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A review of current research topics in solid rocket motor systems was conducted. A
selection of recent papers are discussed as they pertain to their topics of study. More detailed analyses are conducted of several papers whose work touches on basic topics in rocket
propulsion. Discussed topics include optimization techniques, dual-thrust systems, propellant additives, burning rate measurement techniques, and nozzle erosion. Our analysis
of optimization techniques suggests that while hybrid methods can have certain advantages in computational time, the extreme operating conditions and high costs associated
with rocketry make genetic algorithms a more appropriate choice for optimization eﬀorts
in this field. Finally we were able to demonstrate the importance of accurate burn rate
measurements and nozzle erosion prediction techniques.

I.

Introduction

Solid rocket motors (SRMs) represent the oldest form of rocketry and are still in common use today for a
variety of purposes. While less eﬃcient than liquid bi-propellant engines, SRMs can provide higher thrust at
a lower cost. For this reason, they are commonly used to ‘boost’ initial launch stages in order to maximize
payload capacity. By increasing the initial thrust of the rocket, the boosters are able to minimize gravity
losses by helping the rocket to clear the relatively high gravity region at the Earth’s surface more quickly.
SRMs have also found extensive use in military application for tactical warhead delivery systems due to their
ability to be stored for long periods of time.
Solid rocket motors burn a solid grain composed of both the fuel and oxidizer needed for combustion.
A commonly used propellant in modern SRMs is ammonium perchlorate composite propellant (APCP)
which contains ammonium perchlorate as the oxidizer and a binding agent such as hydroxyl-terminated
polybutadiene (HTPB) which also acts as a fuel. Composite propellants such as APCP have found wide use
in modern rocketry due to their high performance, elasticity (reduces fracturing), and curing process. HTPB
is a liquid resin, so it can be mixed with the aluminum perchlorate and cast in a desired grain geometry
with the curative, allowing for easy and repeatable grain production. Aluminum is often added to these
propellants to increase performance and stabilize combustion.
Grains are commonly cast as cylinders with a number of ‘bores’ running through their length where
the combustion takes place. Since the thrust produced is directly proportional to the burn area of the
grain, many diﬀerent grain geometries have been developed to provide various thrust profiles. In most
rocket applications, it is important to have higher thrust during the launch stage, making a regressive thrust
profile highly desirable. Cruciform and double anchor geometries were developed for this purpose, providing
relatively smooth regression rates.
Finally, like most rockets, solid rocket motors convert the thermal energy produced during combustion
into kinetic energy by directing the combustion products through a converging-diverging nozzle. Unlike
bi-propellant systems, SRMs cannot use regenerative cooling, so they rely entirely on ablative cooling to
keep their nozzles from overheating. Graphite and carbon-carbon composites are commonly used ablative
materials in nozzle construction. While they provide insulation between the combustion products and the
nozzle’s metallic housing, the harsh conditions in which they operate lead to mechanical and chemical erosion
during operation.
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In the following section we will discuss recent studies in nozzle erosion, burning rate measurement,
propellant additives, dual-thrust systems, optimization techniques, and combustion stability. All of the
papers presented were published in the last couple of years and represent a significant cross-section of the
current research being done in solid rocket motor design. Basic analyses of some of the topics are provided
in the subsequent section for a more in depth perspective on the research.

