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Abstract: The unstable combustion problem in small-sized solid rocket engines with a large aspect
ratio is so complicated that its causes remain unclear. In this study, the coupled vibration between
the sound field and shell in the engines was proposed as a possible cause. A solid rocket engine
structure was abstracted into a multilayer thin-walled cylindrical cavity in this study, followed by
the theoretical calculation and simulation calculation of its inherent frequency. Next, a thin-walled
cylindrical cavity fluid-solid coupling experimental platform with the function of modal measurement
was established to verify the accuracy of simulated modes for the shell structure and acoustic cavity.
Then, the mode of the finite element model (FEM) for the solid rocket engine was theoretically
calculated and simulated, accompanied by finite element calculation and experiment of the acoustic
mode of the internal acoustic cavity. Subsequently, the engine mode was compared with the acoustic
mode of the internal acoustic cavity. On this basis, a new cause for the damage and disintegration
of the solid rocket engines in the final working stage was revealed. Moreover, a brand-new idea
of inhibiting the pressure oscillation-induced unstable combustion in the solid rocket engines was
put forward.

Keywords: rocket engine shell; mode; coupled vibration; acoustic mode

1. Introduction

The unsteady combustion of solid rockets with a large aspect ratio at the end of
the flight is a crucial problem in the design of solid rockets. According to the published
literature, the main reason for the unsteady combustion is related to the unstable internal
flow field [1]. However, the real mechanism is unclear. In recent years, the problem of
pressure oscillation has taken place frequently in the process of developing the solid rockets
with a large aspect ratio by China. It was also observed that the whole body is subjected
to the fundamental-frequency vibration or multiple-frequency vibration with the acoustic
field of engine combustion, so the changes of engine structure during the flight can exert
key impacts on the unsteady combustion. Based on the observed phenomenon, simulation
methods validated through experiments were adopted to study the transient dynamics
of the engine finite element models of the stably flying solid rockets under the cruising
condition, so as to provide new ideas for studying the problem of unsteady combustion of
the solid rocket engines.

The unsteady combustion occurred in the solid rocket engines is also called combus-
tion oscillation or combustion instability, running through the whole development history
of the modern solid rocket engines. Its main features are the periodic changes in com-
bustion chamber pressure and propellant combustion velocity and the change frequency
is fluctuating around the natural frequency of the acoustic cavity. And the anomalous
change of shell temperature and the violent structural oscillation may also happen [2–6].
If coupling takes place between the unstable internal flow field and structural oscillation,
the instability effect may be enlarged, thereby causing a series of chain reactions, which
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include but are not limited to the unstable flight attitude, external trajectory deviation, and
shell destruction or even explosion.

In accordance with the research results of the previous literature, it is generally thought
that combustion instability within the large size segmented solid rocket engines is mainly
led by the acoustic-vortex coupling [7–10] and the main reasons for combustion instability
within the small size tactical engines are diverse, which may be relevant to the coupling
between the acoustic field and combustion [11,12]. Besides, unsteady combustion within the
small size tactical engines may also be induced by the vibration of the engine case [13–15].
In addition, periodic air intake disturbance and combustion of aluminum droplets are also
considered as driving mechanism of unsteady combustion within the small size tactical
engines [16,17]. It can be seen that the problem of unsteady combustion is quite complex,
involving the integration of multiple disciplines, and the knowledge about vibration
mechanics and aerodynamics of body structure is needed to deeply understand the physical
process [18–25]. Two algorithms for an automatic optimal block decomposition for complex
geometries with arbitrary profiles based on genetic algorithm theory are proposed by
Lu. Z. [26]. Mohammad Rezaiee-Pajand and Amir R. Masoodi developed an efficient
three-node triangular element, for geometrically nonlinear analysis of FG doubly-curved
thin and moderately thick shells [27]. M. Rezaiee-Pajand and Amir R. Masoodi studied
the buckling and post-buckling behavior of plates and shells using the full Lagrange
formula [28]. Free vibration analysis of sandwich composite joined conical-cylindrical-
conical shells is implemented using first-order shear deformation theory (FSDT) by Emad
Sobhani [29]. Moreover, the major inducements for combustion instability of different solid
rocket engines are distinct, so this problem has not been solved in its true sense.

In this paper, the theoretical and simulation calculation was conducted on the natural
frequency of the shell structure (a multilayer thin-walled cylindrical cavity with a large
slenderness ratio) of a solid rocket engine, so as to investigate the problem of coupling
vibration in the solid rocket engine during the flight. Besides, an experimental platform for
verification was established for the cylindrical cavity with a large slenderness ratio, and the
correctness of the simulation calculation of acoustic mode and shell mode was validated
through the measured natural frequency of the acoustic excitation acoustic cavity mode
and the shell. Next, the theoretical and simulation calculations were made on the shell
mode of the solid rocket engine finite element model set, and the finite element calculation
of the acoustic mode of the internal acoustic cavity was carried out.

