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This paper describes a zero-dimensional model for evaluating the mass flow rate history of a solid rocket motor igniter. Based on the
results of an igniter-firing experiment, in which the igniter is the only source of combustion gas and no propellant is ignited, the
proposed model can be used to compute the mass flow rate of the igniter. Different species and temperature-dependent
properties, such as the specific heat for each species, are considered. The coupling between the flow field variables in the
combustion chamber and the heat transfer at the gas-solid interface is computed in a segment way. Calculations are performed
for different species and properties, and the errors are discussed. Using the computed igniter mass flow rate as a boundary
condition, a two-dimensional calculation is performed for validation purposes. The results are in good agreement with
experimental data. The proposed model can be used to provide reasonable boundary conditions for solid rocket motor
simulations and to evaluate the performance of igniters. Although derived on the basis of a small-scale solid rocket motor, the
model has the potential to be used in large-scale systems.

1. Introduction

Although the ignition process occurs for a very short time
duration, it plays an important role in the operation of solid
rocket motors (SRMs). Extensive studies have investigated
the ignition process of SRMs, and numerous models have
been proposed. Different subjects, such as the ignition crite-
rion [1–3], flame propagation [4], and fluid-structural cou-
pling during the ignition [5, 6], have been studied by many
researchers. As the initial energy source, the igniter gas has
a crucial effect on the ignition process. In all the ignition
models for SRMs, the mass flow rate (MFR) of the igniter
gas is a relevant boundary condition that directly affects the
solution of the associated partial differential equations [7].
Hu et al. [8] carried out a series of numerical calculations
using the commercial software package ANSYS Fluent and
discussed the influence of the igniter MFR on the ignition
of an SRM. Results show that changes in the igniter MFR his-
tory induce substantial internal ballistic changes in the SRM
during the ignition. Thus, for an SRM, it is very important to
evaluate the igniter gas MFR history precisely, as this would

not only enable better simulations but also allow the perfor-
mance of the igniter to be assessed for safety or reliability rea-
sons. These are the two primary motivations for this study.

To obtain the igniter MFR history, some researchers have
recorded the experimental pressure history of the igniter
motor. For large SRMs that use igniter motors, such as space
shuttle boost SRMs [9], this approach is feasible. However,
for smaller SRMs, including some igniter motors, the pres-
sure data for the igniter are difficult to obtain. Some of these
SRMs may use confined igniters, in which the case holding
the igniter charge ruptures or melts during ignition. Other
SRMs may use unconfined igniters, such as conductive-film
igniters, which do not have any case to hold the igniter
charge. In these cases, there would be no “igniter motor pres-
sure” to collect in computing the MFR of the igniter gas.
Moreover, for these SRMs, different forms of igniter charge,
such as powders, granules, pellets, or stripes, may be used
instead of grains with regular geometrical configurations.
This makes it difficult to predict the igniter MFR by estimat-
ing the generation rate of combustion gas, as neither the
burning rate nor the burning area is easy to determine. For
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these reasons, some studies [10, 11] have used coarse data for
the igniter MRF, despite this being a very important bound-
ary condition for ignition simulations. One reason why
acceptable results can still be obtained with an inaccurate
igniter MFR as the boundary condition is that the ignition
process occurs over a very small part of the whole operating
duration of an SRM. Even during the ignition, once the main
propellant is ignited and the flame begins to propagate, the
influences of the igniter gas and initial air on the internal bal-
listics decrease significantly. Thus, when pressure data from
computational results are compared to experimental results,
the differences between them during the ignition stage may
not be noticed [11–15].

This paper describes a model for evaluating the igniter
MFR history using pressure data obtained from an SRM
igniter-firing experiment in which only the igniter is fired.
For a typical SRM, the initial air, igniter gas, and combustion
gas from the main propellant may exist simultaneously in the
combustion chamber during the ignition process. In many
studies, researchers assume that all three species have the
same properties as the propellant combustion gas [8, 9].
However, at the early stage of the ignition process, the frac-
tions of different species change quickly, leading to large var-
iations in the thermophysical properties of the mixture gas.
Thus, such a one-species assumption is unrealistic. Other
studies have considered the differences between different spe-
cies in the combustion chamber, although they use constant
thermophysical properties for each species. In fact, many
gas properties are temperature-dependent. For instance,
Figure 1 shows the temperature dependence of the specific
heat at constant pressure (Cp) for different species in the
temperature range 200–3000K. As the temperature rises,
Cp increases for each species. Specifically, for carbon dioxide
(CO2), the increment can be greater than 90%, from
735.28 J/(kg·K) at 200K to 1412.25 J/(kg·K) at 3000K. As a
substantial change in Cp would influence the gas energy
directly, it is important to consider the Cp‐T relationship. In
this paper, different gaseous species involved in the igniter-

firing experiment are considered according to their chemical
formula. For each of these species, the influences of the cham-
ber temperature on the physical properties, such as the spe-
cific heat and viscosity, are considered. Another factor
affecting the ignition process is the heat transfer between the
gas phase and the solid phase. In this study, heat transfer
caused by convection and radiation is computed by a simple
relation, following numerical calculations of the temperature
distribution in the solid phase using a one-dimensional finite
volume method (FVM).

