5)

∂

∂t
(F · ρ · E) + ∂

∂ξ

(
F · ρ · U ·

[
E + P

ρ

])

= ρc · uc · Per · H + (qU − qs) · Per (6)

Cp = Cp1 · a + Cp2 · b + Cp3 · (1 − a − b) (7)

a = ρ1

ρ
(8)

b = ρ2

ρ
(9)

Cv = Cv1 · a + Cv2 · b + Cv3 · (1 − a − b) (10)

R = Cp − Cv (11)

k = Cp

Cv

(12)

P = ρ · (k − 1) · (E − 0.5 · U 2) (13)

The experimental results show that the engine case deformation is
determined by the CP pressure level in the SPRM combustion cham-
ber (the pressure on the opened boundary of the end-face clearance,
through which the hot CP flow into area to be computed). Dur-
ing engine operation, the thickness of the clearances between the
charge end face and the engine head end can change under linear
law, depending on the pressure level in the central charge channel.
The end-face clearance cross-sectional area is determined by the
following empirical relation:

F(ξ, t) = F(ξ, 0) · [1 + Kdef · (PLB/P0 − 1)] (14)

The volume of the newly opened cavity is simulated by the fol-
lowing relation:

W = W0 · [1 + Kb · (Pb/Psup)] (15)

For the gasdynamic solution of the open (left) boundary, the fol-
lowing additional conditions are set. For the CP subsonic flow into
the end-face clearance through the open boundary, the conditions
are PLB = P(t) and TLB = T (t), for the CP subsonic flow out of
the end-face clearance, the sufficient condition is PLB = P(t). In
case of sonic (or supersonic) CP efflux from the end-face clearance,
additional conditions on the parameters on the open boundary are
not required. On the right-hand (nonflowing) boundary, the inflow
conditions4 are accepted.

In the CP mixture energy equation, the radiative heat flow value
qU into the CP is determined by solving the following equations6:

d

3
· ∂

∂ξ

1

�t

∂η

∂ξ
= σ · T 4 · ε · εs

ε + εs − ε · εs
+ qU

qU = �a · d · (η − 4 · σ · T 4) (16)
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The boundary-value problem for the incident radiation density η
is decided at the next boundary conditions:

ηLB = 4 · σ · T 4
LB,

∂ηRB

∂ξ
= 0 (17)

The propellant heating is determined from the following correla-
tions:

d

dt
(Ts − T0)

2 = 2

CC · λC · ρC
· q2

s

qs = α · (T − Ts) + σ · (T 4 − T 4
s

) · ε · εs

ε + εs − ε · εs

α = 0.332 · λ

d
·
(

ρ · U · d

µ

)0.5

·
(

1 + ξ

d

)−0.5

(18)

These correlations are obtained under the hypothesis that the pro-
pellant surface heated by convective and radiative heat transfer, the
convective heat flow realized in the laminar mode, and the heated
propellant layer all have temperature profiles of an exponential form.
Equation (18) is integrated in each section of the end-face clearance
up to the moment when the propellant ignition conditions are satis-
fied for that section,7

Ts ≥ Tig

qs ≤ ρc · λc · Ts · k0 · Q · [(R · Ts)/Ea] · exp[−Ea/(R · Ts)] (19)

In system (19), the �ig value is determined empirically, and the qs

value corresponds to the sum of the convective and the radiative heat
flow components.

The integral dependencies suggested by Bobrishev are used to ac-
count for the possible erosive effect of the solid propellant burning
(see Ref. 8). The basis of this procedure is the solution of the asymp-
totic equations of heat conduction and diffusion in the gas phase of
the burning propellant. The distinctive feature of Bobrishev’s model
consists in that threshold (critical) values of the velocity of the CP
flow, below which there is no erosive burning, are not required for
each specific solid propellant.

According to this procedure, the erosive coefficient εeb, is deter-
mined on the basis of the following relationships:

εeb =
√

0.5 +
√

0.25 + [κ0 · ηT · th(−ηT /30)]2 (20)

κ0 = 0.39 (21)

ηT = (0.675 · ηs + 2.1) · th(ηs/3.25) (22)

ηs = 2.2 · ρ · |U | ·
√

Cf0/2 · [1/ρc · ust
c

]
(23)

√
Cf0/2 = [

5.5 + 2.5 · ln
(

Re ·
√

Cf0/2
)]−1

(24)

The last equation is solved iteratively. For the first approximation it
is believed that C f 0 = 0.04.

