Hindawi

International Journal of Aerospace Engineering
Volume 2022, Article ID 8475281, 8 pages
https://doi.org/10.1155/2022/8475281

Research Article

@ Hindawi

Multiobjective Optimization of Stress-Release Boot of Solid
Rocket Motor under Vertical Storage Based on RBF Model

Qiuwen Miao ©,"” Huihui Zhang,l’2 Zhibin Shen®,"? and Weiyong Zhou'??

ICollege of Aerospace Science and Engineering, National University of Defense Technology, Changsha, Hunan 410073, China
’Hunan Key Laboratory of Intelligent Planning and Simulation for Aerospace Missions, Changsha, Hunan 410073, China

Correspondence should be addressed to Zhibin Shen; zb_shen@yeah.net
Received 31 March 2022; Revised 23 May 2022; Accepted 14 June 2022; Published 21 July 2022
Academic Editor: Jun-Wei Li

Copyright © 2022 Qiuwen Miao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Stress-release boot can effectively improve the structural integrity of SRM (solid rocket motor), but it will also influence the
loading fraction and interior ballistic performance, so the purpose of this paper is to propose a multiobjective optimization
method for stress-release boot. The design variables are the front and rear depth of the stress-release boot, and four
optimization variables were determined according to the analysis of SRM performance. To optimize a SRM with star and
finocyl grain, the RBF (radial basis functions) model that satisfies the accuracy requirements was established based on
parametric modeling technology and the OPLHS (Optimal Latin Hypercube Sampling) method. Subsequently, the Pareto front
was obtained based on the NCGA-II algorithm. And an optimal solution was obtained based on the evolutionary algorithm
and weighted method. Compared with the initial SRM, the maximum Von Mises strain of the grain, the maximum principal
stress of the insulator/cladding interface, the maximum axial displacement, and the volume increment decreased by 19.92%,
35.33%, 4.80%, and 4.42%, respectively. The optimization design method proposed in this paper has significant advantages in
computational efficiency for the optimization of SRM and can take into account various performances of SRM, which not only
is suitable for the optimization design of stress-release boot but also provides guidance for the optimization design of other

shape parameters of SRM.

1. Introduction

Recent developments in the long-range, cross-regional missile
weapon system put forward the performance requirements of
high loading fraction, long life, and high reliability for SRM
[1-3]. However, SRM usually undergoes several load processes
of solidification, transport vibration, long-term storage, and
internal pressure of ignition during its service life [4]. Under
various loads, the structural response of the SRM will occur,
including stress, strain, and deformation. Excessive strain will
cause dehumidification phenomena and even cracks in the
propellant of the SRM grain [5]. Excessive stress will cause
debonding at the interface [6, 7] and promote the aging effect
of the propellant [8]. Excessive deformation will change the
interior ballistic performance of the SRM and reduce its safety
at the moment of ignition [9, 10]. Due to the requirement for
the high loading fraction of SRM, its structural integrity is
exposed to more severe challenges. Therefore, there is an

urgent need to improve the optimization design ability of the
SRM and develop an optimization design method that takes
into account the various performance and optimization effi-
ciency of the SRM [11].

In this paper, the stress-release boot of SRM under vertical
storage has been optimized. Stress-release boot can effectively
improve the structural integrity of the SRM under solidifica-
tion load [12, 13]. Zhang et al. [14] analyzed the influence of
the stress-release boot by numerical calculation and found that
the maximum Von Mises strain of grain decreased from 30.1%
to 23.0%. Meng et al. [15, 16] not only established and ana-
lyzed the finite element models of the SRM grain with
debonded cracks, the result showing that the most dangerous
position is the front debonded cracks of the stress-release boot,
but also analyzed the change law of the maximum Von Mises
strain of the parachute disk engine under different debonding
depths. On that basis, the best debonding depth of the stress-
release boot was selected according to the production practice.
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Liet al. [17] analyzed and summarized the influence of differ-
ent umbrella slot depths and debonding depths on the maxi-
mum Von Mises strain of SRM grain under temperature
load. For optimization based on the agent model, Dai et al.
[18] analyzed the applicability of the different surrogate model
to the optimal problem of semifinishing. Results show that the
maximum relative errors based on the RBF model are mini-
mum. Li et al. [19] realized real-time and high-quality control
with the help of the RBF model for the optimal control prob-
lem for satellites.