2. Theory

The SRM studied in this paper is depicted in Figure 2. The
igniter is installed at the head end of the combustion cham-
ber. The original cylindrical grain of double-based propellant
is replaced by an “aluminium alloy grain” with the same geo-
metric configuration. The combustion chamber case and the
nozzle, as well as the throat lining, are made of steel. A nozzle
slug is placed near the exit of the nozzle. In the model for
evaluating the igniter MFR history for the SRM, we consider
the “combustion chamber” to be the volume from the head
end of the chamber downstream to the throat. In this paper,
the following primary assumptions are used. (a) The cham-
ber is zero-dimensional. This assumption has been used in
many mature models for studying the ignition of SRMs
[16, 17] and produces reasonable results as long as the
length-to-diameter (L/D) ratio is not too large. (b) The
throat is choked immediately after the plug rupture. This
assumption simplifies the computation of the MFR out
of the chamber shortly after the rupture of the nozzle plug
and at the end of the experiment when the chamber pressure
is too low to maintain the throat in the choked state. (c) The
condensed particles generated from the combustion of the
igniter charge are neglected and only the gaseous species
are considered. This assumption does not affect the pressure
because the condensed particles make no contribution to the
chamber pressure. The radiative heat transfer due to the con-
densed particles is considered by a simplified expression,
together with radiation from gaseous species [5]. Based on
this assumption, the MFR history the model obtains is actu-
ally the gas phase MFR history only. From the results which
will be revealed later, this assumption is considered feasible.
(d) The igniter gas is assumed to be a frozen flow. The sec-
ondary reaction between the flammable species in the igniter
gas and the oxygen in the initial air in the combustion cham-
ber is also neglected. However, it is worth noting that the
mass fraction of a specific species in the mixture will change
as the ratio between the igniter gas and air changes. (e) The
volume of the chamber remains unchanged. (f) All species
of gas are considered to be ideal gases.

Besides these assumptions, this paper considers several
factors that are often neglected. In small SRMs, such as that
studied in this paper, the igniter gas MFR plays a more
important role than in large SRMs because it constitutes a
relatively larger fraction of the whole combustion product.
Thus, to obtain more reliable igniter gas MFR data, it is
important to consider (a) the initial air in the combustion
chamber before the ignition, (b) different species in the
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Figure 1: Specific heat as a function of temperature.
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igniter gas, and (c) temperature-dependent physical proper-
ties for each species.

2.1. Mass Equation. At any time, the gas flow rate entering
the chamber is equal to the MFR of the igniter gas and can
be expressed as the derivative of the overall igniter gas with
respect to time (dmig/dt). The MFR out of the chamber,
according to assumption (b), can be written as

qm =
0, before the slug rupture,
PAt/c∗, after the slug rupture:

(
ð1Þ

In this paper, the throat areaAt is assumed to be a constant
because the operation time of the SRM is fairly short. The
characteristic velocity c∗ can be obtained from the expression

c∗ =
ffiffiffiffiffiffiffi
RT

p

Γ
, ð2Þ

whereΓ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kð2/k + 1Þk+1/k−1

q
. Thus, themass equation for the

total mass in the chamber can be written as

dm
dt

=
dmig
dt

− qm: ð3Þ

For the ith species, theMFR entering and exiting the chamber
can be written as xiðdmig/dtÞ and qmðmi/mÞ, respectively.
Hence, the mass equation for the ith species is

dmi

dt
= xi

dmig
dt

− qm
mi

m
: ð4Þ

2.2. Energy Equation. Neglecting the kinetic and potential
energy, the gas energy in the combustion chamber is mCvT .
The rate of change of energy in the combustion chamber can
be written as

d
dt

mCvTð Þ = Cp,f T f

� � dmig
dt

− qmCp Tð ÞT−〠qh: ð5Þ

The first term on the right-hand side of equation (5) repre-
sents the energy increment from the entrance of the igniter
gas, where Cp,f ðT f Þ =∑N