II.
A.

Discussion

Internal Stability Analysis Techniques

Large segmented SRMs such as the Titan IV rocket exhibit pressure bursts due to internal pressure oscillations very near the frequencies associated with axial acoustics. Originally thought to be the result only of
acoustic instabilities, numerical models have shown that these are significantly influenced by a phenomenon
known as “parietal vortex shedding”. Injection induced internal flow dynamics give rise to hydrodynamic
instabilities in the mean flow profile which couple with the acoustic modes of the chamber. Standard modal
approaches to solve for the frequencies of these instabilities rely on a Taylor-Culick linearization approximation to solve the incompressible Navier-Stokes equations.
With the significant increase in computing resources available to researches in the last century, Chedevergne et al.1 were able to verify these approximations with direct numerical simulations (DNS) of the
internal flow dynamics of SRM combustion chambers. Chedevergne et al. were able to reproduce modes predicted by Taylor-Culick stability analysis through direct numerical simulation of the unsteady motion caused
by an isolated fluctuation in the combustion chamber. DNS simulations were also able to verify temporal
damping of the eigenmodes and axial amplification of the eigenfunctions predicted by such stability analysis.
In addition, secondary eigenmodes were observed in the DNS simulations resulting from the coupling of
the acoustic modes with nearby eigenmodes associated with hydrodynamic instability. Chedevergne et al.
suggest that these nonlinear eﬀects may be responsible for the temporally unstable modes observed in longer
rocket combustion chambers.
Boyer et al.2 recently showed that these approximations are highly sensitive to numerical disturbances
at the top end of the combustion chamber. This combined with axial amplification of the eigenfunctions
for longer chambers makes the resulting modes highly dependent on axial discretization. As the axial
discretization is refined, the eigenmodes fail to converge to discrete values. Boyer et al. suggest that these
modes can therefore be reinterpreted as pseudo-modes that can be used to verify the stability equations and
analyze the global stability of larger SRMs. By introducing a small defect in the grain however, Boyer et al.
were able to show that the same modal analysis could be used to predict the discrete modes that result from
grain segmentation or the development of a crack. Since the defect occurs downstream from the injection
point, it does not suﬀer from the same sensitivity to injection point disturbances, resulting in eigenmodes
that are fully independent of axial discretization.
B.

Standard Optimization Techniques

Traditionally, vehicle design and optimization has been based on a trial-and-error approach, relying heavily
on the experience of engineers to develop optimal designs and then testing their performance with slow
computational models. Combined optimization techniques have been developed using simplified computer
models for their decreased computation times, however, the complex dynamics ignored by these simple models
reduces the reliability of their results. Recent advances in computing resources have made the development
of more advanced optimization routines more advantageous.
Yumusak3 developed a routine to optimize combustion chamber and nozzle design by modeling viscous,
axis-symmetric flow and applying a gradient-based numerical optimization method. This approach requires
modeling the dynamics under a variety of conditions in order to determine the local slopes of performance
characteristics with regard to design variables. Once these slopes are determined locally, an adaptive stepping
routine is employed to locate the overall maximum in performance criterion. Yumusak’s routine successfully
optimized the nozzle to the standard bell shape, but with additional parameters, such a tool could be used
to predict the optimum shape including manufacturing costs. The geometry of the combustion chamber was
also optimized, and given a specific thrust requirement, the overall geometry of the combustion chamber
and nozzle could be tailored to the needs of a given mission. While the basic design principles of SRMs are
already well understood, the development of more advanced optimization tools such as this one will help to

2 of 9
American Institute of Aeronautics and Astronautics

make the design process more eﬃcient and improve the eﬃciency and reliability of SRMs in the future.
C.