All of the flow rate characteristics are determined in accordance
with the dependencies given in Refs. 9 and 10.

Numerical Algorithm
The set of Eqs. (2–24) is substantially nonlinear, and therefore, we

shall use numerical methods for the processes development analy-
sis. System (2–13), describing the gasdynamic processes, represents
a set of differential equations with partial derivatives of a hyperbolic
type. For this study we shall employ the large-particle method de-
veloped by Davydov.11−13

The large-particle method is a method for computing compress-
ible flows of a continuous medium. The method is based on splitting
the original differential equations in accordance with the physical
processes they represent. It can be used to solve systems of evolution
equations. The procedure may establish the existence of steady-state

solutions. The large-particle method is a development of Harlow’s
particles in cell method. The method is widely used to investigate
aerodynamic flows, diffraction problems, transonic flows, and the
interaction of radiation and matter, among other things.

The solution process is divided into three chronological stages,
each of which consists of three steps: an Eulerian, a Lagrangian, and
a third final step. One first considers the variations in the internal
state of a subsystem, a large particle (Eulerian step), and then the
motion of this subsystem with the interior state of the subsystem
left unchanged (Lagrangian and third final steps). In the Eulerian
step, the domain of integration is covered by a stationary (Eulerian)
difference grid of arbitrary form. In this step of the calculation, only
quantities relating to the cell as a whole are varied, and the fluid is
assumed to be momentarily constrained. For this reason, convective
terms, corresponding to translational effects, are dropped from the
equations. The Lagrangian step calculates the mass flow through
the cell boundaries at time tn + �t . It is assumed throughout that
the mass of the large particle is in motion only owing to the velocity
component normal to the boundary. The final step determines the fi-
nal fields of the Eulerian flow parameters at the time tn + 1 = tn + �t .
The equations of this step are the conservation laws of mass, mo-
mentum, and total energy, relating to a given cell (large particle) in
finite difference form. The conservativity and total divergency of the
difference scheme (divergent–conservative scheme) are guaranteed
by the equation for total energy. In the final step (when a discrete
model of the medium is being used), an additional calculation of
density should be carried out. This smooths out fluctuations and
increases the accuracy of the computations. Combining the steps,
one obtains a series of difference schemes; this series, which con-
stitutes the large-particle method, may be used for a broad range of
numerical experiments.

The large-particle method may be interpreted from various points
of view: the splitting method, the mixed Euler–Lagrange method,
computation in local Lagrangian coordinates (Eulerian step) with
scaling on the previous grid (Lagrangian and final steps), the differ-
ence notation for conservation laws for a fluid element (large parti-
cle), and the Eulerian difference scheme. The boundary conditions
are formulated by introducing a series of fictitious cells (so that every
computation point becomes an interior point and the same algorithm
is maintained for all cells). One layer is sufficient for the first-order
approximation scheme, two layers are sufficient for the second or-
der, etc. The difference schemes of the large-particle method have
been investigated (with regard to approximations, viscosity effects,
stability) with the help of differential approximations.14

Application of explicit schemes of this method is ineffective
in the case under consideration because the Mach number val-
ues (M < 0.3) are insignificant and the end-face clearance cross-
sectional area changes are sizable (F(ξ, t)/t � 1.0). Both marked
factors reduce the numerical calculation stability. (The Courant
number permissible value, which is accepted in calculations, does
not exceed Co ≤ 0.2 ÷ 0.4.) The analysis establishes that the in-
crease in stability of the numerical calculations up to Co ≈ 1 and
at small velocities (M < 0.1) can be achieved by modification of
the large-particle method Euler stage finite difference schemes.4,8

The stability of the numerical calculations may also be increased by
using the differential approximation analysis method.14

Equations (16) and (17) for the definition of incident radiation
density are solved by the sweep method.15 The numerical solution
of all other equations of the system is not difficult. In particular, it
is possible to integrate Eq. (18) by using any known method, such
as the Euler method.15

Stability and Convergence of the Numerical Algorithms
For the constructed numerical algorithms, autonomous and com-

plex investigations of stability and convergence were conducted.
The analysis of the stability of the finite difference scheme at time
step �t was executed by variation of the Courant number Co. The
time step was determined from Courant–Friedrichs–Levy’s stability
condition:

�t = Co · �ξ/(/U/ + C)max (25)
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The calculations were executed on a computational grid of 40 cells,
at various Courant numbers, which were varied from 0.1 up to 0.95.
In this case, the calculation results did not depend on the Courant
number.