i=1xiCp,iðT f Þ is the specific heat of
the igniter gas at temperature T f . The second term on the
right denotes the energy loss rate from the outflow. CpðTÞ

denotes the specific heat of the mixture gas at temperature
T . The third term is the heat transfer rate at the gas-solid
interface. This is expressed as the sum of the heat transfer
at different parts of the interface. The left-hand side of
equation (5) can be written as

d
dt

= mCvTð Þ = T〠
N

i=1
Cv,i Tð Þ dmi

dt

� �
+ B

dT
dt

, ð6Þ

where B is defined as B = T∑N
i=1miðdCv,i/dTÞ +mCvðTÞ for

simplicity. Substituting equation (6) into equation (5) and
combining the mass equations, the energy equation can be
rewritten as

dT
dt

= 1
B

Cp,f T f

� �
T f − Cv,f Tð ÞT� � dmig

dt
− qmRT−〠qh

� �
,

ð7Þ

where B has the same meaning as that in equation (6). To
compute the heat transfer at the gas-solid interface, the
interface is divided into the gas-grain interface, gas-case
interface, and gas-nozzle interface according to the flow
condition and material used for each solid component.
The interface between the combustion gas and the igniter
case is neglected for the small scale of the igniter case.
For each part of the gas-solid interface, the local heat
transfer rate is

qh = hA T − Twð Þ, ð8Þ

where the overall heat transfer coefficient h can be
expressed as the sum of the convective transfer coefficient
and the radiative transfer coefficient, h = hc + hr .

For each interface, the convective heat transfer coefficient
is computed by the expression

hc = 0:023Pr−2/3Cp μ/Dð Þ0:2 ρuð Þ0:8, ð9Þ

where the Prandtl number is given by Pr = 4k/ð9k − 5Þ and
the viscosity comes from μ = 1:187 × 10−7ð1000MÞ0:5T0:6,
where 1000M denotes the molecular weight of the mixture
gas in the chamber [18]. Although the zero-dimensional
assumption is used, it is necessary to evaluate the gas
velocity to compute the convective heat transfer coefficient
by equation (9). After comparisons with experimental and
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Figure 2: Schematic of the SRM. (a) Longitudinal section of the motor. (b) Igniter cross sections A-A and B-B.
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two-dimensional numerical results, two different procedures
are suggested for evaluating the gas velocity. In the first proce-
dure, the Mach number at some port section is computed
from the relation between Ma and the ratio of throat area to
section area, assuming that the overall MFR in the port is
the same as that through the throat:

At

AP
=Ma 2

k + 1 1 + k − 1
2 Ma2

� �� �−1/k−1
: ð10Þ

Solving equation (10) using Newton’s iteration method or
similar, the gas velocity can be computed from the definition
Ma = u/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kRTstatic

p
. The static temperature is given by

Tstatic = T 1 + k − 1
2 Ma2

� �−1
: ð11Þ

The second procedure is based on the fact that the volume
between the head end of the chamber and the grain is small
compared with the downstream volume. Under this assump-
tion, the head end volume requires no gas to increase its pres-
sure and all the igniter gas entering the combustion chamber
goes downstream to the aft end volume of the chamber
through the ports. This leads to

dmig
dt

= ρuAp =
Pstatic
RTstatic

uAp, ð12Þ

where the static pressure obeys the expression

Pstatic
P

= 1 + k − 1
2 Ma2

� �−k/k−1
: ð13Þ

Combining equations (11)–(13), the gas velocity in the ports
can be computed. In the ignition process of a real SRM, some
gas must be consumed to increase the pressure at the head
end, so the MFR in the ports would tend to be overestimated,
causing an overestimation of the gas velocity in the ports.
However, in real cases, the rate of diffusion is finite and the
temperature at the head end of the chamber would be higher
than the average temperature of the chamber. Thus, by using
the zero-dimensional assumption, the head end temperature
will be underestimated. This will overestimate the gas density
near the head end of the chamber and negate the velocity over-
estimation caused by the assumption of zero mass consump-
tion at the head end region. According to the validation
calculations, the negation is so strong that the gas velocity is
actually underestimated. This causes the convective heat
transfer to be slightly underestimated, leading to a smaller
igniter MFR.

During the implementation of the model, the larger of the
gas velocities computed from the two procedures is used to
obtain hc for the grain and the chamber case. For the long-
tail nozzle, the value from the first procedure is used, as the
assumption that all gas goes through the nozzle section is
not feasible when the volume before the nozzle is too large
to be neglected.

The radiative heat transfer coefficient is computed as

hr = Cσ T2 + T2
w

� �
T + Twð Þ, ð14Þ

where C is set to 0.25. This value has been used by multiple
researchers [6, 9] for radiative heat transfer calculations in
the port region.