From the above introduction, we can observe the number
of literature about stress-release boot published. These studies
have summarized some of the influence laws of the different
depths of stress-release boot on SRM. However, most research
to date has tended to focus on the analysis of the strain varia-
tion of the SRM grain under temperature load rather than the
various performances of the SRM, such as the structural integ-
rity, loading fraction, and interior ballistic performance, and
little attention has been paid to building a complete and effec-
tive optimization design process.

The central thesis of this paper is to build a complete and
effective optimization design process for the SRM with stress-
release boot, which could consider the structural integrity,
loading fraction, and interior ballistic performance of SRM.
In order to optimize the SRM under solidification and vertical
storage load, the design variables of the optimization model
are determined as the front and rear debonding depths of
the stress-release boot, and then, four optimization variables
have been determined in accordance with the analysis of the
association between structural responses and structural integ-
rity, loading fraction, and interior ballistic performance of the
SRM. Afterwards, the radial basis function (RBF) model satis-
fying the accuracy requirements was established, while the
sample data was obtained based on the OPLHS method and
parametric modeling technology. Finally, the stress-release
boot of a SRM is optimized with two multiobjective optimiza-
tion methods of nonnormalization and normalization on the
basis of the RBF model.

2. Model and Methods

2.1. Model and Design Variables. A SRM with star and fino-
cyl grain is selected for analysis, and the design variables are
h¢ and h,, where h; is the front depth of stress-release boot
and h, is the rear depth in this paper. For the initial SRM,
h;=0.89R and h,=0.76R, where R is the radius of the
SRM case. The geometric model of the SRM with initial
stress-release boot is shown in Figure 1.

In order to improve the calculation efficiency and elimi-
nate the interference caused by human factors, the parametric
modeling technology was introduced to implement the auto-
matic simulation analysis of the SRM. According to the cycle
symmetry, the 1/12 model of SRM is used for analysis. After
grid independence verification and considering the computa-
tion cost, the number of grids is controlled at about 30,000.

The simulation analysis sets two steps: the first step is the
solidification cooling analysis step. The temperature of the
simulation model will be reduced from zero stress tempera-
ture of 58°C to room temperature of 20°C during the first
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step, while the analysis time was set as 86400 s; the second
analysis step is the gravity load analysis step corresponding
to the vertical storage; an axial acceleration load of 1 g will
be applied to the simulation model during the second step,
while the analysis time was set as one month.

According to the cyclic symmetry of the SRM, the sym-
metric displacement constraint is applied on both sides of
the SRM, and then, the axial displacement constraint is
applied on the interface between the rear head and the
straight cylinder section of the SRM case.

The material parameters of the SRM case, insulator
layer, cladding layer, and grain are shown in Table 1, while
the relaxation modulus of the viscoelastic propellant is char-
acterized in the form of the Prony series, as shown in Equa-
tion (1), where the first eleven-order parameters and
relaxation modulus are shown in Table 2.

The WLF equation for the time-temperature equivalent
factor of propellant material is in formula (2). In the for-
mula, C; and C, are material constants, which are deter-
mined by the characteristics of the material itself, in this
case, C; =4.971, C, =156.1, and T, is the reference temper-
ature, where T\, =293.15K:

E(t)=Eq, + ZEie"’/T', (1)

_CI(T_ TO)

C,+(T-T,) @

lgar=
2.2. Optimization Variable. In order to consider the structural
integrity, loading fraction, and interior ballistic performance
while optimizing the design of the SRM, the structural
response that can effectively reflect the performance of the
SRM should be selected as the optimization variables.

First of all, the structural response used to reflect the
structural integrity of the engine is considered. The struc-
tural integrity problem of the SRM refers to the crack on
the grain, debonding at the interface, and excessive deforma-
tion of the parts of the SRM under various loads.