Developments in Dual-Thrust Systems

Dual-thrust systems were developed for vehicles that
require an initial high “boost thrust” to achieve
a high velocity in a short period of time followed
by a lower “sustain thrust” designed to maintain
a constant vehicle velocity for the remainder of
the burn. In order to achieve dual-phase thrust
in a solid rocket motor, special grain geometries
must be developed. A commonly used geometry
for this purpose is the wagon-wheel grain profile
which uses “spokes” of grain to provide two distinct burn phases. Initially, the spokes provide a
high burn area resulting in relatively high levels of
thrust, however, once the spokes have burned away,
the eﬀective burn area drops suddenly, resulting in a Figure 1. Wagon wheel grain geometry parameters and
lower average thrust throughout the second phase of surface regression.4
the burn. While design and optimization techniques
for single-phase SRMs are relatively well developed,
dual-thrust SRMs have received comparatively little attention.
Raza and Liang4 recently developed an optimization technique for the development of three-dimensional
wagon-wheel grains given a desired dual-phase burn profile. The wagon-wheel grain geometry can be parameterized by a number of design variables including number and width of “spokes” present (see Figure 1).
Raza and Liang developed a hybrid optimization technique that combined a global genetic algorithm with
local simulated annealing. The genetic algorithm creates a population of candidate solutions with randomly
assigned values of design variables and rates them on performance and compatibility with given constraints.
Parameters of successful candidates are recombined and subjected to random “mutations” in order to create
a new population of candidate solutions. Repetition of this procedure eventually produces optimized values
of the original design variables. Raza and Liang enhanced this process with simulated annealing which uses
pre-defined search criterion to further refine the candidate population with each iteration. In addition to
showing good optimization with this technique, Raza and Liang were able to analyze the sensitivity of thrust
performance to various design parameters. The number of “spokes” proved to be a particularly sensitive
parameter as an increased number of “spokes” both increases the eﬀectiveness of the boost phase while
simultaneously decreasing the overall specific impulse.
Another form of dual-thrust system developed
primarily for military applications is the dual-pulse
SRM. This type of SRM uses the first pulse during
the launch phase and then a delayed second pulse
for high maneuverability and speed during an “attack” phase. In order to maintain compactness and
aerodynamic stability of the design, the dual-pulse
system is achieved by the addition of a second combustion chamber stacked upon the first and sepaFigure 2. Diagram of a dual-pulse rocket motor.5
rated by a pulse separation device (PSD) as shown
in Figure 2. This allows the second pulse to utilize
the same nozzle as the first pulse. In order to determine potential losses due to second phase flow through the
first pulse chamber, Javed et al.5 performed a numerical simulation of the second phase flow dynamics. They
found that nearly 60% of the overall pressure drop occurred as a result of flow through the PSD and first
pulse chamber, leading to a significant reduction in eﬃciency. In order to determine the precise trade-oﬀs
between this design system and other potential dual-pulse designs, further numerical models would have to
be performed, but the research conducted by Javed et al. does provide some insight into the eﬃciency of
the second pulse phase for such a dual-pulse system.
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D.

Propellant Additives

Propellant additives, such as aluminum powder, are commonly used to increase the specific impulse of SRMs.
Until recently however, it was far too computationally expensive to attempt to model the specific eﬀect these
additives have on the dynamics of the combustion chamber. Doisneau et al.6 have been working on a way
to model these eﬀects eﬃciently and accurately with access to modern computing resources and massively
parallel techniques. They developed a model for non-evaporative sprays in a gaseous environment that models
the sprays as groups of point particles with exchanges of mass, momentum, and heat governed by statistical
properties. The particle spectrum is divided into sections based on relative particle size and the distribution
of particle sizes in each section is based on a two-coeﬃcient exponential approximation. Doisneau et al. were
able to predict the hydrodynamic and acoustic instabilities of such an SRM with relatively few sections,
allowing for relatively fast modeling of these flow dynamics. While there are a number of eﬀects that have
yet to be implemented in this model, including aluminum combustion and evaporation, this represents an
important step forward in the modeling of SRMs with propellant additives. Doisneau et al. also suggest that
the addition of secondary break up modeling in the nozzle would allow for accurate predictions of specific
impulse, which could significantly improve the implementation of propellant additives in SRMs.
E.

Burning Rate Measurement Techniques

SRM performance is extremely sensitive to propellant burning rate. In order to accurately predict the
behavior of any given rocket, it is important to have an accurate prediction of its propellant burning rate. The
inherent error involved in batch mixing procedures prevents the reproduction of propellants with suﬃciently
identical burning rates, requiring each batch to be measured independently. Currently these measurements
are conducted via the use of ballistic evaluation motors (BEM). However, multiple BEMs must be tested in
order to determine burning rate pressure dependence and significant man-power is required in the preparation
of these devices. In addition, a dedicated test facility is required to make these measurements and they are
inherently prone to a variety of errors.
Jeenu et al.7 recently demonstrated the utility of a pulse-echo ultrasonic technique for burning-rate
measurements in industry. An ultrasonic transducer is used to make continuous measurements of the location of the propellant surface. By simultaneously measuring chamber pressure, the burning-rate/pressure
dependence is able to be determined from a single test. Jeenu et al. demonstrated several other advantages
that this method has over BEMs including significantly reduced man-hour requirements and a higher level
of accuracy. The standard deviations for measurements with this method were consistently lower, sometimes
less than half that of those reported for BEMs. Furthermore, only a small augmentation factor, ≤ 2%, was
required for prediction of full-scale SRM burning rates. While BEMs do have several advantages over the
pulse-echo ultrasonic technique, including the ability to simultaneously measure characteristic velocity and
specific impulse, the work by Jeenu et al. represents an important step towards more accurate and more
eﬃcient SRM production methods.