As shown by equations (8) and (14), to determine the
heat transfer at the gas-solid interface, the interface tempera-
ture at the solid side (Tw) is also needed. The heat conduction
normal to the surface of the solid is solved numerically using
a one-dimensional FVM to obtain the temperature at the
solid surface. This will be introduced in the next subsection.

2.3. Heat Conduction Solution in Solid Phase. Let y be the
coordinate normal to the solid surface, with its positive
direction pointing into the solid. The one-dimensional heat
conduction in the solid with no heat source can be written as

∂Ts

∂t
= α

∂2Ts

∂y2
, ð15Þ

where the thermal diffusivity is expressed as α = λ/ρsCp,s.
Because of the large thickness of the chamber case and the
nozzle and the short duration of the SRM operation, the tem-
perature at the outer surfaces of the chamber case and the
nozzle remains as ambient temperature during the experi-
ment. Thus, Dirichlet boundary conditions are applied at
these outer surfaces:

Ts t, Lð Þ = Ta: ð16Þ

The aluminium alloy grain, as a substitute for the original
grain, has a large thermal conductivity, large thermal diffu-
sivity, and small thickness. As both the inner side and outer
side of the cylinder are exposed to the combustion gas, half
of the thickness normal to the cylinder surface is modelled.
By doing so, the boundary away from the combustion gas is
considered to be a symmetric boundary, and a Neumann
boundary condition is implemented:

∂Ts

∂y

				
L

= 0: ð17Þ

For each solid boundary adjacent to the combustion gas, a
Robin boundary condition is implemented:

−λs
∂Ts

∂y

				
w

= h T − Twð Þ: ð18Þ

Once the heat conduction solution has been obtained in the
cells of the numerical one-dimensional grid, the temperature
at each solid surface is computed from the temperature
values of the first two cells by the following expression [19]:

Tw = hT + λs/3Δyð Þ 9T0 − T1ð Þ
h + 8λs/3Δyð Þ : ð19Þ
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2.4. Equation of State. Under the assumption of an ideal gas,
the gas in the chamber obeys PV = nR∗T . Differentiating this
expression with respect to time, we have

V
R∗

dP
dt

= T
dn
dt

+ n
dT
dt

, ð20Þ

where dP/dt can be computed by numerical differentiation of
the experimental data. Combining the expression for the
amount of substance in the chamber n =∑N

i=1mi/Mi and the
mass equation for the ith species (equation (4)), the deriva-
tive of n with respect to time can be written as

dn
dt

= 〠
N

i=1

1
Mi

xi
dmig
dt

− qm
mi

m

� �
: ð21Þ

Substituting equations (7) and (21) into equation (20), the
MFR of the igniter gas can be expressed as

dmig
dt

= VdP/R∗dtð Þ + qmT nR/B + 1/Mð Þ + n/Bð Þ∑qh
T/Mf + n/B
� �

Cp,f T f

� �
T f − Cv,f Tð ÞT
 � ,

ð22Þ

where B has the same definition as in equation (7).

3. Numerical Procedure

The energy expression in equation (8) shows that the flow
field variables are coupled with the temperature at the solid
surface. A segregated solution approach is implemented to
simplify the code. In the segregated solution approach, at
each time step, the variables of the flow field in the combus-
tion chamber are computed by solving the equation set
composed of equations (7) and (22) using a fourth-order
Runge–Kutta method. A one-dimensional FVM is then
implemented to update the solid surface temperature using
the heat coefficients computed from the flow field variables.
The diffusion term in the conduction equation is treated with
a central-difference scheme, and the transient term is treated
with a first-order implicit scheme. The flow field variables
and solid phase temperature distribution are computed alter-
nately until the solution converges, i.e., when the relative
error between two successive values of the chamber temper-
ature is less than 10-9. The next time step is then computed.

4. Experiment

The schematic of the SRM for the experiment described in
this paper is shown in Figure 2. The original SRM has a
free-standing cylindrical grain in which the head and aft ends
are insulated and only the inner and outer surfaces burn. To
study the igniter in isolation, a grain made of aluminium
alloy is used as a substitute. The aluminium alloy grain has
the same geometric configuration as the original grain, with
a length of 73.5mm, inner radius of 2.5mm, and outer radius
of 18mm. The chamber case is made of steel. The inner
radius and outer radius of the chamber are 19.25mm and
35mm, respectively. The SRM has a long-tail nozzle made

