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Abstract: In a high-temperature test of the gas generator with a free-loading composite propellant, an
abnormal jitter appeared in the latter part of the internal ballistic curve, whereas no such abnormality
was observed in the low-temperature and normal-temperature tests. To investigate the cause, quasi-
steady-state simulations of the internal flow field, as well as strength and buckling simulations of
the grain, were conducted. The strength simulation revealed that the maximum stress experienced
by the composite propellant during operation at 323 K is 0.7 MPa, which is lower than the ultimate
stress of the grain (1.01 MPa), indicating no stress failure. The buckling simulation demonstrated
that the instability arises from an imbalance of pressure on the inner and outer surfaces of the
grain. In the original structure, the ventilation effect on each surface of the grain varied with the
regression of the burning surface, leading to a pressure imbalance on the inner and outer surfaces
of the composite propellant. Consequently, a non-ablative cladding layer was applied to ensure
that the ventilation effect of each channel remains constant. The simulation demonstrated that the
pressure on the surfaces of the composite propellant gradually balanced with the operation of the
gas generator. Upon retesting at high temperatures, no abnormal jitter was observed in the internal
ballistic curve. This indicates that maintaining a constant ventilation area for the combustion chamber
and preventing changes in the ventilation effect can ensure the structural integrity of the composite
propellant during operation. The working state of the composite propellant with this non-ablative
cladding layer is not affected by variations in the design of the solid rocket motor. This approach
enhances the adaptability and reliability of the free-loading composite propellant under different
motor structures.

Keywords: abnormal interior ballistic curve; gas generator; structural integrity of composite
propellant; pressure imbalance; non-ablative coating layer

1. Introduction

Composite solid propellant is a type of viscoelastic energetic material composed of
binder, oxidant, plasticizer, metal fuel, and functional additives. It possesses good energy,
excellent interior ballistic properties, outstanding mechanical characteristics, and a long
service life [1,2]. Its modulus is smaller than that of double-base propellant and modified
double-base propellant. Liu et al. [3] conducted a study on the aluminum agglomeration
in the combustion process of aluminized composite propellants using experimental and
numerical methods. Zhang et al. [4] investigated the prediction of the structural integrity
of nitrate ester-plasticized polyether propellant (NEPE) under asymmetric tension and
compression. Wu et al. [5] observed that the tensile and compressive modulus of composite
propellant decrease with increasing ambient temperature. Currently, research on the
structural integrity of composite propellants primarily focuses on the curing and cooling
process [6] and the ignition process [7,8]. Degirmenci and Ercan et al. [9] conducted a
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thermomechanical analysis of the combustion of double-base propellants in the barrel.
There are few studies on the structural integrity of free-loading composite propellants.
Deng et al. [10] examined the structural integrity of free-loading propellants in solid
rocket motors under low temperatures. Zheng et al. [11] explored the fragmentation
phenomenon of free-loading propellants with a large aspect ratio during high-temperature
working processes.

In the process of developing and producing solid rocket motors, it is necessary to con-
duct numerous tests to assess the actual performance, structural integrity, and operational
reliability of the motors. These tests are essential for obtaining the internal ballistic curve of
the motor and determining whether it functions normally and meets the predetermined
tactical and technical indicators. Currently, there is extensive research on the ignition pres-
sure peak during the ignition stage. Zhang et al. [12] investigated the impact of multiple
tubular grains on the initial pressure peak of solid rocket motors. Liu et al. [13] examined
the effect of varying quantities of ignition powder on the ignition pressure peak. Guan
et al. [14] explored the influence of erosion combustion on the ignition pressure under
lateral overload conditions.

The reasons for the abnormal pressure peak in the ignition stage can be summarized
as follows. (1) The flow coefficient of the ignition motor is too large. (2) The opening
pressure of the nozzle cover is too high. (3) Impulse damage to the grain at the moment of
ignition. (4) Erosion combustion. (5) The structure of the propellant, tail, and nozzle of the
motor creates a non-fluent flow field area. (6) There are internal quality defects in the grain.
(7) The nozzle throat is blocked by a foreign body.