2. Materials and Methods
2.1. Calculation of Natural Frequency of Three-Layer Cylindrical Shell

The structure of the solid rocket engine was abstracted into a three-layer cylindrical
shell comprising a shell, a thermal insulation layer and a grain. The displacement in the
thickness direction of the three-layer cylindrical shell could be expressed by the displace-
ment of the middle plane, where w, ν and u stood for the radial, axial and tangential
directions, respectively. The turning angles were expressed as ψ1 and ψ2, respectively.
Based on the first-order shear deformation theory (FSDT), the total displacement field was
expressed by:

ui(s, θ, ζ, t) = ui
0(s, θ, t) + ζψi

1(s, θ, t)

vi(s, θ, ζ, t) = vi
0(s, θ, t) + ζψi

2(s, θ, t)− hi
2 < ζ < hi

2

wi = vi(s, θ, t)

(1)

i = b, t and c represent the outermost, middle and innermost layers, respectively. ζ1, ζ2,
and ζ are the coordinates of the outermost, middle and the innermost layers in the thickness
direction, respectively. hi is radial thickness. With u, ν, and w for the displacements in
the axial direction s, the rotation angle θ and the thickness direction, respectively and full
contact as the boundary condition, the following equation was obtained:

ζ1 = −h1/2 ζ = hc/2: ut = uc vt = vc wt = wc

ζ2 = hb/2 ζ = −hc/2 : ub = uc vb = vc wb = wc
(2)
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Under the above boundary condition, the displacement field was expressed as:

ut = uc
0 +

(htψ
t
1+hcψ

c
1)

2 + ζ1ψ
t
1 −

ht
2 < ζ1 < ht

2

vt = vc
0 +

(htψ
t
2+hcψ

c
2)

2 + ζ1ψ
t
2

ub = uc
0 −

(hbψ
b
1+hcψ

c
1)

2 + ζ2ψ
b
1 −

hb
2 < ζ2 < hb

2

(3)

vb = vc
0 −

(
hbψ

b
2 + hcψ

c
2

)
2

+ ζ2ψ
b
2 (4)

According to the boundary conditions in equation (2), the translational displacements
u0

c , v0
c and w0

c and the rotation angles ψc
1, β1 and β2 of the innermost and innermost layers

are as follows:

ut = uc
0 +

hc
2

(
2(1 + vc)β1 −

∂wc
0

∂s

)
− h2

c
8

∂ψc
1

∂s + h3
c

48

(
∂2β1
∂s2 + ∂2β2

a∂θ∂s

)
+ ht

2 ψ
t
1 + ζ1ψ

t
1

vt = vc
0 +

hc
2

(
2(1 + vc)β1 −

∂wc
0

a∂θ

)
− h2

c
8

∂ψc
1

a∂θ + h3
c

48

(
∂2β1
a∂θ∂s +

∂2β2
a2∂θ2

)
+ ht

2 ψ
t
2 + ζ1ψ

t
2

wt = wc
0 +

hc
2 ψ

c
1 −

h2
c

8

(
∂β1
∂s + ∂β2

a∂θ

) (5)

ub = uc
0 −

hc
2

(
2(1 + vc)β1 −

∂wc
0

∂s

)
− h2

c
8

∂ψc
1

∂s −
h3

c
48

(
∂2β1
∂s2 + ∂2β2

a∂θ∂s

)
− hb

2 ψ
b
1 + ζ2ψ

b
1

vb = vc
0 −

hc
2

(
2(1 + vc)β2 −

∂wc
0

a∂θ

)
− h2

c
8

∂ψc
1

a∂θ −
h3

c
48

(
∂2β1
a∂θ∂s +

∂2β2
a2∂θ2

)
− hb

2 ψ
b
2 + ζ2ψ

b
2

wb = wc
0 −

hc
2 ψ

c
1 −

h2
c

8

(
∂β1
∂s + ∂β2

a∂θ

) (6)

β is the ratio of shear stress to elastic modulus.
The total kinetic energy UT and strain energy UE were written into the matrix of each

element:
UT = 1

2

{ .
qe
}T

[Me]
{ .

qe
}

UE =
∫ h

2
− h

2

∫ 2π
0

∫ L
2
− L

2

1
2{σ}

T{ε}dV = 1
2{qe}T [Ke]{qe}

(7)

where, σ is the stress, ε is the strain, V is the volume, L is the length of cylinder, [Me] is the
mass matrix, [Ke] is the stiffness matrix.

The following kinematic equation was established using Hamilton’s principle:

δ
∫ t1

t0

(U −UT −W) = 0 (8)

where, W is the work from the external force, UT stands for the total kinetic energy, and
U is the total strain energy (U = UE + UG). t1 and t2 were always constant [30]. After
substituting all energy equations and element stiffness and mass matrices into the above
equation, the following kinematic equation was acquired:

[M]
{ ..

q
}
+ [K]{q} = {F(t)} (9)

where, {F(t)} is the equivalent nodal force of the system, [K] = [KG + KE] is the stiffness
matrix of the system, and [M] is the mass matrix.