of steel with a steel throat lining. The nozzle has a minimum
thickness of 6.65mm. The length of the cylinder segment of
the nozzle before the convergent segment is 31mm and the
inner radius is 7mm. The throat radius is 2.55mm. The
igniter is installed at the head end of the combustion cham-
ber and has an aluminium case. There are nine orifices
through which the igniter gas can exit. One orifice faces the
axis of the combustion, while the other eight are distributed
on the side surface of the cylindrical igniter case. Black pow-
der (75% KNO3, 15% S, and 10% C) is used as the igniter
charge. The mass of the igniter charge is 1.35 g. The experi-
ment is carried out in an ambient temperature of approxi-
mately 290K and an ambient pressure of approximately
0.101MPa. The pressure transducer mounted midway along
the chamber case collects pressure data every 0.5ms during
the experiment. The pressure history obtained in this way is
shown in Figure 3.

5. Results and Discussion

The pressure history obtained from the experiment shows a
process consisting of pressurization and depressurization.
Initially, the chamber pressure rises quickly, reaching a peak
value of 3.16MPa after about 5ms. The pressure then
decreases to the ambient pressure after about 26.5ms. Before
implementing the numerical computation procedure, the
time derivative of pressure (dP/dt) was computed using
numerical differentiation, as shown in Figure 4. This not only
provides the input data for the computation (see equation
(22)) but also determines the corresponding pressure of the
nozzle slug rupture and which expression should be used in
equation (1) to compute the outflow mass rate. In Figure 4,
there is a slight decrease in the rate of change of pressure at
about 1ms. This signifies the rupture of the nozzle plug.
Thus, the pressure required to rupture the slug (0.8MPa) is
obtained by reading the pressure value from Figure 3 at
1ms. After this slight decrease in dP/dt, there is a brief incre-
ment as the igniter MFR grows, increasing the net MFR at the
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Figure 3: Pressure data from experiment and numerical
computation.
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corresponding time. After that, dP/dt decreases quickly and
then climbs slowly to about zero.

In addition to the history of P and dP/dt, the fraction and
properties of each species are needed for the computation.
The open-source computer program Chemical Equilibrium
with Applications (CEA) [20] was used to compute these var-
iables. A rocket problem was solved in CEA, with the pres-
sure set to 3MPa and the initial temperature of reactants
(compositions of black powder) set to 290K. The results
from CEA show that the mass fraction of condensed matter
in the products is 43.7%. According to assumption (c), this
condensed matter can be neglected, which makes the overall
mass of the igniter gas 0.76 g. In the gaseous phase, four pure
species, CO2, CO, N2, and SO2, make up 97.2% of the mass;
thus, other species are neglected for simplicity. For unity of
code writing, O2 is also considered as a species of the igniter
gas, although it has a fraction of zero. The species in the
igniter gas are listed in Table 1. The air exists in the chamber
as a mixture of O2 and N2, with mass fractions of 23.3% and
76.9%, respectively.

The ratio of specific heat at constant pressure to gas
constant for each species can be fitted as a function of
temperature:

Cp

R
= a1T

−2 + a2T
−1 + a3 + a4T + a5T

2 + a6T
3 + a7T

4: ð23Þ

The coefficients for each species can be obtained from
the property database of CEA [20]. After some simple

calculations, the value of Cp for each species was obtained,
as shown in Figure 1.

Two different solid materials, steel and aluminium alloy,
were considered in this study. Their properties are listed in
Table 2.

After several trials, the time step and cell number were
chosen to meet the grid-irrelevant requirement. The time
step was set to 0.05ms. For one-dimensional conduction
computations in the solid phase, a cell number of 40 was used
for the grain, chamber case, and nozzle.

Before any results are shown, it is worthy to notice that
based on assumption (c), we neglect the condensed matter
and assume that only the gas phase matter is responsible
for the combustion pressure and heat transfer, so the MFR
history we obtained by the proposed model is actually only
the MFR history of the gas phase matter.

5.1. Results under Different Assumptions. To study the influ-
ence of different factors on the results, the code was modified
slightly to implement four different computations under dif-
ferent assumptions. Some of these assumptions have been
used in different studies. The four cases were as follows. (1)
All the gas in the computation has the same properties as
the igniter gas (one-species assumption). The effective Cp of
the igniter gas is computed at combustion temperature from
the CEA calculation results and is assumed to be constant
(constant Cp assumption). (2) The gas is considered as the
mixture of the igniter gas and air. The specific heats for these
two species are computed at combustion temperature and
ambient temperature, respectively, and treated as constants.
(3) Five chemical species (CO2, CO, N2, SO2, and O2) are
considered. The specific heat for each species is a function
of temperature, as expressed in equation (23). In these three
cases, the radiative heat transfer is ignored. (4) Same as case
(3), except that radiative heat transfer is considered.