F.

Nozzle Erosion

As measurement techniques for SRM performance
have grown more precise, additional factors that influence this performance have had to be taken in
to account. The increase in nozzle surface area due
to erosion can have a significant eﬀect on overall
performance, but it is only recently that we have
had the tools out our disposal to model nozzlesurface recession rate. Thakre et al.8 developed a
model for the erosion of graphite nozzles due to the
flow of composite propellants. Non-metalized propellants such as ammonium perchlorate or HTPB
cause chemical erosion through heterogeneous reactions with oxygen-containing combustion products,
but propellants containing aluminum additives can Figure 3. Trajectories of aluminum and aluminumadd a mechanical component due to impingement of oxide particles through a rocket nozzle.8
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condensed-phase aluminum-oxide on the nozzle surface. Thakre et al. model both of the eﬀects through
a combined Eulerian-Lagrangian approach that treats the aluminum spray using an imposed Lagrangian
framework similar to the work of Doisneau et al.6 Thakre et al. were able to demonstrate that no mechanical erosion occurs downstream of the throat as particulate matter in this region of the nozzle consistently
moves away from the nozzle surface (see Figure 3). Furthermore, the model was able to predict surface
erosion rates as they increased up to the point of the throat which corresponded well with experimental
data. Inclusion of this data in a model with a dynamically modeled nozzle geometry could potentially lead
to a more accurate model of SRM performance.
Bianchi and Nasuti9 recently conducted a similar analysis of just the chemical erosion process in carboncarbon nozzles. A linear dependence on chamber pressure was shown for the erosion rate at standard
operating pressures of most SRMs. Given this, Bianchi and Nasuti were able to predict the final nozzle
shape simply from the mean chamber pressure which correlated well with experimental results. Bianchi and
Nasuti went one step further by modeling the flow dynamics as the nozzle surface was eroded. They were able
to show that throat erosion was underestimated by as much as 10% when the eﬀects of nozzle erosion were
not incorporated into a dynamic nozzle geometry during the simulation. With SRM performance models
getting more and more refined, Bianchi and Nasuti have demonstrated the necessity for a model with a
dynamically varying nozzle geometry based on the eﬀects of both chemical and mechanical erosion.

III.
A.

Analysis

Hybrid Optimization Techniques

In Raza and Liang’s4 study of optimization techniques for dual-thrust systems utilizing a wagonwheel grain cross-section, they compared the results
for a simple genetic algorithm (GA), a simulated annealing method (SA), and their combined approach
(GASA). In each case the total impulse achieved,
IT , is defined as
IT = mp CT c∗ .

(1)

We can therefore use our standard rocket relations
to write the specific impulse as
Isp =

c
CT c∗
IT
=
=
.
gE
gE
gE mp

(2)

Raza and Liang presented the total impulse and propellant mass achieved by each technique. We can determine their respective specific impulses such that
GA :
SA :
GASA :

Isp
Isp
Isp

=
=
=

241.42 s
238.08 s
235.67 s

Figure 4. Thrust profiles for dual-thrust system with
wagon-wheel grain cross section as determined by three
distinct optimization techniques.4