Under the static condition, the change in strain energy was equivalent to the inter-
nal/external pressure of the cylindrical shell (δUs = δWp) introduced by energy changes
based on Hamilton’s principle. After plugging the energy, the following force item was
obtained in Us introduced by heat:

[Ke
s ]{qe

s} −
{

FTh
}
= {Fp} (10)

where,
{

FTh
}

and
{

FP} are thermal and external forces, [KS] is the static stiffness matrix
of the element, and qS is the static deflection. After substituting, the displacement field and
stress components were defined as initial stress at each layer. A dynamic response equation
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was determined based on consideration of these prestress. In free vibration analysis, the
constitutive equation was as follows:(

−ω2[M] + [K(ω)]
)
{q} = 0 (11)

where, [K] = [K′(ω) + iK′′ (ω)] is a complex damping layer stiffness matrix, related to
frequency. The eigenvalue problem was not directly solved due to relevant characteristics
of frequency. The natural frequency could be calculated by developing the frequency range
of the frequency response band of the structure under harmonic loading. Besides, the
natural frequency could be solved by calculating stiffness matrix iteration, thus solving the
eigenvalue problem in the above equation. During iteration, the natural frequency of the
bare cylindrical shell was the best starting point. Iteration was continuously performed
until reaching the following convergence:

|ωi −ωi−1|
ωi−1

≤ λ1 (12)

where, λ1 is the convergence tolerance, which is 10−5.
The time-varying grain thickness was expressed as below:

hb(t) = hb0 − th0 (13)

where hb0 is the initial thickness, t denotes time, and h0 stands for the grain combustion
thickness per second.

Hb in the formula was substituted by hb(t).
Then, the following holds true in Equation (2):

ζ2 =
hb(t)

2
(14)

Equation (4) was written into the following form:

ub = uc
0 −

(hb(t)ψb
1+hcψc

1)
2 + ζ2ψb

1 −
hb(t)

2 < ζ2 < hb(t)
2

vb = vc
0 −

(hb(t)ψb
2+hcψc

2)
2 + ζ2ψb

2

(15)

Equation (6) was expressed as follows:

ub = uc
0 −

hc
2

(
2(1 + vC)β1 −

∂wc
0

∂s

)
− h2

c
8

∂ψc
1

∂s −
h3

c
48

(
∂2β1
∂s2 + ∂2β2

a∂θ∂s

)
− hb(t)

2 ψb
1 + ζ2ψb

1

vb = vc
0 −

hc
2

(
2(1 + vC)β2 −

∂wc
0

a∂θ

)
− h2

c
8

∂ψc
1

a∂θ −
h3

c
48

(
∂2β1
a∂θ∂s +

∂2β2
a2∂θ2

)
− hb(t)

2 ψb
2 + ζ2ψb

2

(16)

2.2. Experiment of Natural Frequency of Three-Layer Cylindrical Shell

In the modal experiment, a specimen was generally supported by two ways: free
suspension and maintaining the original boundary conditions of the specimen. The free
suspension generally refers to suspending the entire system with elastic ropes or installing
the entire system on a foam pad, requiring that the resonance frequency of the support
itself is much lower than the first-order resonance frequency of the specimen. The latter
method is generally used in studies on structural resonance frequencies and vibration
isolation technologies.

As shown in Figure 1, the three-layer cylindrical shell specimen was suspended using
flexible ropes, better approximating the free state. At this time, the system had six stiffness
modes, namely three translational modes and three rotational modes. In the experiment, the
hammer impulse method was employed for vibration excitation, with one-point excitation
and multi-point response measurement for testing.

A viscoelastic three-layer cylindrical shell was adopted as the calculation and experi-
mental model, consisting of the outermost shell (steel), the middle layer (rubber) and the
innermost layer (galvanized sheet), with size parameters as follows:

L = 80 mm; h1 = 2 mm, h2 = 2 mm, h3 = 0.5 mm, R = 143 mm
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Among them, L was the length of the cylindrical shell, h1, h2, and h3 stood for the
thickness of the outermost shell, the middle layer and the innermost layer, respectively,
and R was the radius of the middle surface of the outermost layer.
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Figure 1. Three-layer cylindrical shell specimen.

2.3. The Cylindrical Cavity Fluid-Solid Coupling Experimental Platform

The cylindrical cavity fluid-solid coupling experimental platform is shown in Figure 2,
where rectifying device was set at the right end of the cylindrical cavity and the air outlet
caliber was adjustable to ensure the air-in at one end and air-out at the other. Mount points
were set on the flanges at the two ends of the cavity, which is shown in Figure 3 could be
mounted by springs with different stiffness or steel hoops onto the experimental benches
to realize different constraints.
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Figure 3. Experimental constraint spring.

Different acoustic excitation signals were provided by high power loudspeakers and
acoustic power amplifiers. The model of acoustic pressure sensors and acceleration sensors
arranged at different positions in the cavity was CYB41 and 2258A-10. The power amplifiers
is shown in Figure 4. The dynamic signal acquisition card with model of Donghua DH8302
which is shown in Figure 5 communicated with computers through computer network
cards to reach real-time data transmission, showing high test accuracy and strong anti-
interference ability and guaranteeing the accurate and reliable test results.
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Figure 5. Data acquisition device.