Research on the abnormal internal ballistic curve in the middle and late stages of the
motor working process mainly focuses on unstable combustion. Chen et al. [15] investigated
the unstable combustion of solid rocket motors with a large aspect ratio. Gao et al. [16]
examined the influence of flight overload on the unstable combustion of solid rocket motors.
Hu et al. [17] analyzed the unstable combustion of solid rocket motors with wing-column
grain. Numerous studies have shown that unstable combustion is usually accompanied by
noticeable abnormal curve oscillations.

The internal ballistic curve of the gas generator was normal in the low-temperature
test and the normal temperature test, while pressure fluctuations occurred in the later
stages of the high-temperature test. Preliminary analysis suggests that the structural
integrity of the composite propellant was compromised due to a decrease in its modulus
at high temperatures. The pressure fluctuations observed during the high-temperature
test differ significantly from the violent pressure shock phenomenon associated with
unstable combustion. Therefore, we should explore other factors contributing to the
structural integrity damage of the composite propellant. During the high-temperature
test of the gas generator, quasi-steady-state simulations of the internal flow field, strength
simulations of the grain, and buckling simulations of the grain were conducted. Strength
simulations were used to assess whether the composite propellant experienced damage due
to stress, while buckling simulations were employed to identify potential instability failures.
These methods are commonly utilized in the analysis of instability failures in concrete
structures [18] and metal structures [19]. After identifying the causes of structural integrity
damage to the composite propellant, improvement schemes were proposed, followed by
simulation and experimental verification of the proposed improvements. The findings can
serve as a reference for the design and verification of gas generators or motors utilizing
free-loading composite propellant grains, thereby enhancing the adaptability and reliability
of such propellants across different motor structures.

2. Description of Abnormal Phenomena in Interior Ballistic Curves

The range of the operating temperature for modern solid rocket motors is extensive.
Based on practical considerations, it is necessary for the temperature range to be maintained
from at least 233 K to 323 K. Consequently, the performance requirements for the propellant
grain are very stringent. In comparison to double-base propellant and modified double-
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base propellant, composite propellant exhibits higher energy and density but has a lower
modulus. Additionally, as the temperature rises, the modulus of the composite propellant
decreases further, leading to specific challenges in maintaining the structural integrity of
the composite propellant.

Low-temperature tests (283 K), normal temperature tests (293 K), and high-temperature
tests (323 K) were conducted for the designed gas generator. The design of the gas generator
is illustrated in Figure 1, while the pressure curves are depicted in Figure 2.

Figure 1. The designed gas generator.
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Figure 2. Pressure curves across various temperature conditions.

It can be observed that the internal ballistic curves of the low-temperature test and
the normal-temperature test are normal. However, during the high-temperature test,
pressure fluctuations occur in the later stages of the operating process, specifically when
the combustion chamber pressure reaches 12 MPa. The abnormal interior ballistic curve
is attributed to the elevated temperature, primarily impacting the physical and chemical
properties of the propellant grain. The high temperature exacerbates the reduction in the
modulus of the composite propellant, necessitating an investigation into the structural
integrity damage of the composite propellant within a high-temperature environment
during operation.

3. Simulation Analysis of the Flow Field

To address the abnormal phenomenon observed in the interior ballistic curve during
the high-temperature test, quasi-steady state simulations of the flow field were conducted
at various regression times of the combustion surface within the combustion chamber.
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This allowed for the analysis of the flow field within the combustion chamber and the
assessment of pressure distribution on the surface of the grain at different time intervals.