The igniter MFR results for all cases are depicted in
Figure 5. To aid the discussion, the results are divided and
plotted at four different intervals, as shown in Figure 6. The
temperature results are shown in Figure 7. Prior to the dis-
cussion, it is worth noting that, for the SRM studied in this
paper, the igniter gas has a larger molar mass (M) than air
and Cp of the igniter gas at the combustion temperature is
greater than that of air at ambient temperature. Thus, the
one-species assumption in case (1) would lead to an overesti-
mation of M when the air fraction is high, and the degree of
the overestimation will decrease as the air fraction decreases
because of the entry of igniter gas and exit of air. The con-
stant Cp assumption in case (1) would always cause an over-
estimation of Cp. In case (2), the influence of the constant Cp
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Figure 4: Derivative of pressure versus time.

Table 1: Gas species and their fractions.

Species in igniter gas Mass fraction

CO2 0.562687

CO 0.219515

N2 0.189779

SO2 0.028019

O2 0

Table 2: Properties of solid materials.

Material
Density
(kg/m3)

Specific heat
(J/(kg·K))

Heat conductivity
(W/(m·K))

Steel 8030 502 16.3

Aluminium alloy 2700 871 205
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assumption is a little more complicated. This assumption
underestimates Cp in the mixture gas in the chamber when
the mass fraction of air is relatively high or the temperature
is high (this is true in the first few milliseconds) and then
overestimates Cp when the air fraction and temperature drop.

As Figure 5 shows, the MFR results in the four different
cases are similar, but when we focus on different time inter-
vals, as shown in Figure 6, there are some details that should
be discussed. Before the rupture of the nozzle slug, the
greatest igniter MFR occurs in case (1). This is because the
overestimated Cp makes it difficult for the temperature to rise
(see the temperature history plots in Figure 7). Thus, as
determined by the ideal gas law, more substance is needed
to maintain the pressure. Moreover, the molar mass is also
overestimated in case (1) because of the one-species assump-
tion, which increases the MFR. The situation in case (2) over
the same time interval is considerably different. The molar
mass difference between the igniter gas and the air is consid-
ered in case (2), so the constant Cp assumption is the main
cause of inaccuracy in the results. During this time interval,
Cp is underestimated for the mixture in the chamber because
the air holds a low Cp value that does not increase as the tem-
perature rises. Thus, it is slightly easier for the temperature to
rise in case (2) than in the experiment. Consequently, the
amount of substance, as well as the MFR of the igniter gas,
is underestimated in case (2). This is why the igniter MFR
in case (2) remains low at the beginning of the ignition. There
are sudden increments in all the plots when the nozzle slug
ruptures. This is due to the assumption that the throat is
choked immediately after the rupture, causing the outflow
rate to increase too soon.

Once the slug fails, the igniter MFR in case (2) climbs to
the largest peak of all four cases and continues to produce the
highest value until the last few milliseconds. This can be
explained by the constant Cp assumption. A short time after
the slug fails, the underestimation of Cp leads to a larger ratio
of specific heats (k) and consequently a smaller characteristic
velocity, which, according to equation (1), causes an overes-

timation of the outflow rate. Therefore, the igniter MFRmust
increase to maintain the pressure until both the air fraction
and temperature drop sufficiently in the last few millisec-
onds. In case (1), Cp is overestimated at all points. This leads
to a greater value of the characteristic velocity and a smaller
outflow rate. Thus, the overestimation of Cp has a negative
influence on the igniter MFR in some way. In contrast, as dis-
cussed earlier, the overestimation of Cp and the molar mass
have positive influences on the igniter MFR, as they do before
the rupture of the slug. From the results, we can see that the
negative influence is strong over a short time interval after
the slug rupture, so the igniter MFR in case (1) has the lowest
value, as shown by Figure 6(b). After that, the positive influ-
ence seems to become stronger for a few milliseconds, until
about 16.5ms.

In the last few milliseconds of the operation of the SRM,
there is little air left in the chamber. The results in cases (1)
and (2) become very close. As the temperature drops, Cp in
the chamber is increasingly overestimated, leading to an
underestimation of the outflow rate. Consequently, the
igniter MFR is underestimated in both case (1) and case
(2). As shown in Figure 7, in the very last millisecond, the
temperature rises again in all cases. This might be caused
by assumption (b). Under this assumption, the outflow rate
is overestimated by equation (1) while the chamber pressure
is actually too low to keep the throat choked. This overesti-
mation would then lead to an overestimation of the igniter
MFR (see Figure 6(d)). Thus, more igniter gas enters the
chamber, causing the temperature to rise.