Experiments under different conditions could be carried out on the experimental plat-
form built: (1) pulsed excitation (force hammer), white noise excitation, acoustic excitation
with constant frequency, acoustic swept frequency excitation, and cold flow and hot flow
excitations could be selected. Specifically, the sensors under hot flow excitation should
be replaced with high temperature sensors. (2) the models could be changed in thickness,
length and shape. (3) soft spring constraint, hard spring constraint, and clamped constraint
at different positions were available. (4) time domain information of various physical
quantity could be obtained by collecting signals such as wind speed, pressure, acceleration,
and strain. In addition, frequency domain measurement technology based on the discrete
Fourier transform method offered by software could be applied to acquire the real-time
frequency domain information for the corresponding signals.

The cylindrical shell is shown as Figure 2, and its dimension, and position of sensor
and constraint are presented in Figure 6. To be specific, clamped or spring constraint could
be carried out at the restrained ends 1 and 2, the pressure sensor or microphone could be
installed at position 1, 2, and 3, the microphone or anemograph could be set at position 4
and the acceleration sensor could be arranged between the two restrained ends.
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 Density (Kg/m3) Elastic Modulus (MPa) 

shell 7800 2.06×104 

heat insulating layer 1300 30 

propellant grain 1450 6.7 

Figure 6. Cylindrical cavity fluid-solid coupling experimental model and schematic diagram of
dimension measuring points.

In accordance with the experimental devices and conditions, the implementable ran-
dom excitation signal was adopted to measure the acoustic mode of the acoustic cavity. An
open-source toolkit could be applied to gain the white noise signal. The signal was firstly
amplified by the power amplifiers, and was transformed into acoustic pressure signals
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through high power loudspeakers. The acoustic waves entered the cylindrical-like acoustic
cavity through the hard pipelines, soft pipelines and rectifying devices successively and
were measured by pressure sensors or microphones at different positions.

2.4. Model of the Natural Frequency of the Shell in Case of Time-Varying Grain Thickness under
the Working Condition of the Solid Rocket Engine

The rocket engine parameters in related literatures [31] were referenced for the model.
The rocket engine was made of three-layer materials, i.e., shell, heat insulating layer and
propellant grain from the outside to the inside. The material parameters are listed in the
following Table 1 and the model structure is shown in Figure 1. In theoretical calculation,
the model was abstracted into a three-layer cylindrical shell. Structure of the solid rocket
engine model is shown in Figure 7.

Table 1. Material parameters of rocket engine shell.

Density (Kg/m3) Elastic Modulus (MPa)

shell 7800 2.06 × 104

heat insulating layer 1300 30
propellant grain 1450 6.7

Aerospace 2022, 9, x FOR PEER REVIEW 8 of 17 
 

 

 

Figure 7. Structure of the solid rocket engine model. 

As for the combustion parameters of the propellant grain, the combustion velocity 

was ℎ�=5 mm/s, and the propellant grain was burned out after the engine working for 13 

s. The changes of engine internal structure during grain combustion are shown in Figure 

8. The model was divided into hexahedral elements with a size of 10 mm. Element num-

bers of each model are as follows: 2s-103700, 6s-87350, 10s-63680 and 13s-54800. 

(a) (b) 

(c) (d) 

Figure 8. Changes of engine internal structure during grain combustion, (a) 2s, (b) 6s, (c) 10s and (d) 

13s. 

3. Results 

3.1. Natural Frequency of Three-Layer Cylindrical Shell 

3.1.1. Theoretical Calculation 

Theoretical calculation was carried out on the model under two boundary conditions: 

1) completely free constraint of the three-layer cylindrical shell, and 2) employment of the 

spring constraint to simulate the suspension rope in the experiment. The calculation re-

sults are shown in Table 2. 

Table 2. The first three-order natural frequencies of the model obtained through theoretical calcu-

lation. 

Order 1st Order 2nd Order 

natural frequencies of the first boundary condition (Hz) 74.72 194.16 

natural frequencies of the second boundary condition (Hz) 71.81 193.92 

3.1.2. Simulation Calculation 

Ansys simulation was utilized for the calculation of the natural frequency of the 

three-layer cylindrical shell. Modeling was conducted with solid model, with completely 

free constraints. The model was divided into 18320 hexahedral elements with a size of 10 

mm. The first six-order natural frequencies were translation and rotation in the three di-

rections, so the seventh to the ninth-order natural frequencies were the first three-order 

valid natural frequencies of the model. The first three-order natural frequencies of the 

model obtained via simulation calculation are shown in Table 3. 

  

Figure 7. Structure of the solid rocket engine model.

As for the combustion parameters of the propellant grain, the combustion velocity was
h0 = 5 mm/s, and the propellant grain was burned out after the engine working for 13 s.
The changes of engine internal structure during grain combustion are shown in Figure 8.
The model was divided into hexahedral elements with a size of 10 mm. Element numbers
of each model are as follows: 2s-103700, 6s-87350, 10s-63680 and 13s-54800.
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(d) 13 s.

3. Results
3.1. Natural Frequency of Three-Layer Cylindrical Shell
3.1.1. Theoretical Calculation

Theoretical calculation was carried out on the model under two boundary conditions:
(1) completely free constraint of the three-layer cylindrical shell, and (2) employment of the
spring constraint to simulate the suspension rope in the experiment. The calculation results
are shown in Table 2.
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Table 2. The first three-order natural frequencies of the model obtained through theoretical calculation.