3.1. Physical Model

The grain of the gas generator is composed of a gear-shaped composite propellant
with six teeth on the exterior. The three-dimensional diagram of the composite propellant is
depicted in Figure 3. During the motor’s operation, the initial burning surface of the grain
encompasses the inner hole surface, the front end surface, and the outer tooth surfaces.
The tail end surface of the composite propellant is coated with an ablative cladding layer.
It is assumed that the grain uniformly regresses and the three-dimensional diagrams of
the grain at various regression times of burning surfaces are displayed in Figure 4. As the
burning surfaces regress, the diameter of the inner hole of the ablative cladding layer also
increases. The internal fluid domain of the motor is extracted at different time intervals
for quasi-steady-state simulation. Due to the significant computational resources required
for quasi-steady-state simulation, the fluid domain of the gas generator is modeled as a
1/2 model.

Ablative cladding layer

Composite propellant

Figure 3. A three-dimensional diagram of gear-shaped composite propellant.

Figure 4. Cont.
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Figure 4. Three-dimensional diagrams of grain at various regression times of burning surfaces:
(a) Regress 5 mm; (b) Regress 7.5 mm; (c) Regress 10 mm; (d) Regress 12.5 mm; (e) Regress 15 mm;
(f) Regress 17.5 mm; (g) Regress 20 mm; (h) Regress 22.5 mm.

3.2. Mathematical Models

Based on the actual operational conditions of the solid rocket motor and the character-
istics of the internal flow field, the following assumptions are made:

(@) The regression of the combustion surface adheres to the parallel layer theory, ensuring
uniform regression distance for each combustion surface;

(b) The mixed gas resulting from combustion behaves as an ideal compressible gas. The
specific heat capacity at constant pressure remains constant and does not vary with
temperature;

(c) The effects of erosion combustion are disregarded;

(d) The results obtained from the quasi-steady-state simulation of the flow field at differ-
ent regression stages of the burning surface represent the actual flow field within the
combustion chamber at those respective times.

This study uses three-dimensional simulation, so the N-S equation in the form of weak
conservation in the three-dimensional coordinate system [20] is selected, which is based on
the state equation, mass conservation equation, momentum conservation equation, and
energy conservation equation.

State equation:

P = pRT )
Mass conservation equation:
dp  9(pu)  d(pv) I(pw) _
o T ox oy oz Y @

The momentum conservation equation in the x direction:

dou  d(puu)  d(puv)  d(puw)  OP 1 [0Txx  OTay | 0Ty

ar T T dy T ox  Re\ox © dy s ®)
The momentum conservation equation in the y direction:

dpv  d(pvu) I(pvv) O(pvw) OP 1 [(dTyy 0Ty  OTyz

or T Tox dy T +@ “Rel\ox dy RFE @)
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The momentum conservation equation in the z direction:
dpw  d(puw) d(pwv) d(pww) 9P 1 [(0Tx; OTyz 0Tz
Dl 5
81&+ ox + ay * 0z +BZ Re \ ox 8y+az ©)
Energy equation:
9pe) | I(pue) (pve) a(pm) Ipu) | 9pv) | dpw) _
oF T Tox T + ottt =
1 a(TxxM+Tny+sz‘w+q() 1 (T U Ty 0+ Tz w4y ©)
Re ox + re dy
1 (T Ty 0+ Tz 4z )
+re oz

In the above equations, ¢ = % + l(u2+vz+w2) Tex = %y(v?) + Zy%,

Ty = 3u(V0) + 208, e = $u(VF) + 202, Ty = V(a” + ay) e = (3 + 3,
Ty, = y(g—zz’ + aa—;’),qx =KL, g, = KaT,qZ =K, and V- v = =du 4 %o ;T coy

In these formulas, u, v, and w are the velocity components in x, y, and z directions,
respectively. p is gas density; T is the gas temperature; P is gas pressure; y is the gas
dynamic viscosity coefficient; K is the gas thermal conductivity; v is the specific heat ratio;
Re is the Reynolds number; and R is the gas constant.