Figure 4 shows the thrust profiles for the three techniques. Raza and Liang did not present the computational times for each technique, but they argue that the
proposed GASA technique is advantageous for significantly reduced processing time. The GASA approach
produces a specific impulse 2.38% lower than the best specific impulse achieved by the genetic algorithm
alone. We can get an idea of the consequences of this reduction by analyzing the simplified rocket equation,
�
�
m0
∆v = gE Isp ln
.
(3)
mf
For a given structural and payload mass, a 2.35% increase in initial rocket mass would be required in order
to achieve the same ∆v. Given the high cost of launch, it is likely that even this small increase in initial
mass would not be worth the savings in computational time achieved by the GASA approach. While such
optimization techniques are still quite advantageous, a simple genetic algorithm appears to be the best
approach for this application.
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B.

Burning Rate Measurements

In the study by Jeenu et al.,7 burning rate measurements are provided for a variety of propellant types.
18% aluminized hydroxyl-terminated polybutadiene (HTPB) containing 65% ammonium perchlorate
(AP) and 3% oxamide is a slow-burning propellant
used in large booster-stage rockets. The densities of
selected components are approximately10
ρHT P B
ρAl
ρAP

≈

0.93 × 103 kg · m−3 ,

≈

1.95 × 103 kg · m−3 .

≈

2.70 × 103 kg · m−3 ,

The approximate propellant density, ρp , of the grain
then is approximately
ρp

≈

0.14 ρHT P B + 0.18 ρAl + 0.65 ρAP
,
0.97

≈

1.94 × 103 kg · m−3 .

Figure 5. Burning rates computed for small pressure
intervals using the ultrasonic measurement technique
presented by Jeenu et al.7

The propellant burn rate, rb , is related to the
chamber pressure, pc , by the formula,
rb = a pnc .

(4)

Ab êAt
350

Figure 5 shows the burning rate data for this propellant. The chamber pressure increases approximately 300
linearly over the period of the burn such that the
majority of the burn takes place over the right-most 250
portion of the plot. The approximate value of the
pressure exponent, n, for the majority of the burn
period is therefore n ≈ 0.24. We can determine the 200
value of the burn rate coeﬃcient, a, from Figure 5
pc
2.0
2.5
3.0
3.5
4.0
4.5
such that a ≈ 1.048 × 10−4 . For a quasi-steady flow
approximation, we can represent the chamber presFigure 6. Area ratio as a function of chamber pressure
sure as
as predicted by a quasi-steady analysis of the ultrasonic
�
�
∗ 1/(1−n)
a ρ p Ab c
data presented by Jeenu et al.
pc =
(5)
At
If we assume a characteristic velocity of c∗ = 1500 m · s−1 , we can plot the area ratio as a function of time.
Figure 6 shows this relationship over the pertinent range of chamber pressures. Since the throat area remains
fixed and the chamber pressure increases linearly over time, it is clear from this plot that the burn area also
increases linearly over time for the majority of the burn period of such a thruster.
C.

Eﬀects of Nozzle Erosion

From the data obtained by Bianchi and Nasuti,9 the approximate nozzle erosion rate due to chemical
processes at the mean combustion temperature for a carbon-carbon nozzle is
ṙchem ≈ 0.19 mm · s−1 .
Assuming similar erosion rates between carbon-carbon and graphite nozzles, we can compare this to the
data obtained by Thakre et al.8 for mechanical erosion of graphite nozzles. For a nozzle-material density of
ρn = 1.8 g · cm−3 , the maximum mass erosion rate due to mechanical processes may be written as
ṁmech ≈ 0.06 kg · m−2 · s−1 .
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This maximum occurs just behind the nozzle throat
however as the erosion rate at the nozzle throat is
zero. However, the erosion behind the throat will
essentially erode the throat as well. For our purposes, we will assume the eﬀective erosion at the
throat is approximately half the maximum erosion
rate behind the throat. We can calculate the spatial
erosion rate at the throat of such a nozzle then such
that
ṙmech ≈

ṁmech
= 0.017 mm · s−1 .
2 ρn

(6)

The eﬀects of mechanical erosion at the nozzle are
approximately an order of magnitude less than those
of chemical erosion. However, taking both into account, we can determine the approximate change in
throat area as a function of the burn time. For an
initial throat radius of r0 = 10 mm, the final throat
area may be written as
At = π (r0 + ṙ tb )2 .