Order 1st Order 2nd Order

natural frequencies of the first boundary condition (Hz) 74.72 194.16
natural frequencies of the second boundary condition (Hz) 71.81 193.92

3.1.2. Simulation Calculation

Ansys simulation was utilized for the calculation of the natural frequency of the three-
layer cylindrical shell. Modeling was conducted with solid model, with completely free
constraints. The model was divided into 18320 hexahedral elements with a size of 10 mm.
The first six-order natural frequencies were translation and rotation in the three directions,
so the seventh to the ninth-order natural frequencies were the first three-order valid natural
frequencies of the model. The first three-order natural frequencies of the model obtained
via simulation calculation are shown in Table 3.

Table 3. The first three-order natural frequencies of the model obtained via simulation calculation.

Order 1st Order 2nd Order 3rd Order

natural frequencies (Hz) 72.21 195.35 366.73

3.1.3. Experiment and Comparison

Theoretical and simulation calculations of the natural frequency of the viscoelastic
three-layer cylindrical shell are introduced in Sections 3.1.2 and 3.1.3, respectively. Their
results were compared with experimental results (Figure 9). It was found that the results of
theoretical calculation were similar to the simulation and experimental results under the
two boundary conditions with the same tendencies.
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Figure 9. Comparison of theoretical calculation and simulation calculation results with experimental
results of natural frequency of three-layer cylindrical shell.

3.2. Experimental Validation of Acoustic Mode of the Cylindrical Cavity

In this paper, finite element software ANSYS Workbench 2020 was adopted to cal-
culate the acoustic mode of the acoustic cavity in the cylindrical case, and white noise
experiment was made on the fluid-solid coupling experimental platform to validate the
acoustic frequency in the acoustic cavity in the cylindrical shell.

Figure 10 reveals the pressure amplitude-frequency characteristic curves at position 2
and 3, where the black solid lines referred to the original experimental results and the red
solid lines referred to the results after the smoothing treatment.

ANSYS Workbench software was applied to calculate and analyze the mode of internal
acoustic cavity of the shell model as shown in Figure 6, where the material parameter of air
under indoor temperature was selected with air density of 1.29 kg/m3 and average sound
speed of 345 m/s. Figure 11 presents the first four order vibration modes of the acoustic
cavity, which could be figured out as the axial vibration mode.
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Figure 10. Amplitude-frequency characteristic curves at different positions of the cylindrical
acoustic cavity.
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Different hexahedral mesh element sizes were set by using ANSYS ICEM software to
divide the mesh for the structure, so the acoustic mode of acoustic cavity with different
mesh numbers was obtained as shown in Table 4. It could be observed in the table that the
first four order natural frequencies of the acoustic cavity were not sensitive to the mesh
size, i.e., the result tended to be stable when the mesh size was smaller than 15 mm. The
mesh size of 10 mm was chosen in the acoustic mode calculation in this paper.

Table 4. Comparison of simulated values of the first four acoustic modes with different mesh sizes.

Order/Shell Quantity 39900 (20 mm) 77550 (15 mm) 114400 (10 mm) 580880 (5 mm)

1 (Hz) 97.537 97.534 97.535 97.533
2 (Hz) 195.1 195.07 195.07 195.06
3 (Hz) 292.65 292.55 292.55 292.49
4 (Hz) 390.14 389.9 389.9 389.78

3.3. Experimental Validation of Cylindrical Shell Structure Mode

Furthermore, the correctness of the calculated mode for the cylindrical shell structure
was verified using a cylindrical cavity fluid-solid coupling experimental platform. The
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model structure shown in Figure 6 was used as well. According to the experimental
conditions, this structure was experimented through the hammer impulse method.

A solid rocket presents approximately free-free boundaries during its flight, which
can be hardly realized in the laboratory environment. The methods commonly used to
simulate free boundaries include rubber rope suspension, air spring support, sponge pad
support, air cushion support, and soft flexible support or suspension. Based on the system
features and experimental conditions, the soft spring suspension constraint was selected.

The time-domain signals of acceleration sensors at different positions were acquired
through the hammer impulse method, followed by Fourier transform to acquire frequency
domain signals. It was experimentally found that the peak acceleration frequencies at
different system positions were basically identical, but the peak values were varied, which
accorded with the pressure signal laws in an acoustic cavity. Next, the acceleration sig-
nals of two sensors at different positions were taken for the analysis. The acceleration
amplitude-frequency characteristic curves monitored by the sensors 2 and 3 are displayed
in Figure 12. The low frequencies that could be easily externally excited were worthy of the
main attention.

Aerospace 2022, 9, x FOR PEER REVIEW 11 of 17 
 

 

accorded with the pressure signal laws in an acoustic cavity. Next, the acceleration signals 

of two sensors at different positions were taken for the analysis. The acceleration ampli-

tude-frequency characteristic curves monitored by the sensors 2 and 3 are displayed in 

Figure 12. The low frequencies that could be easily externally excited were worthy of the 

main attention. 

  

Figure 12. Acceleration amplitude-frequency characteristic curves at different positions of cylindri-

cal shell structure. 

The mode of the cylindrical shell structure shown in Figure 2 was computationally 

analyzed. The material parameters of ordinary steel were selected for this shell structure, 

with the structural dimensions displayed in Figure 6. The first four order vibration modes 

of the engine shell are presented in Figure 13. 