The turbulence model employed is the k-wSST two-equation turbulence model. Dur-
ing the operation of the solid rocket motor, highly complex turbulence phenomena occur
within the gas flow inside the combustion chamber. Therefore, selecting the appropriate
turbulence simulation method and model is crucial for simulating turbulent flow under
various conditions. The k-w SST two-equation turbulence model, widely used in engineer-
ing, accounts for the influence of turbulent shear stress transport processes. This makes the
model suitable for both low Reynolds number effects and areas of turbulence far from the
wall. Consequently, the k-w SST two-equation turbulence model is utilized in this simula-
tion. Introduced by Menter F R [21] in 1993, the k-w SST two-equation turbulence model,
also known as the shear stress transport k-w model, is a hybrid model. It incorporates a
transverse dissipation derivative term absent in the standard k-w model, thus accounting
for turbulent shear stress transport in defining turbulent viscosity.

The transport equation of the k-wSST two-equation turbulence model is as follows:

+ P, — B*pwk 7)

d d d ok
o1 PR+ 5 (k) = o % (4 + i) 5 x;

5(00) + e peous) = 2 [ + o) 32
+2XP, — Bow? +2(1 — F) 2. 3k ow

vk w axj ax]

(8)

In the formula, y is molecular viscosity; 8*, 0k, v, B, 0w, and 0,2 are constant co-
efficients; and the right side of Equation (7) is the diffusion term, the turbulent kinetic
energy generation term Py, and the dissipation term. The last item of Equation (8) is the
cross-diffusion term.

The SST k-w model is calculated by mixing the k-w turbulence model and the k-¢
turbulence model. The coefficients of the inner k-w turbulence model are 03; = 0.85,
0w1 = 05,81 = 0.075, B« = 0.09,and y; = 0.5532. The outer k-¢ turbulence model is
transformed into the form of k-w turbulence model and the coefficients of the transformed
turbulence model are taken as oy, = 1.0, 0yp = 0.856, B, = 0.0828, B* = 0.09,and v, = 0.44,
respectively.

The eddy viscosity coefficient of SST k-w turbulence model is expressed as

ﬂlk

e = max(ajw, OF)
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In the formula, a4, is the Bradshaw constant, take 0.31; () is the absolute value of

= —
vorticity, ) = ‘ A x V’ (V is the velocity vector of flow); and F; is the switching function. In

the SST k-w turbulence model, for wall turbulence, F; = 1, and for free shear turbulence,
F,=0.

The expression of the switching function F is
F, = tanh (arg%) (10)
2vk 500y
= 11
18y = Mmax <0.09wy’ py2w> (1)

Meanwhile, the wall surface adopts the standard wall function. All the burning

surfaces of the composite propellant of the solid rocket motor are ignited, with the input of
mass source term, momentum source term, and energy source term.

3.3. Composite Propellant Parameters and Boundary Conditions

The parameters of the composite propellant and the gas are in Table 1.

Table 1. Parameters of the composite propellant and the gas.

Objects Parameters Values
Density / (kg/m?3) 1660
. Burning rate under 10 MPa and 300 K/(mm/s) 37
The composite propellant The pressure sensitivity coefficient n 0.3
The temperature sensitivity coefficient ar 0.0032
The total gas temperature Tc/(K) 1380
The gas The molecular weight/(g/mol) 26.885
The specific heat capacity/(J / (Kg*K)) 2975.3

(A)

(B)

©

(D)

The simulation boundary conditions are as follows.

The 0.5 mm thin layer of the fluid domain on the burning surface of the propellant is
designated as the source term. The combustion of the propellant is simulated based
on its properties and the properties of the gas. The burning surface can input the gas
with corresponding mass, momentum, and energy;

The simulation only considers the fluid domain, with its walls being adiabatic. Energy
exchange with the propellant and shell is not accounted for;

The outlet is set as the pressure-outlet with a pressure of 101,325 Pa and an ambient
temperature of 323 K. In the supersonic calculation of the ideal gas, outlet properties
will be calculated using the difference method;

Considering the symmetry of the model, the model section is set as the symmetric
boundary.