In case (3), both the species- and temperature-dependent
Cp are considered. Thus, the results should be more accurate
than those for cases (1) and (2). The results may be further
improved by considering the radiative heat transfer, as we
do in case (4). As we can see from Figures 5 and 6, the results
in case (4) show that the radiative heat transfer leads to a
slightly higher igniter MFR.

As shown in the temperature history results (Figure 7),
when the specific heat is considered as a constant, the cham-
ber temperature is dramatically affected. Initially, as Cp is
evaluated in opposite ways in cases (1) and (2) (overesti-
mated in case (1) and underestimated in case (2)), the tem-
perature results from (1) and (2) are different from one
another. After about 10ms, once the air fraction has dropped
to a low level, the temperature results from cases (1) and (2)
become very similar and have moved away from the results
obtained in the other two cases.

The overall mass of the igniter gas in the different cases is
compared with the experimental value in Table 3. As men-
tioned earlier, gas phase mass in experiment is 0.76 g. From
Table 3, we can see that all the values of total gas mass com-
puted in different cases are close to the experimental value.
This is a proof of the reliability of the model.

Yet, the computed values are a little larger than the exper-
imental value. The primary reason for this is that secondary
combustion has been neglected. Without considering
secondary combustion between the igniter gas and the air, a
heat source has been neglected, and so, a larger igniter gas
MFR is needed to achieve the pressure history. When the
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Figure 5: The igniter MFR results computed in different cases.
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temperature dependence of Cp is considered, as in cases (3)
and (4), the error decreases. Comparing the results in cases
(1) and (2), it is apparent that case (1), which includes fewer
factors, produces better results. This is because the overall
influence of the one-species assumption and the constant
Cp assumption on the overall mass acts in opposite ways.
Similarly, when the radiative heat transfer is ignored in case
(3), the results seem to be better than those in case (4). This
is because neglecting the radiative heat transfer negates, to
some extent, the influence of neglecting the secondary com-
bustion. If the secondary reaction is also considered based
on the assumptions in case (4), we would expect better results
than those in case (3). In simulating the ignition or whole
operation process of SRMs, some numerical models ignore
combustion to decrease the computational burden. If the
model proposed in this paper was used to provide a reliable
inlet boundary condition to these models, the difference
between the computed overall mass and the experimentally
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measured mass could be regarded as a reasonable calibration
of the igniter MFR.

5.2. Heat Transfer Results. The convective heat transfer coef-
ficient (hc) results computed in case (4) are shown in
Figure 8. The grain and the case have the same value of hc
at all times, as the same variables are used for these two parts.
The nozzle has a lower hc in the first fewmilliseconds because
of the lower gas velocity. After about 5ms, as the igniter MFR
drops, the velocity computed under the assumption that all
the igniter mass goes through the ports is lower than that
computed from the area ratio procedure. In this case, the
velocity in the long-tail nozzle is higher because of the
smaller port area, leading to larger values of hc. Some vibra-
tion in the hc history for the grain and the case occurs at
about 1ms. This is caused by complex changes in the flow
field variables because of the nozzle slug rupture. The
radiative heat transfer coefficient (hr) histories are plotted
in Figure 9. As we can see, the values of hr are fairly small
compared to hc.

The temperature histories of the solid-side interfaces of
the three different solid components are shown in
Figure 10. The different plots indicate similar behavior, rising
up quickly over the initial 10ms when the overall heat trans-
fer is large and then dropping down slowly. As different
materials are used for the grain and the case, their interface
temperatures differ from each other. The aluminium grain
has much better thermal conductivity than the case and

nozzle, and thus, the conduction in the aluminium grain pro-
ceeds more quickly, making the surface temperature lower.
The temperature distributions in the solid phase at different
times are plotted in Figures 11–13. For clarity, the maximum
coordinate values in the case and the nozzle are restricted to
the thickness of the grain.

5.3. Validation of the Model. Besides the total mass of gas
phase agreement with experiment (Table 3), a two-
dimensional axisymmetric numerical calculation was imple-
mented to validate the model proposed. The commercial
software package Fluent 6.3 is used for the calculation. Dur-
ing the calculation, the mass flow rate history obtained in
case (3) was used as a mass flow inlet boundary condition.
The main procedure is similar to that described in Ref.
[8]. Both the fluid and the solid were modelled. In the
fluid domain, the Favre-averaged Navier–Stokes equations,

Table 3: Overall mass of the igniter gas computed in different cases.