For the analysis of the convergence and accuracy of the numerical
schemes, a number of test calculations for finite difference grids
of various sizes (30, 40, 50, 60, and 80 cells) were executed. The
deviations in computed values of CP velocity and pressure did not
exceed 0.1 and 0.3%, respectively. Deviation in the computed values
of the solid propellant charge surface ignition delay time did not
exceed 1.2%.

The main calculations were executed on a computational grid
with 40 cells.

Comparison with Fire Stand Test Data
To validate the mathematical model of the physicochemical pro-

cesses, the numerical calculation results were compared with the fire
stand test (FST) results. A pressure gauge was installed in the engine
head end, namely, in the IS flange plug (denoted 1 and 5 in Fig. 1).
Figures 4 and 5 show comparisons of the numerical calculation re-
sults (curves 1 and 2, continuous lines) with the FST results for the
full-scale SPRM (curve 3, dotted line). Figure 4 shows CP pressure
without boot break off, and Fig. 5 shows CP pressure with boot
break off. In Fig. 4, curves 1 and 2 are the calculated CP pressure
on the boundary between the front-end face clearance and the boot
and in the SPRM front volume, and curve 3 is the experimentally
measured CP pressure in the SPRM front volume. In Fig. 5, curves
1 and 2 are the calculated CP pressures on the boundary between the
front-end face clearance and reopened cavity and in the SPRM front
volume. For the calculations, the volume of the opened cavity was

Fig. 4 CP pressure on the boundary between the front-end-face clear-
ance and the boot and in the SPRM front volume without boot break
off. Comparison of —— (1 and 2), numerical calculation results with
. . . . (3), FST results for the full-scale SPRM front-end volume.

Fig. 5 CP pressures on the boundary between the front-end-face clear-
ance and reopened cavity and in the SPRM front volume with boot break
off. Comparison of —— (1 and 2), numerical calculation results with
. . . . (3), FST results for the full-scale SPRM.

assumed to be W calc
0 ≈ 0.13 m3. Thus, the calculated boot break-off

pressure was found to be Pcalc
∗ ≈ 3.225 MPa, and the experimentally

determined boot break-off pressure was Pexp
∗ ≈ 3.153 MPa. Curve

3 shows the experimental CP pressure in the SPRM front volume.

Simulation Results and Discussion
Tables 1 and 2 list the initial data used in the computer model.

The IS charge is manufactured as a set of granulated elements, hav-
ing a spherical form and pressed from the pyrotechnic mixture. The
pyrotechnic mixture has the following chemical composition: tech-
nical barium nitrate 60%, titanium powder 35%, binding solution
containing Mg compounds and graphite 5%.

The numerical research has shown that the transient processes
caused by boot break off pose the greatest danger to the SPRM at the
instant of boot break off. Therefore, the analysis of the anomalous
processes was performed only for the instant of boot break off. The
basic results of the numerical investigation of transient physico-
chemical processes after boot break off are shown in Figs. 4–13.

Table 1 Characteristics of the pyrotechnic ignition system

Parameter Value

Propellant charge (pyrotechnic mixture)
T IS

ig , K 1090

T IS
CP, K 3500

kIS 1.276
γ IS

c 0.62
ωIS, kg 2.5
ρIS

c , kg/m3 2930
uIS

1 , m/s 0.020
νIS

c 0.37
H IS, m2/s2 4.44 × 106

Chamber
L IS, m 0.24
W IS, m2 0.003
F IS

op , m2 0.0127

Table 2 Characteristics of the solid propellant rocket motor

Parameter Value

Propellant charge (composite)
LPC, m 2.0
DPC, m 1.8
SPC, m2 7.0
ρc , kg/m3 1850
u1, m/s 0.00541
νc 0.23
H , m2/s2 6.54 × 106

Combustion chamber
FCC, m2 0.0597
PD, MPa 1.5

Fig. 6 Calculated CP pressure vs time for boot break off at Pcalc
∗ ≈

1.0 MPa.
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Fig. 7 Calculated CP pressure vs time for boot break off at Pcalc
∗ ≈

2.0 MPa.

Fig. 8 Calculated CP pressure vs time for boot break off, at Pcalc
∗ ≈

4.0 MPa.

Fig. 9 Calculated CP pressure vs process time for case with boot break
off at Pcalc

∗ ≈ 3.175 MPa and Wcalc
0 ≈ 0.03 m3.

The numerical investigations were executed taking into account
the influence of a number of factors: the boot break-off pressure
value, the cavity volume that opened after break off, the length over
which the seal separates, and the duration in time of break off.