3.4. Grid Independence Verification

Because the structure of the gas generator is irregular, we employ the unstructured

grid generation method to analyze grid independence by using different grid sizes. When
the residuals tend to stabilize, we consider the calculation results accurate and then we
extract the calculation results for analysis. Table 2 grid independence verification displays
the pressure calculated by the numerical simulation under different grid settings.

According to Table 2 grid independence verification, as the grid size increases, the

deviation in the calculation also increases. To balance calculation accuracy and efficiency,
we opted for a grid size of 2.5 mm.
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Table 2. Grid independence verification.
The Grid Size Number of Grids Pressure Calculated by Simulation (MPa)
1.5 mm 6,024,178 12.51
2 mm 4,208,421 12.52
2.5 mm 2,085,216 12.51
3 mm 1,090,030 12.41
3.5mm 854,927 12.29
4 mm 722,313 12.25
4.5 mm 673,577 12.25
5 mm 573,433 12.02

3.5. Validation Study on the Model

We set the ambient temperature to 283 K, 293 K, and 300 K, respectively, to simulate
the low, normal, and high-temperature experiments. The combustion chamber pressure
when the grain thickness is only 1 mm is calculated by simulation and compared with the
experimental pressure to verify the accuracy of our model. The comparison between the
experimental pressure and the pressure calculated by simulation is shown in Table 3.

Table 3. Comparison of experimental and simulated pressure data.

Pressure Calculated by Simulation The Pressure Obtained from the

The Ambient Temperature (MPa) Experiment (MPa) Error
283 K 11.89 12.68 6.2%
293K 12.51 13.11 4.6%
323K 13.95 14.61 4.5%

According to Table 3, the error between simulation and experiment is less than 10%,
proving the accuracy and effectiveness of our model. Additionally, we conducted numerous
experiments at normal temperatures. The experimental pressure curves are depicted in
Figure 5, indicating that the maximum pressure in the combustion chamber at normal
temperature ranges from 12.42 MPa to 13.11 MPa. Our simulation results fall within this
range, further validating the accuracy of our model.

14 -

12

13.11

12.51

-
o
|

o2}
1

Pressure/MPa (MPa)

T
08 10 12 14 186
Time/s (s)

T
-02 00 02 04 06

Figure 5. Experimental pressure curves at normal temperature.



Aerospace 2024, 11, 326

9 of 17

Pressure(MPa)

3.6. Analysis of Simulation Results

Based on the numerical simulation model established in this paper, a quasi-steady-state
numerical simulation analysis of the internal flow field of the solid rocket motor at different
regression moments of the burning surface at different temperatures was conducted. The
surface pressure cloud diagrams of the composite propellant at high temperature (323 K)
are displayed in Figure 6, while the pressure values of the inner and outer surfaces of the
composite propellant at different temperatures are depicted in Figure 7.

(@) {b) () {d)
(e) (f) (@) {h)
Figure 6. The pressure cloud diagrams of the combustion surface at various regression times at 323 K:

(a) Regress 5 mm; (b) Regress 7.5 mm; (c) Regress 10 mm; (d) Regress 12.5 mm; (e) Regress 15 mm;
(f) Regress 17.5 mm; (g) Regress 20 mm; (h) Regress 22.5 mm.

—=— The pressure on the outer surface(323K)
—e— The pressure on the outer surface(293K)
——The pressure on the outer surface(283K)
—=—The pressure on the inner surface(323K)
—e— The pressure on the inner surface(293K)
—4—The pressure on the inner surface(283K)

14 — —s— Pressure difference between inner and outer surfaces(323K) -14 ~0.15
—e— Pressure difference between inner and outer surfaces(293K) 323K
{ 01182 _. pressure difference between inner and outer surfaces(283K)
12 203Kk~ 12 0.10
283K
10 A -10 |-0.05
8 O ls Looo
6 -6 [-0.05
4 -4 1-0.10
-0.11
2 T T T T 1 T " T 7 2 =-0.15

— —
6 8 10 12 14 16 18 20 22 24
The distance of burning surface regression (mm)