  

(a) (b) 

  

(c) (d) 

Figure 13. The first four-order vibration modes of the shell model, (a) 1st Order vibration modes, 

(b) 2nd Order vibration modes, (c) 3rd Order vibration modes and (d) 4th Order vibration modes. 

Meshes were generated for the shell structure via ANSYS ICEM by hexahedral ele-

ment. Next, the inherent vibration frequency of this engine shell under different mesh 

quantities (mesh element size) was acquired, as seen in Table 5. It could be observed that 

the first four-order inherent frequencies of the engine shell were not sensitive to the mesh 

size, i.e., the result was basically stable when the mesh size was smaller than 10 mm. In 

this study, the mesh size was chosen as 10 mm in the modal calculation of this engine 

shell. 

100 200 300 400 500

0

2

4

6

8

10

 Acceleration sensor 2
 Smoothed Signal

Frequency (Hz)

V
ib

e
ra

tio
n

 A
cc

e
le

ra
tio

n
(m

/s
2
)

128.5

326.4

428.9

591.5

0 100 200 300 400 500 600

0

2

4

6

8

10
 Acceleration sensor 3
 Smoothed Signal

Frequency (Hz)

V
ib

er
at

io
n 

A
cc

el
er

at
io

n(
m

/s
2 )

132.9

318.7

421.6

591.1

Figure 12. Acceleration amplitude-frequency characteristic curves at different positions of cylindrical
shell structure.

The mode of the cylindrical shell structure shown in Figure 2 was computationally
analyzed. The material parameters of ordinary steel were selected for this shell structure,
with the structural dimensions displayed in Figure 6. The first four order vibration modes
of the engine shell are presented in Figure 13.

Meshes were generated for the shell structure via ANSYS ICEM by hexahedral element.
Next, the inherent vibration frequency of this engine shell under different mesh quantities
(mesh element size) was acquired, as seen in Table 5. It could be observed that the first
four-order inherent frequencies of the engine shell were not sensitive to the mesh size, i.e.,
the result was basically stable when the mesh size was smaller than 10 mm. In this study,
the mesh size was chosen as 10 mm in the modal calculation of this engine shell.

Table 5. Comparison of simulated values for the first four order shell modes with different mesh sizes.

Order/Shell Quantity 10880 (15 mm) 48240 (10 mm) 86720 (7 mm) 158400 (5 mm)

1 (Hz) 133.2 132.83 132.71 132.61
2 (Hz) 311.13 310.67 310.68 310.68
3 (Hz) 446.11 442.68 441.71 441.25
4 (Hz) 603.4 597.04 595.15 594.29
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Figure 13. The first four-order vibration modes of the shell model, (a) 1st Order vibration modes,
(b) 2nd Order vibration modes, (c) 3rd Order vibration modes and (d) 4th Order vibration modes.

3.4. Inherent Characteristic of Solid Rocket Engine Shells
3.4.1. Theoretical and Simulation Calculations of Inherent Frequencies of Solid Rocket
Engine Shells

The comparison between theoretical and simulation calculation results for the natural
frequency of the rocket engine are as shown in Figure 14.
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3.4.2. Comparison between Theoretical Calculation and Simulation Calculation Results
Regarding the Changes in the Natural Frequency of the Engine under the Reduction of
Propellant Grain Thickness with Time

The natural frequency of the rocket engine shell after working for 0–13 s was calculated
theoretically and via ANSYS, respectively.

The theoretical calculation and simulation calculation results of the working time-
varying first three order inherent frequencies of the rocket engine shell are as shown in
Figure 15a–c.

After the rocket engine worked from 0 s until 13 s, the propellant grain was combusted
from the thickness of 65 mm to 0 mm, and the first-order natural frequency of this multi-
layer shell rose from about 70 Hz to 106 Hz or so. Within the initial working time, the
first-order natural frequency grew slowly, but it increased rapidly after the medium working
time, reaching the peak at 13 s (i.e., the ending time when the propellant grain was burned
out). The second-order natural frequency of the multi-layer shell grew from about 145
Hz to 282 Hz or so, reaching the peak at 13 s (i.e., the ending time when the propellant
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grain was burned out). The third-order natural frequency of the multi-layer shell grew
from about 188 Hz to 530 Hz or so. Within the initial working time, the third-order natural
frequency rose slowly, but it increased rapidly after the medium working time, reaching the
maximum value at 13 s (i.e., the ending time when the propellant grain was burned out).
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After the rocket engine worked from 0 s until 13 s, the propellant grain was com-
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Figure 15. Working time-varying first-order natural frequency of the rocket engine shell, (a) 1st Order
natural frequency, (b) 2nd Order natural frequency (c) 3rd Order natural frequency.

3.4.3. Acoustic Mode of Internal Acoustic Cavity of the Solid Rocket Engine

After the rocket engine worked from 0 s until 13 s, the minimum diameter of the
internal acoustic cavity rose from 23 mm to 153 mm. The calculation method in Section 3.4.2
was utilized. The acoustic cavity model is shown in Figure 9, with the temperature of 3000
K, the density of 12.35 Kg/m3, and the sound speed of 1098.2 m/s. The acoustic mode
of the acoustic cavity at each moment was obtained through finite element calculation.
Figure 16 displays the comparison of natural frequencies of the acoustic cavity and the
shell structure over combustion time.