Figures 6–8 show calculated CP pressure vs time for break-off
pressure values of Pcalc

∗ ≈ 1.0 MPa (Fig. 6), Pcalc
∗ ≈ 2.0 MPa (Fig. 7),

and Pcalc
∗ ≈ 4.0 MPa (Fig. 8) with an opened cavity volume value

equal to W calc
0 ≈ 0.06 m3. In Figs. 6–8, curves 1 and 2 correspond

to the CP pressures on the boundary between the front end-face
clearance and the reopened cavity and in the SPRM front volume,
respectively. The analysis of the results shows that a marked influ-
ence on the CP pressure level in the vicinity of boot break-off is

Fig. 10 Calculated CP pressure vs process time for case with boot
break off at Pcalc

∗ ≈ 3.175 MPa and Wcalc
0 ≈ 0.06 m3.

Fig. 11 Variations in CP flow velocity along the front-end-face clear-
ance length: Wcalc

0 ≈ 0.03 m3, t = 0.050 s, t = 0.057 s, t = 0.060 s, and
t = 0.080 s.

Fig. 12 Variations in CP flow velocity along the front-end-face clear-
ance length: Wcalc

0 ≈ 0.06 m3, t = 0.050 s, t = 0.057 s, t = 0.060 s, and
t = 0.080 s.
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Fig. 13 Ignition delay
time for propellant sur-
face in reopened end-face
cavity vs longitudinal co-
ordinate for cases with
boot break off: curve 1,
P∗ = 3 MPa, L = 0.35 m,
and W0 = 0.03 m3; curve 2,
P∗ = 4 MPa, L = 0.35 m,
and W0 = 0.03 m3, and
curve 3, P∗ = 3 MPa, L =
0.46 m, and W0 = 0.04 m3.

observed in cases when Pcalc
∗ > 2.0 MPa. Thus, at Pcalc

∗ ≈ 4.0MPa
(Fig. 8), the CP pressure drop (curve 1) is greater than 30%. The
pressure decrease duration is 0.005–0.01 s, and its rate reaches
dP/dt = 20 MPa/s. At the same time, the calculations show that
the change in CP pressure caused by boot break off is less distinct
on the boundary between the end-face clearance and the front vol-
ume (Figs. 6–8, curve 2). The pressure drop in these cases does not
surpass 0.05–0.5 MPa.

The volume of the cavity opened by boot break off influences
to a greater degree the transitional processes in the vicinity of the
boundary between the end-face clearance and the separating boot.
An analysis of this influence is presented in Figs. 5, 9, and 10. In
Figs. 5, 9, and 10, the dependence of calculated CP pressure on
process time is presented for cases in which boot break off occurs
at Pcalc

∗ ≈ 3.175 MPa (Pcalc
∗ ≈ 3.225 MPa in Fig. 5), and the opened

cavity volume is equal to W calc
0 ≈ 0.03 m3 (Fig. 9), W calc

0 ≈ 0.06 m3

(Fig. 10), and W calc
0 ≈ 0.13 m3 (Fig. 5). Again, curves 1 and 2 corre-

spond to CP pressures on the boundary between the front end-face
clearance and the reopened cavity and in the SPRM front volume,
respectively.

The calculations show that at W calc
0 > 0.04 m3 the transitional

process develops abnormally. The pressure drop caused by boot
break off is considerable (> 1.2 MPa) because the filling of the cavity
occurs in the powerful compression wave mode (or in the shock wave
mode). The danger of this type of transitional process development
lies in that the powerful rarefaction wave will propagate along the
end-face clearance toward the charge central channel and may cause
either the extinction of the propellant charge or transition to an
unsteady burning mode (chuffing of the engine). Another danger lies
in that a compression wave propagating toward the newly opened
cavity can produce dangerously large pressures in the vicinity of the
upper boundary of the cavity, resulting in charge destruction.

Figures 11 and 12 present variations in CP flow velocity along
the front end-face clearance length, during the propagation of a
strong rarefaction wave at the opened cavity with a volume of
W calc

0 ≈ 0.03 m3 (Fig. 11) and W calc
0 ≈ 0.06 m3 (Fig. 12). Curve 1

corresponds to time t = 0.050 s (before the beginning of the transi-
tional period). Curve 2 corresponds to time t = 0.057 s, curve 3 to t
= 0.060 s, and curve 4 to t = 0.080 s (completion of the transitional
period). The CP velocity dependencies at t = 0.050 s are identical
in Figs. 11 and 12, as are those at t = 0.080 s (curves 1 and 4).
For the purposes of representation, it is assumed that the positive
CP velocity value corresponds to the direction from the engine axis
toward the nonflowing end-face clearance boundary.