Figure 7. The pressure values of the inner and outer surfaces of the grain at various regression times
of the burning surface at different temperatures.
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From the operation of the gas generator, it is evident that as the burning surface
regresses, the high-pressure zone on the propellant surface gradually shifts from the middle
of the inner aperture towards the head and subsequently transfers to the outer surface of
the gear-shaped propellant. Consequently, the pressure on the outer surface exceeds that of
the inner aperture. This phenomenon arises from the progressive expansion of the inner
aperture as the combustion surface regresses, leading to improved gas ventilation within
the aperture. Meanwhile, the ventilation effect on the outer surface remains unchanged as
the area of the elongated stripe apertures remains constant.

At the same time, the burning rate of composite propellant is different under different
temperature conditions. Under high-temperature conditions, the burning rate of composite
propellant is higher, resulting in a greater pressure difference between the inner and outer
surfaces. The maximum pressure differential between the inner and outer surfaces occurs
at 323 K when the combustion surface regresses by either 5 mm or 20 mm. At a regression
of 20 mm, the combustion chamber pressure reaches approximately 12 MPa, consistent
with the pressure fluctuations observed during high-temperature testing.

4. Analysis of Structural Integrity of Grain under Unbalanced Pressure

The physical properties of the composite propellant at different temperatures are
shown in Table 4. According to the pressure distribution of the burning surface at different
regression times, strength and buckling analyses were conducted for the propellant with
different regression distances at different temperatures. The simulation results are shown
in Figures 8 and 9.

Table 4. Physical properties of the composite propellant at different temperatures.

The Ambient Temperature The Young’s Elastic Modulus (MPa) The Poisson’s Ratio The Ultimate Strength (MPa)
283 K 15 0.485 1.68
293 K 8 0.488 1.58
323K 3 0.495 1.01

—=— Magnitude of stress(323K)
—— Magnitude of stress(293K)
—— Magnitude of stress(283K) _1s8 -20
1.4 I I
1.58MPa 16 [ 1.8
= i L
S, 1.68MPa L4 16
% .
? 1.01MPa L, [
g 1.0 4 1.2 |
n -1.2
Y
o -~10 |
D 0.8 4 -1.0
g 0.7MPa
:.é -/. - 0.8 L 0.8
ST /_/ 0.67MPa [ :
@© V-0 . L
= - . = . o6 |
/.// /:/ \0/0.64MP8_ I 06
0.4 - H e -04 Lo4
T 1 T T |

— T L L T
6 8 10 12 14 16 18 20 22 24
The distance of burning surface regression (mm)

Figure 8. The stress values of the grain at various regression times at different temperatures.
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B Eigenvalue of buckling analysis(323K)
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Figure 9. The buckling eigenvalues of grain at various regression moments at different temperatures.

From Figure 8, it can be observed that as the burning surface retreats, the stress value
of the grain gradually increases, reaching its maximum when the burning surface retreats
by 22.5 mm. The maximum stress at 323 K is 0.7 MPa, which is below the ultimate stress
threshold (1.01 MPa), the maximum stress at 293 K is 0.67 MPa, which is below the ultimate
stress threshold (1.58 MPa), and the maximum stress at 283 K is 0.64 MPa, which is below
the ultimate stress threshold (1.68 MPa), indicating that the grain does not experience
stress failure.