Aerospace 2022, 9, x FOR PEER REVIEW 13 of 17 
 

 

working time, reaching the peak at 13 s (i.e., the ending time when the propellant grain 

was burned out). The second-order natural frequency of the multi-layer shell grew from 

about 145 Hz to 282 Hz or so, reaching the peak at 13 s (i.e., the ending time when the 

propellant grain was burned out). The third-order natural frequency of the multi-layer 

shell grew from about 188 Hz to 530 Hz or so. Within the initial working time, the third-

order natural frequency rose slowly, but it increased rapidly after the medium working 

time, reaching the maximum value at 13 s (i.e., the ending time when the propellant grain 

was burned out). 

3.4.3. Acoustic Mode of Internal Acoustic Cavity of the Solid Rocket Engine 

After the rocket engine worked from 0 s until 13 s, the minimum diameter of the 

internal acoustic cavity rose from 23 mm to 153 mm. The calculation method in Section 

3.4.2 was utilized. The acoustic cavity model is shown in Figure 9, with the temperature 

of 3000 K, the density of 12.35 Kg/m3, and the sound speed of 1098.2 m/s. The acoustic 

mode of the acoustic cavity at each moment was obtained through finite element calcula-

tion. Figure 16 displays the comparison of natural frequencies of the acoustic cavity and 

the shell structure over combustion time. 

0 2 4 6 8 10 12

100

200

300

400

500  1st Order of Cavity 
 1st Order of Structure
 2nd Order of Structure
 3rd Order of Structure

Time (s)

F
re

q
u

e
n
cy

 (
H

z)

 

Figure 16. Natural frequencies of the acoustic cavity and the shell structure over working time. 

4. Discussion 

4.1. Natural Frequency of Three-Layer Cylindrical Shell 

Under the second boundary condition, the theoretical calculation results were closer 

to the experimental results, possibly due to the fact that the second boundary condition is 

closer to the experiment since there will inevitably be errors in practice although the com-

pletely free constraint condition is simulated in the experiment as much as possible. More-

over, the simulation calculation results were closer to the theoretical calculation results 

under the first boundary condition. It is due to the fact that the completely free constraints 

in the simulation calculation are more in line with the constraint condition of the theoret-

ical calculation under the first boundary condition. 

Based on comparison of theoretical calculation results with experimental results, the 

correctness of theoretical algorithm was proved. The theoretical algorithm can also be 

adopted to solve for the natural frequency of other three-layer cylindrical shells with a 

viscoelastic core. Additionally, the correctness of the simulation method was also con-

firmed. Hence, it offers a method for calculating the natural frequency of three-layer cy-

lindrical shells with a viscoelastic core of a complex structure. 

4.2. Experimental Validation of Acoustic Mode of the Cylindrical Cavity 

It could be figured out that the cylindrical-like acoustic cavity used in the experiment 

showed four obvious peaks lower than 500 Hz. The peak frequencies measured at two 

measuring points presented good consistency but different values, and the rule of acoustic 

Figure 16. Natural frequencies of the acoustic cavity and the shell structure over working time.

4. Discussion
4.1. Natural Frequency of Three-Layer Cylindrical Shell

Under the second boundary condition, the theoretical calculation results were closer
to the experimental results, possibly due to the fact that the second boundary condition
is closer to the experiment since there will inevitably be errors in practice although the
completely free constraint condition is simulated in the experiment as much as possible.
Moreover, the simulation calculation results were closer to the theoretical calculation results
under the first boundary condition. It is due to the fact that the completely free constraints
in the simulation calculation are more in line with the constraint condition of the theoretical
calculation under the first boundary condition.

Based on comparison of theoretical calculation results with experimental results, the
correctness of theoretical algorithm was proved. The theoretical algorithm can also be
adopted to solve for the natural frequency of other three-layer cylindrical shells with a
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viscoelastic core. Additionally, the correctness of the simulation method was also confirmed.
Hence, it offers a method for calculating the natural frequency of three-layer cylindrical
shells with a viscoelastic core of a complex structure.

4.2. Experimental Validation of Acoustic Mode of the Cylindrical Cavity

It could be figured out that the cylindrical-like acoustic cavity used in the experiment
showed four obvious peaks lower than 500 Hz. The peak frequencies measured at two
measuring points presented good consistency but different values, and the rule of acoustic
pressure measured at the other two measuring points also kept consistent with the above-
mentioned. The acoustic pressure in the acoustic cavity was not only a function of time
but also a function of spatial position, which might be the reason for the same acoustic
pressure peak frequency and different peak values at different measuring points. It was
also found in the experiment that the change of shell constraint form exerted few effects on
the acoustic mode of the internal acoustic cavity.

Table 6 exhibits the comparison between the simulated value and experimental value
of the first four order modes of the acoustic cavity and it could be found that the two values
were close. The minimum error value was 1.7% and the maximum error value was 4.34%,
both of which were less than 5%. The possible reasons for the errors are as follows:

1. The acoustic waves produced from the loudspeakers were not directly connected to
the entrance of the acoustic cavity, but transmitted through the pipelines, so long
pipelines would have influences on the acoustic vibration.