(7)

2.0
1.8
1.6
T êT0
Isp êIsp ,0

1.4
1.2
1.0
0

5

10

15

20

tb HsL

Figure 7. Non-dimensional thrust and specific impulse
plotted as a function of time due to nozzle erosion at
the throat.

tb HsL
20

where ṙ = ṙchem + ṙmech represents the combined 15
erosion rate and tb is the total burn time. As long
as flow remains choked at the throat, the increase
10
in throat area will cause a proportional increase in
mass flow rate, such that
ṁ = ṁ0

�

ṙ tb
1+
r0

�2

5

.

(8)
10

20

30

40

t0 HsL

Chemical erosion at the throat is much higher than
at the exit plane however, and since no mechani- Figure 8. Total burn time as a function of ideal burn
cal erosion takes place in the expansion portion of time for a nozzle experiencing erosion at the throat.
the nozzle, the exit-to-throat area ratio will change.
Assuming relatively constant exit area, Ae , the exit Mach number, Me , will be aﬀected such that
γ+1
�
�
�� 2(γ−1)
Ae
1
2
γ−1
2
=
1+
Me
,
At
Me γ + 1
2

(9)

where γ represents the specific heat ratio of the combustion products. As the throat area increases, the
eﬃciency of the nozzle decreases, resulting in a lower exit velocity and lower specific impulse. The thrust
produced is proportional to both the mass flow rate and the exit velocity however, resulting in a net increase
in thrust. The Zefiro 9 rocket geometry used by Bianchi and Nasuti has an area ratio of 56 and burns an
HTPB composite propellant for which we will approximate its specific heat ratio at γ = 1.2. Figure 7 plots
the resulting drop in specific impulse along with the increase in thrust over time for the Zefiro 9 rocket.
While the increased mass flow rate does increase the thrust, it also reduces the overall burn time for a
given quantity of propellant, such that
�
�−2
ṙ tb
tb = t0 1 +
.
r0

(10)

where t0 is the ideal burn time of the rocket with no erosion. Figure 8 shows the resulting burn time for
a given ideal burn time. As long as the flow remains chocked at the throat, the increased thrust directly
counterbalances the decreased burn time resulting in no loss of ∆v. However, the drop in specific impulse
does aﬀect the potential ∆v of the mission.
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IV.