According to the principles of buckling analysis, the buckling eigenvalue represents
the safety factor of the structure against instability. When the eigenvalue falls between 0
and 1, the structure becomes unstable, whereas a negative eigenvalue indicates stability. As
depicted in Figure 9, with the regression of the burning surface, the buckling eigenvalue of
the grain initially becomes negative and then transitions to a positive value and gradually
diminishes. From Figure 9, we can see that the lower the temperature, the greater the
eigenvalue of the buckling analysis and the less prone to instability of the grain. Once
the burning surface regresses by 20 mm at 323 K, the buckling eigenvalue of the grain
falls within the range of 0 to 1, signifying destabilization and consequential damage to
structural integrity. In accordance with quasi-steady-state analysis, the pressure within the
combustion chamber measures 12 MPa when the combustion surface retreats by 20 mm
at 323 K, which closely aligns with the fluctuation position of the internal ballistic curve
during high-temperature testing. By scrutinizing the pressure distribution of the burning
surface in quasi-steady-state grain simulations, it is evident that during the initial stages
of burning surface regression, the inner surface experiences higher pressure compared
to the outer surface, causing outward expansion and tension in the grain. Consequently,
the buckling analysis eigenvalue remains negative, indicating stability. However, as the
burning surface continues to regress, the pressure on the outer surface surpasses that of
the inner surface, leading to overall compression and inward contraction of the grain.
Under this compression state, even minor load excitations can induce instability, thereby
compromising the structural integrity of the grain.
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5. Utilizing Non-Ablative Cladding Layers for Improvement

According to the simulation analysis, it is evident that the instability of the grain,
caused by the imbalance between internal and external pressures, is the primary reason
for the abnormal internal ballistic curve of the gas generator. Therefore, it is advisable to
maintain the ventilation effect of the grain consistent with the regression of the combustion
surface, mitigate the pressure imbalance between the inner and outer surfaces of the
grain, and minimize the likelihood of grain instability to ensure its structural integrity.
Consequently, a non-ablative cladding layer is chosen for improvement, as illustrated in the
schematic in Figure 10. The three-dimensional diagrams of the grain at various regression
times of the burning surfaces post-improvement are depicted in Figure 11.

non-ablative cladding layer

Composite propellant

Figure 10. Schematic of a non-ablative cladding layer.

(d

) f)

) (e (
() (h)

Figure 11. The three-dimensional diagrams of the grain at different regression times of burning
surfaces post-improvement: (a) Regress 5 mm; (b) Regress 7.5 mm; (c) Regress 10 mm; (d) Regress
12.5 mm; (e) Regress 15 mm; (f) Regress 17.5 mm; (g) Regress 20 mm; (h) Regress 22.5 mm.
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5.1. Simulation Analysis of the Non-Ablative Cladding Layer Scheme

To assess the effectiveness of the non-ablative cladding layer for improvement, we
employed the same simulation method to simulate the internal flow field at various re-
gression times of combustion surfaces. The pressure distribution cloud diagrams of the
combustion surfaces at 323 K are presented in Figure 12, while the pressure values of the
inner and outer surfaces of the grain at different temperatures are depicted in Figure 13.
Surface pressure data at different regression times at different temperatures were extracted
for strength and buckling analyses of the grain. The simulation findings are illustrated in
Figures 14 and 15.

(a) (b) (c) (d)
(e) (f) (8) (h)

Figure 12. The pressure cloud diagrams of the burning surfaces at various regression times at 323 K

post-improvement: (a) Regress 5 mm; (b) Regress 7.5 mm; (c) Regress 10 mm; (d) Regress 12.5 mm;
(e) Regress 15 mm; (f) Regress 17.5 mm; (g) Regress 20 mm; (h) Regress 22.5 mm.
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Figure 13. The pressure values of the inner and outer surfaces of the grain at various regression times
at different temperatures post-improvement.
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Figure 14. The stress values of the grain at various regression times at different temperatures
post-improvement.
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Figure 15. The buckling eigenvalues of the grain at various regression times at different temperatures
post-improvement.

From the simulation results, it is observed that as the burning surface regresses,
the high-pressure area on the grain’s surface gradually shifts from the middle section of
the inner hole to the tail section. Consequently, the pressure on the inner hole’s surface
consistently exceeds that on the outer surface and the pressure difference between the inner
and outer surfaces gradually diminishes. At the same time, the lower the temperature, the
smaller the pressure difference between the inner and outer surfaces of the grain.
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From the stress diagram, we can observe that as the burning surface regresses, the
stress of the grain gradually increases, reaching a maximum of 0.74 MPa when the burning
surface retreats by 22.5 mm at 323 K. However, the stress experienced by the grain remains
below the ultimate stress threshold, indicating that the grain would not undergo stress
damage under all temperature conditions.