As follows from Figs. 11 and 12, the intensity of the wave pro-
cesses in the end-face cavity is much higher at W calc

0 ≈ 0.06 m3.
For W calc

0 ≈ 0.03 m3, the maximum value of the CP velocity in the
uncovered end face cavity is 63 m/s (Fig. 11, curve 3), whereas for
W calc

0 ≈ 0.06 m3 the peak velocity is 486 m/s (Fig. 12, curve 3, peak
not shown). The transient in the end-face clearance (in terms of
CP velocity values) lasts between 0.02 s (for W calc

0 ≈ 0.03 m3) and
0.04 s (for W calc

0 ≈ 0.06 m3). The character of the dependence U (t)
becomes clearer if the dependence of the front end-face clearance
cross-sectional area in the vicinity of the engine head end from the
longitudinal coordinate (Fig. 2) is taken into account.

The intensive compression wave results in an increase of the CP
pressure maximum level in the nonflowing boundary area. The cal-
culations reveal that at W0 = 0.04 m3 the maximum pressure values
correspond to Pmax ≈ 8.0 MPa.

The calculations also show that the propellant surface ignition de-
lay time in the reopened end-face cavity is increased with an increase
in P∗ and in L (Fig. 13). Curve 1 shows the case with P∗ = 3 MPa,
end-face cavity length L = 0.35 m, and W0 = 0.03 m3. Curve 2
shows the case for P∗ = 4 MPa, end-face cavity length L = 0.35 m,
and W0 = 0.03 m3. Curve 3 shows the case for P∗ = 3 MPa, length
L = 0.46 m, and W0 = 0.04 m3. The flame propagation velocity on
the propellant surface is more or less identical for all three cases.

Development of Anomalous Mode Ignition
in Technical Applications

The occurrence of anomalous mode ignition in the large-sized
solid propellant boosters of the reusable transport space system
(RTSS) is extremely undesirable. The asymmetry of the two solid
propellant boosters in the RTSS structure puts strict limits on the
level of instability permissable during ignition processes and sub-
sequent combustion in the boosters’ combustion chambers. Real-
ization of the earlier described anomalous mode ignition in one of
the boosters can lead to infringement of the symmetry of the RTSS
total thrust distribution and appearance of a destabilizing moment.
It may also, depending on the influence of the thrust misalignment
on the RTSS trajectory, have unexpected effects on the payload and
even lead to loss of control of the RTSS.

The appearance of the earlier described anomalous ignition mode,
which is accompanied by intensive shock waves in the engine
combustion chamber, is no less dangerous for modern submarine-
launched ballistic rockets.16 The design of these rockets is character-
ized by the use of every available part of the volume of the envelope
of the rocket case. The inception of unpredictable vibrational and
impact loads in the engine chamber can trigger anomalous resonant
effects in the whole system and result in damage to its various units
and elements, such as the gyros in the control system.

Technology for the Prevention of Anomalous
Ignition Processes

Nevertheless, the calculations and FST described here demon-
strate that for safe ignition of the case-bonded solid propellant charge
burning surface in the narrow front-end-face clearance (stagnation
zone), it is necessary to provide CP flow supply from the IS into
the stagnation zone, as the cross-section of the stagnation zone in-
creases. The appearance of abnormal ignition modes in the SPRM
can, thus, be prevented.

On the basis of the results of numerical analysis of the physico-
chemical processes during operation of traditional ignition systems
in the high-loading-density SPRM (Fig. 1), the appropriate tech-
nology for prevention of anomalous ignition of the solid propel-
lant charge was developed. This technology provides uniformity of
SPRM operation during the ignition-transient period by means of
the CP selection, coming from the IS, both in space orientation and
in time.

For practical realization of the new ignition technology, a special
SPRM IS design scheme was developed. In Fig. 14 the longitudinal

Fig. 14 Large SPRM pyrotechnic ignition system that provides grad-
ual CP flows in large SPRM combustion chamber in the longitudinal
and crosswise directions.
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cross section of the newly developed pyrotechnic IS design is shown
schematically. The pyrotechnic IS (Fig. 14) consists of the cylindri-
cal casing, divided into two sections, and the flange plug. The main
section (on the right) contains the main pyrotechnic ignition charge,
and the additional section (on the left) contains the additional py-
rotechnic ignition charge. On the right end of the main section is
the accelerating section. A spring-loaded mobile piston with an ini-
tiating device is installed in the cavity of the main section. The IS
casing surface is covered by a thermal insulating layer. When the IS
is installed in the engine, the perforations on the lateral surface of the
additional section are placed opposite the cavity of the nonflowing
front-end-face clearance.

