
Fluid–solid coupled simulation of the ignition transient
of solid rocket motor

Qiang Li n, Peijin Liu, Guoqiang He
Science and Technology on Combustion, Internal Flow and Thermal-Structure Laboratory, Northwestern Polytechnical University, Xi’an,
Shaanxi 710072, PR China

a r t i c l e i n f o

Article history:
Received 8 December 2014
Received in revised form
24 January 2015
Accepted 28 January 2015
Available online 4 February 2015

Keywords:
Computational fluid dynamics
Finite elements method
Fluid–solid interaction
Coupling instance

a b s t r a c t

The first period of the solid rocket motor operation is the ignition transient, which involves
complex processes and, according to chronological sequence, can be divided into several
stages, namely, igniter jet injection, propellant heating and ignition, flame spreading,
chamber pressurization and solid propellant deformation. The ignition transient should be
comprehensively analyzed because it significantly influences the overall performance of the
solid rocket motor. A numerical approach is presented in this paper for simulating the fluid–
solid interaction problems in the ignition transient of the solid rocket motor. In the proposed
procedure, the time-dependent numerical solutions of the governing equations of internal
compressible fluid flow are loosely coupled with those of the geometrical nonlinearity
problems to determine the propellant mechanical response and deformation. The well-
known Zeldovich–Novozhilov model was employed to model propellant ignition and
combustion. The fluid–solid coupling interface data interpolation scheme and coupling
instance for different computational agents were also reported. Finally, numerical validation
was performed, and the proposed approach was applied to the ignition transient of one
laboratory-scale solid rocket motor. For the application, the internal ballistics were obtained
from the ground hot firing test, and comparisons were made. Results show that the
integrated framework allows us to perform coupled simulations of the propellant ignition,
strong unsteady internal fluid flow, and propellant mechanical response in SRMs with
satisfactory stability and efficiency and presents a reliable and accurate solution to complex
multi-physics problems.

& 2015 IAA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The ignition transient of solid rocket motor (SRM) opera-
tion is complex, and it involves time-dependent processes
that advance in time in a strongly coupled manner [1,2]. For
example, in a real-world SRM with complex propellant
configuration, the hot igniter jet injected from the igniter
flows down the chamber bore and heats up the solid

propellant. Once the propellant surface temperature reaches
the critical temperature, the propellant is ignited locally, and
high-temperature gaseous combustion products are released
from the propellant surface and injected into the combustion
chamber. The time-dependent internal flow field, propellant
heating and ignition, and flame spreading are fully coupled
because the development of the internal flow field in the
combustion chamber governs the convective and radiative
heat transfer from the high-temperature combustion pro-
ducts to the propellant solid and the propellant ignition,
which determines the flame spreading speed and the
propellant burning surface ignition sequence, and in turn,
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the evolution of the internal flow field. Furthermore, in the
ignition transient, the motor chamber pressurization load-
ings applied on the propellant surface cause deformations to
the solid propellant that change the geometrical configura-
tions of both the fluid subdomain and the solid subdomain.
Thus, the development of internal flow field and the
mechanical response of the propellant are tightly coupled.

Previous studies that have investigated the ignition
transient of SRMs can be classified into two main cate-
gories. In the first category, the internal flow fields in the
motor ignition transient were numerically simulated with
propellant ignition models of different complexities, and
the mechanical responses of the solid propellant were not
considered [1–3]. In the second category, the unsteady
numerical calculations of the motor ignition transient
were not conducted, and the mechanical responses of
the solid propellant were simulated with different ignition
pressurization loadings [4–6] that were applied on the
propellant burning surface. These previous works serve as
valuable references values by establishing novel scientific
ideas that future studies could apply both in their meth-
odology and theoretical analysis. However, few studies
have been reported on the fluid–solid fully coupled simu-
lation of the motor ignition transient.

The key problems for fluid–solid fully coupled simula-
tion of the SRM ignition transient consist of a precise and
robust solver for the strong unsteady compressible flow;
an ignition model with satisfactory accuracy for predicting
the ignition sequence of the propellant burning surface
and flame spreading in the chamber; a mesh smoothing
technique for maintaining and improving the quality of
unstructured volume meshes with severe deformations;
an interpolation scheme with satisfactory accuracy and
low cost for interpolating data conservatively across the
fluid–solid coupling interfaces; and a coupling procedure
for handling the coupling of different agents (fluid flow,
solid mechanics, propellant ignition, and fluid–solid cou-
pling interface data transfer) at different time and spatial
scales as well as for improving the stability and efficiency
of the simulations [7].

This study focuses on the mathematical models and
numerical strategies for the fluid–solid fully coupled simula-
tion of the ignition transient of SRM. The remainder of this
paper is organized as follows. Section 2 revisits the govern-
ing equations and numerical methods employed for the
compressible flow and solid mechanics in SRMs. Section 3
introduces the ignition model used. Section 4 documents
the fluid–solid coupling procedure. Section 5 reports the
validation of the numerical strategies and the application
and numerical results of a laboratory-scale SRM.

2. Governing equations and numerical methods

2.1. Fluid subdomain

In the fluid–solid coupled simulation of the motor
ignition transient, the governing equations for the fluid
flow must be formulated to address the compressible flow
on moving meshes caused by the dynamic changes in the
fluid subdomain geometry.

The application of the arbitrary-Lagrangian–Eulerian
(ALE) formulation allows computation of these equations.
The set of governing equations for the compressible
viscous flow in the ALE formulation can be expressed as
[8–11]

∂
∂t

Z
Ω
U dΩþ

I
∂Ω
Fc dS¼

I
∂Ω
Fv dS ð1Þ

where Ω is the control volume, ∂Ω is the boundary of Ω, U
is the vector of the conservative variables, and Fc is the
convective flux vector and can be written as follows:
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where ρ and p are the fluid density and pressure; u; v; w
are the fluid velocity components; and V is the velocity of
fluid flow relative to the computational mesh and can be
expressed by the following equation:

V ¼ nxuþnyvþnzw�Vg ð4Þ
where nx, ny, and nz are the unit normal vector compo-
nents of the control volume face; Vg is the grid velocity in
the normal direction of the control volume face; E is the
specific total energy of the fluid; and H is the specific
stagnation enthalpy of the fluid. The viscous flux vector
can be written as follows:

Fv ¼

0
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where τij represents the viscous stresses. It can be written
as follows:

τij ¼ μ
∂vi
∂xj

þ∂vj
∂xi

� �
� 2μ

3

� �
∂vk
∂xk

δij ð6Þ

Moreover,

θx ¼ uτxxþvτxyþwτxzþk
∂T
∂x

θy ¼ uτyxþvτyyþwτyzþk
∂T
∂y

θz ¼ uτzxþvτzyþwτzzþk
∂T
∂z

ð7Þ

are terms describing the work of viscous stresses and heat
conduction in the fluid. In this paper, μ and k are the
viscosity and thermal conductivity of the combustion gases
in the SRM, T is the fluid temperature and δij is the Dirac
function. For the governing equations, the Spalart–Allmaras
one-equation turbulence model, which is of satisfactory
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