Conclusions

While many aspects of solid rocket motor design have been well researched over the past century, there
are still many active areas of research and development related to SRMs in the field today. Automated
optimization methods such as the one developed by Yumusak3 have the potential to greatly reduce time
spent in the design phase and maximize ultimate rocket performance. Our analysis of the study by Raza
and Liang4 suggests that genetic algorithms have the greatest potential for future developments in this area.
An increase in available computational resources has also lead to more eﬀorts in precise performance
prediction methods for SRMs. Chedevergne et al.1 and Boyer et al.2 were able to model the instabilities
that occur in the combustion chamber and predict their normal and secondary eigenmodes. Doisneau et
al.6 developed another model that similarly accounted for combustion instabilities that occur as a result of
additives in SRM composite propellants. Such models could be used for more accurate thrust calculations
in the future as well as potentially allowing for better optimization with respect to propellant composition
ratios and aiding in the development of more stable chamber designs.
Dual-thrust systems are another active area of development. Raza and Liang’s4 study of the wagon-wheel
grain geometry provided a method of optimizing dual-thrust systems for a desired mission thrust profile. A
study of the eﬃciency of alternative dual-pulse systems was conducted by Javed et al.,5 showing reduced
eﬃciency due to flow losses though the pulse separation device (PSD). Continued research in this area could
lead to improved PSD design and increased dual-pulse system eﬃciency.
The study conducted by Jeenu et al.7 demonstrated the eﬀectiveness of the pulse-echo ultrasonic technique for burn-rate measurement in industry. Adoption of this technique could lead to significant savings
in both the cost and time required for the development and production of new SRMs. Our analysis demonstrated the importance of accurate burn-rate measurements. By measuring the burn rate, we can predict the
burn area throughout the burn, which is directly proportional to the thrust produced by the rocket. Since
grain compositions vary slightly with every batch mix, it is vital to test every batch for eﬀective burn rate
in order to accurately predict the thrust that the rocket will produce.
Finally, Thakre et al.8 and Bianchi and Nasuti9 developed models for nozzle erosion occurring as a result
of mechanical and chemical processes respectively. Thakre et al. were able to show that no mechanical
erosion due to propellant additives occurs past the nozzle throat. Our own analysis showed that erosion due
to mechanical processes is approximately an order of magnitude less than erosion due to chemical processes.
We also showed that erosion can lead to a significant increase in thrust and comparably reduced burn times.
The aﬀect on specific impulse was less drastic, but still significant, demonstrating the need to take nozzle
erosion into account for accurate prediction of the ∆v potential.
Solid rocket motors are used frequently today for small payloads, booster stages for larger payloads, as
well as tactical missile applications. The high cost of launching vehicles into orbit makes continued research
and development of SRMs extremely important for the aerospace industry. As research in this area continues,
we can expect to see better optimization techniques increase the eﬃciency of the design process, better grain
and rocket testing methods improving production processes, and more advanced computer models increasing
the accuracy of overall performance prediction, ultimately leading to improved rocket control methods and
design.

8 of 9
American Institute of Aeronautics and Astronautics

References
1 Chedevergne, F., Casalis, G., and Majdalani, J., “Direct Numerical Simulation and Biglobal Stability Investigations of
the Gaseous Motion in Solid Rocket Motors,” J. Fluid Mech., Vol. 706, 2012, pp. 190–218.
2 Boyer, G., Casalis, G., and Estivalezes, J. L., “Stability and Sensitivity Analysis in a Simplified Solid Rocket Motor
Flow,” J. Fluid Mech., Vol. 722, 2013, pp. 618–644.
3 Yumusak, M., “Analysis and Design Optimization of Solid Rocket Motors in Viscous Flows,” Computers & Fluids,
Vol. 75, 2013, pp. 22–34.
4 Raza, M. A. and Liang, W., “Design and Optimization of 3D Wagon Wheel Grain for Dual Thrust Solid Rocket Motors,”
Prop. Explos. Pyrotech., Vol. 38, 2013, pp. 67–74.
5 Javed, A., Manna, P., and Chakraborty, D., “Numerical Simulation of a Dual Pulse Solid Rocket Motor Flow Field,”
Def. Sci. J., Vol. 62, No. 6, 2012, pp. 369–374.
6 Doisneau, F., Laurent, F., Murrone, A., Dupays, J., and Massot, M., “Eulerian Multi-Fluid Models for the Simulation of
Dynamics and Coalescence of Particles in Solid Propellant Combustion,” J. Comp. Phys., Vol. 234, 2013, pp. 230–262.
7 Jeenu, R., Pinumalla, K., and Deepak, D., “Industrial Adaptation of Ultrasonic Technique of Propellant Burning Rate
Measurement Using Specimens,” J. Prop. & Power , Vol. 29, No. 1, 2013, pp. 216–226.
8 Thakre, P., Rawat, R., and Clayton, R., “Mechanical Erosion of Graphite Nozzle in Solid-Propellant Rocket Motor,” J.
Prop. & Power , Vol. 29, No. 3, 2013, pp. 593–601.
9 Bianchi, D. and Nasuti, F., “Carbon-Carbon Nozzle Erosion and Shape Change in Full-Scale Solid-Rocket Motors,” J.
Prop. & Power , Vol. 28, No. 4, 2012, pp. 820–830.
10 Braeunig, R. A., “Rocket Propellants,” http : //www.braeunig.us/space/propel.htm#tables, May 2013.

9 of 9
American Institute of Aeronautics and Astronautics