2. The models for modal calculation were relatively ideal, but the acoustic cavity in the
pipelines of the experiment was linked to a part of rectifying devices. Therefore, the
measured acoustic mode might be that of the whole system.

Table 6. Comparison between the simulated value and experimental value of the first four order modes.

Order/Gird Number Experiment (Hz) Simulation (Hz) Error Value

1 (Hz) 100.9 97.535 −3.34%
2 (Hz) 191.8 195.07 1.7%
3 (Hz) 283.7 292.55 3.23%
4 (Hz) 407.6 389.9 −4.34%

Despite slight errors, the experimental and theoretical values of acoustic frequency in
acoustic cavity showed good consistency, so it can be believed that the simulation methods
are credible in the acoustic mode calculation of complex cavity.

4.3. Experimental Validation of Cylindrical Shell Structure Mode

It could be discovered from Figure 13 that four peak accelerations appeared mainly
within 600 Hz, the frequencies measured by the two sensors were fairly consistent, and the
maximum peak frequency error was 0.75%, which was also ascribed to the spatial position
difference between the measuring points.

The simulated values and experimental values of the first four order inherent frequen-
cies of this engine shell were compared (Table 7). It appeared that the two were relatively
approximate, with the minimum error of −0.053% and the maximum error of 5%, both of
which were not greater than 5%. The possible reasons for such errors were analyzed as
follows: The free boundary was simulated using soft spring suspension in the experiment
instead of a real free boundary. The experimented structure could not be completely sep-
arated from the experimental bench, and the acceleration sensors were arranged on the
pipeline, which might bring about additional concentrated mass.

Despite slight differences, the experimental value and theoretical value of the natural
frequency of this engine shell were fairly consistent. Therefore, the simulation method can
be considered reliable and applicable to the modal calculation of complex shells.
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Table 7. Comparison of the first four order inherent frequencies obtained through shell simulation
and experiment.

Order/Gird Number Experiment (Hz) Simulation (Hz) Error Value

1 (Hz) 132.9 132.83 −0.053%
2 (Hz) 318.7 310.67 −0.25%
3 (Hz) 421.6 442.68 5%
4 (Hz) 591.1 597.04 1%

4.4. Inherent Characteristic of Solid Rocket Engine Shells

According to the comparison between theoretical and simulation calculation results for
the natural frequency of the rocket engine (Figure 14), the first-order natural frequency had
the smallest error (1.96%), whereas the third-order natural frequency had the largest error
(5.98%). The trend of the two calculation results was consistent, so simulation calculation
can be adopted to calculate natural frequency of the rocket engine, a multilayer shell.

It could be observed from Figure 16 that the simulation calculation results of the
working time-varying first three order inherent frequencies of the rocket engine shell
accorded with the theoretical calculation results from the angle of variation trend. With the
increase in the working time, the propellant grain was gradually combusted, indicating the
gradual reduction of grain thickness, and the natural frequency of this engine shell showed
a gradual increasing trend, with a more rapid increase in high-order frequency.

According to Figure 16, the first-order acoustic frequency was far away from the
first-order natural frequency of the structure, but the difference was decreased as the grain
combusted. In the middle and late combustion phases, the first-order acoustic frequency
intersected with the curves of the second- and third-order natural frequencies, implying that
when the gas in the internal acoustic cavity oscillates at the first-order acoustic frequency,
there may be a resonance between the shell structure and the internal acoustic cavity. It
will be quite dangerous in the case of such a resonance.

5. Conclusions

The shell structure of the solid rocket engine is similar to a multi-layer thin-walled
cylindrical cavity with a large aspect ratio. In this study, the simulation calculation mode
accuracy for the shell structure and acoustic cavity were verified on the cylindrical cavity
fluid-solid coupling experimental platform established. Furthermore, the simulation and
theoretical calculations were performed on the finite element model of the solid rocket
engine constructed, and the results were compared and analyzed. It was discovered that
as the propellant grain of the solid rocket engine was gradually combusted, the grain
thickness gradual declined, while the natural frequency of the engine shell was gradually
elevated. Moreover, finite element calculation of the acoustic mode of the internal acoustic
cavity was carried out, and the results revealed that there might be a resonance between
the acoustic cavity and the shell structure, which should be avoided as much as possible
in engineering.

Since the acoustic field and combustion coupling as well as the shell vibration may
both lead to unstable combustion, the unstable combustion can be even intense due to the
resonance of acoustic field and shell structure. This circumstance can be avoided as far as
possible by structural checking means such as simulation and experiment in the future R &
D design.

The abovementioned studies manifest that in the final working stage of a solid rocket
engine, the shell structure may resonate with the internal acoustic cavity, thus leading to
fierce pressure oscillation-induced unstable combustion and further trigger the damage
and even disintegration of this rocket engine. This renders a new idea for designing and
checking solid rocket engine structures in the future.

Due to the increasingly stringent requirements for weight reduction, the current solid
rocket motor casings are mostly made of carbon fiber composite materials. In the follow-up
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research, the shell material can be replaced with carbon fiber composite material to study
the influence trend of the material change on the coupled vibration.
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