Cases Overall mass (g) Error (%)

1 0.7898 3.92

2 0.7907 4.04

3 0.7795 2.57

4 0.7812 2.79

Experiment 0.7600 0
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Figure 8: Convective heat transfer coefficient results.
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combining the popular turbulent two-equation k‐ε model,
were solved. In the solid domain, the heat conduction
was calculated. One of the main differences from the
models used in Ref. [8] is that, in the proposed model,
the grain does not combust. Combustion of the grain is
beyond the scope of this paper, so no combustion gas
from the grain is added to the fluid domain. Another differ-
ence is that we are interested in the species and properties,
so a species transportation model with no reaction is used
and the gas phase has temperature-dependent properties.
The outlet of the igniter was set to be a mass flow inlet. The
igniter MFR history was fitted by cubic spline interpolation
before being applied to Fluent as a user-defined function.
After some mesh-independence trials, a grid with 121,195
cells was used. A time step of 1 × 10−6 s was set to ensure that

the solution in each time step converged, with the residual for
each variable dropping below 10-3.

The pressure results obtained from the two-dimensional
calculation are shown in Figure 3. As we can see, the pressure
history from the calculation is in good agreement with the
experimental data. The peak pressure value is 3.06MPa,
representing a relative error of approximately 3.13% with
respect to the experimental data. This implies that the model
proposed in this paper is sufficiently reliable to provide a rea-
sonable igniter MFR history.

6. Conclusion

A zero-dimensional model was established to evaluate the
igniter mass flow rate from an igniter-firing experiment.
The different species in the igniter gas and air initially present
in the combustion chamber were considered. For each
species, the specific heat was treated as a function of temper-
ature, rather than a constant. The heat transfer due to con-
vection and radiation was also considered. The coupling
between the flow field and solid temperature distribution
was solved using a segregated solution approach. A compar-
ison of the results computed under different assumptions
shows that considering the species and temperature depen-
dence of specific heat reduces the error in the simulations.

The total gas phasemass values from themodel and exper-
iment agree well. Combustion chamber pressure history com-
puted by the two-dimensional simulation using the obtained
data as boundary condition is close to experiment data. These
facts indicate the reliability of the proposed model.

Secondary combustion is not currently considered in the
proposed model, but this might have a substantial influence
on the process. To improve the model, secondary combus-
tion should be included. For now, the difference between
the overall igniter gas mass given by the calculation and
experiments can be regarded as calibration data for the
pressure change.
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The proposed model can be used to provide an accurate
boundary condition for numerical computations involving
the ignition of SRMs. It also offers an approach for assessing
the performance of igniters. Though this model was devel-
oped based on the analysis of a small SRM, we believe it could
also be used in larger ones.

Nomenclature

A: Area (m2)
c: Speed of sound (m/s)
c∗: Characteristic velocity (m/s)
C: Empirical constant used for radiative heat transfer

coefficient calculation
Cp: Specific heat at constant pressure (J/(kg·K))
Cv: Specific heat at constant volume (J/(kg·K))
D: Characteristic length (m)
h: Overall heat transfer coefficient (W/(m2·K))
hc: Convective heat transfer coefficient (W/(m2·K))
hr : Radiative heat transfer coefficient (W/(m2·K))
i: Species index
k: Ratio of specific heats
L: Thickness of solid phase (m)
m: Mass of gas in the combustion chamber (kg)
M: Molar mass (kg/mol)
Ma: Mach number
mig: Overall mass of igniter gas entering the combustion

chamber (kg)
n: Amount of substance (mol)
N : Total number of species considered
P: Chamber pressure (MPa)
Pr: Prandtl number
qh: Heat transfer rate (W)
qm: Mass flow rate out of the combustion chamber (kg/s)
R: Gas constant (J/(kg·K))
t: Time (s)
T : Temperature (K)
u: Gas velocity (m/s)
V : Volume of combustion chamber (m3)
x: Mass fraction of a species in igniter gas
y: Coordinate normal to the solid surface (m)
Δy: Cell size of grid in solid phase
α: Thermal diffusivity (m2/s)
Γ: Coefficient, a function of k
λ: Thermal conductivity (W/(m·K))
μ: Dynamic viscosity (Pa·s)
ρ: Density (kg/m3)
σ: Stefan–Boltzmann constant (5:67 × 108 W/(m2·K4)).

Subscripts and Superscripts

∗: Universal variable
0: Variable for air, index of the solid cell adjacent to gas-

solid interface
1: Index of the solid cell one-cell away from the gas-solid

interface
a: Ambient
f : Variable for igniter gas
p: Variable in port

s: Solid variable
static: Static variable
t: Variable at throat
w: Variable at the solid surface adjacent to the combus-

tion gas.
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