From the simulation results of the buckling analysis, it is evident that as the burning
surface regresses, the absolute value of the buckling eigenvalue of the grain gradually
decreases. However, all the buckling eigenvalues are negative, indicating that the grain
remains stable. Analyzing the pressure distribution on the burning surface of the grain in
the quasi-steady simulation reveals that when the non-ablative coating layer is applied,
the pressure on the inner surface of the grain exceeds that on the outer surface, causing
the grain to expand outward and be subjected to tension. Despite this, instability does not
occur, ensuring the structural integrity of the grain.

5.2. Experimental Verification of the Non-Ablative Cladding Layer Scheme

The high-temperature test was conducted on the gas generator with a non-ablative
cladding layer, yielding a new internal ballistic curve. This curve was used to verify the
accuracy of the analysis regarding the abnormal behavior observed in the internal ballistic
curve of the gas generator. The internal ballistic pressure curve obtained from the test is
illustrated in Figure 16.

—— High temperature test before improvement
16 4 ——— High temperature test after improvement

Chamber Pressure (MPa)
& o ® °S N =
1 L 1 L 1 L 1

[\v]
L

-2 T T T T T T T T T T T T
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Figure 16. Comparison of interior ballistic curves before and after high-temperature testing improvement.

From Figure 16, it is evident that there is no pressure fluctuation in the interior ballistic
curve of the combustion chamber during the high-temperature test of the improved gas
generator. This observation suggests that the integrity of the grain remains intact, thereby
validating the efficacy of the improvement and the accuracy of the abnormal analysis of the
motor’s interior ballistic curve.

6. Conclusions

Given the abnormal structural integrity observed in the grain at the conclusion of the
high-temperature test of the gas generator utilizing free-loading composite propellant, a
series of analyses were conducted. These included quasi-steady state simulations of the
internal flow field at various regression times of the burning surfaces, as well as strength
and buckling simulations of the grain. The objective was to identify the root cause and
propose improvement measures, such as the implementation of a non-ablative cladding
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layer, for subsequent simulation and experimental validation. The conclusions drawn are
as follows.

Through quasi-steady state simulation analysis of the original structure, as well as
strength and buckling analysis of the grain, it is observed that as the burning surface
regresses, the maximum stress on the grain reaches 0.7 MPa at 323 K, which is below its
ultimate stress of 1.01 MPa. Consequently, grain failure due to stress is not expected. And
we found that the buckling eigenvalue falls within the instability zone at 323 K when the
burning surfaces retreat by 20 mm. Meanwhile, examination of pressure distribution cloud
diagrams for the inner and outer surfaces of the grain reveals that the imbalance between
them results in compression of the composite propellant, leading to instability failure.

In the simulation of the gas generator utilizing the non-ablative cladding layer scheme,
the maximum stress on the grain is 0.74 MPa at 323 K, indicating no stress-induced damage.
The buckling eigenvalue of the grain remains negative, suggesting it will not fail. Addi-
tionally, there is no abnormal fluctuation observed in the interior ballistic curve during the
high-temperature test. This indicates that the implementation of the non-ablative cladding
layer maintains consistent ventilation effects on the grain, regardless of the regression of
the burning surface, thereby ensuring the structural integrity of the composite propellant.

Therefore, for the free-loading composite propellant, particularly the tubular grain
with a cladding layer, ensuring that the structural integrity remains intact despite varia-
tions in motor performance during operation is essential. The utilization of a non-ablative
cladding layer can maintain consistent ventilation effects, thereby guaranteeing the relia-
bility of the grain. This approach enhances the adaptability and reliability of free-loading
composite propellants in various solid rocket motors and offers a novel concept for com-
posite propellant grain design.
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