The charges installed in the accelerating section and in the cas-
ing of the mobile piston are manufactured from an exothermic
hydrogen-generating mixture (EHM). As the EHM is used the me-
chanical mixture of powders of the solid fuel, carbide or nitrite-
forming metals of Mendelyeev’s periodic system groups 4–5 and
the solid oxidizer, hydrogen-containing compounds of carbon or
nitrogen. The combustion processes of the mentioned charges rep-
resents the self-propagating high-temperature synthesis.

The mobile piston provides the required delay in ignition of the
additional pyrotechnic charge. Movement of the piston is initiated as
the main ignition charge is burning out. When the piston is displaced
into the perforation zone on the lateral surface of the main section,
the CP of the main ignition charge start to flow into the space behind
the piston and ignite the additional ignition charge. This provides a
time-delayed CP flow supply from the IS in the crosswise direction,
into the engine front-end-face clearance.

The charges installed in the accelerating section and in the cas-
ing of the mobile piston are highly effective absorbers of the CP
acoustic oscillation energy. Therefore, the IS design described here

a)

b)

c)

Fig. 15 Consecutive stages of the pyrotechnic ignition system oper-
ation in the high-loading-density SPRM: a) stage 1, b) stage 2, and
c) stage 3.

provides suppression of the unstable combustion modes and absorp-
tion of the main ignition charge CP acoustic oscillation energy in a
wide frequency band in the IS main section cavity. The accelerating
section provides additional acceleration of the CP flowing out from
the IS main section. At the same time, the charges installed in the
accelerating section and in the casing of the mobile piston func-
tion as atomic hydrogen generators. On the SPRM charge surfaces,
the atomic hydrogen recombines in the diatomic structure, frees the
dissociation energy, and transmits this energy to the propellant sur-
face. This provides an improved heat supply to the SPRM charge
surfaces: the hydrogen heat conduction practically an order higher
than the IS charges CP heat conduction, and hydrogen viscosity
approximately two times lower than at the IS charges CP.

Figure 15 shows the operational stages of the pyrotechnic IS de-
scribed here in the high-loading-density SPRM. As shown in Fig. 15,
in stage 1, the CP flows from the IS main section 2 into the solid
propellant charge channel 3 in the longitudinal direction. Joint elas-
tic deformation will take place in both the propellant charge and the
SPRM case. The end-face clearance cavities will be increased up to
the necessary sizes before the moment of flame appearance on the
propellant charge surface (stage 2). In stage 3, the CP flows from
the IS additional section 1 into the front-end-face clearance in the
cross wise direction, to improve SPRM ignition-transient period of
operation. This will provide an improved heat supply to the propel-
lant surface in the nonflowing front-end-face clearance. Under these
conditions, the ∂ P/∂t maximum values are reduced, the flame prop-
agation velocity along the end-face clearance increases, the ignition
delay time of the propellant surface located in the end-face cav-
ity decreases, and the probability of boot break off is significantly
reduced.

Conclusions
The results of the research described here have confirmed that

modern high-loading-density SPRM can be improved through in-
vestigation of technologies for optimal organization of the intra-
chamber processes during SPRM initial stage operation, with the
purpose of reducing the impact and vibrational loads both on the
SPRM design elements and on the various onboard systems.

The main factors that influence the process in the engine after
boot break off are as follows: the boot break-off pressure, the cavity
volume opened by break off, the length over which there is boot
break off, and the duration in time of the boot break-off period.
The nonstationary processes caused by boot break off are the most
dangerous to the engine operation at the instant of break off.

On the basis of the numerical modeling results, new technology
for the ignition of case-bonded solid propellant charges was de-
veloped. This technology allows reduction of the ignition-transient
period time without a pressure increase in the engine combustion
chamber and simultaneously reduction of the thermal loads on the
charge and the structural elements of the engine combustion cham-
ber. This technology also provides uniformity of the SPRM opera-
tion during the ignition-transient period by means of the selection
of the CP exiting the IS, both in space and in time. For practical re-
alization of the new ignition technology, a special SPRM IS design
scheme was elaborated.
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