It is necessary to analyze the damage of grain propellant
under load to judge whether there is a crack. Due to the fact
that the propellant will be at a low strain rate if the SRM
grain is under solidification and gravity load, dehumidifying
is the main damage form for the propellant in this paper.
Therefore, it is more appropriate to adopt the damage crite-
rion of octahedral shear strain: rg <rg,,/n, where ry, is the
critical value and n is the safety factor. The expression of
the octahedral shear strain is

rg = g\/(sx —sy)z + (sy —ez)z +(e,—¢,)? +6<s)2€y +£§Z +s§x>. (3)

In addition, the expression of Von Mises strain is

e, = ?\/(sx 78},)2 + (sy *82)2 +(e,—g,)? +6<s§y +e, +s§x). (4)

Therefore, ¢, =1/2/2rg, so the maximum Von Mises

strain €, ... in the grain is used as the structural response
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FIGURE 1: Geometric model of the SRM with star and finocyl grain.
design, the four performance indexes, €, 0 Opax 4, and

TaBLE 1: Material parameters of the SRM.

Material Elastic Poisson’s  Density Expangon
modulus . 5 coeflicient
parameters (MPa) ratio (kg/m”) cch
Case 1.86 x 10° 0300 7.9x10° 1.10x107°
Insulator 60.00 0498  2.1x10° 220x107°
Cladding Prony series 0498 1.86x10° 8.60x107°
Propellant ~ Prony series 0498 1.86x10° 8.60x107°

to reflect whether the column will appear damaged or
cracked.

One of the deep-seated reasons for the debonding at the
grain/cladding interface is that the stress in the interface
caused by the various loads will continuously promote the
damage of the interface and the aging of the propellant, until
finally the debonding of the interface occurs. Therefore, the
maximum principal stress in the grain/cladding interface is
used as the structural response data to reflect whether the
grain/cladding interface debonding will take place.

Excessive deformation will not only affect the interior
ballistic performance of the combustion period of SRM but
also affect its safety at the ignition moment. Through the
simulation analysis, it can be observed that the obvious creep
deformation of the SRM grain will take place during the ver-
tical storage. The front stress-release boot expands continu-
ously under the solidification and gravity load, while the
maximum axial displacement is located at the starting posi-
tion of the front stress-release boot. Therefore, u,, the axial
displacement of the starting position of the front stress-
release boot, is used as the structural response index to
reflect the deformation of the SRM.

Finally, the performance index used to reflect the loading
fraction of SRM needs to be considered. The space near the
stress-release boot will be filled with high-temperature gas
after the grain ignition, so the thickness of the insulator layer
in the range of debonding depth needs to increase from
Imm to 23.2mm, which decreases the volumetric loading
fraction of the SRM. Therefore, the volume increment of
the insulator layer caused by setting the stress-release boot
is taken as the performance index to reflect the volumetric
loading fraction of the SRM.

In order to clearly analyze the effect of the depth of the
stress-release boot on SRM in the process of optimization

V., were normalized as €, ., 0. 4, and V;, which are
determined as the optimization variables of the optimization
model. gv max — €v max/gg max’ 6max = amax/agnax’ amax = umax/
w o Vi=Vi/V9%and e 0% ul. ., and V) are the per-
formance indexes of initial SRM, while & =0.1101,
0% =0.0593 MPa, 10 =21.1661 mm, and V =6.0081 x

max max
3

10° mm?.
2.3. Process of Optimization. It is a very sophisticated process
to manually establish the model, submit the calculation, and
extract the result based on CAD/CAE software, not only
because of the complexity of the SRM structure but also
because of the randomness of the results caused by the inter-
vention of human factors. In order to use parameters to
drive the whole numerical process automatically and then
reduce the computation cost of the analysis process, para-
metric modeling technology was introduced into the analysis
process of the SRM, which could decrease the single analysis
time from about 1 day to about 15 minutes.

Besides, it is usually necessary to modify the design var-
iables thousands of times and obtain the structural response
data in the optimization design, so the surrogate model tech-
nology was adopted to ensure that the optimization design is
carried out efficiently. The optimization workflow based on
the parametric modeling technology and surrogate model
is shown in Figure 2.

3. Results and Discussion

3.1. Process of Optimization. At present, the surrogate models
are commonly established based on RSM (Response Surface
Methodology), kriging, RBF (radial basis function), and SVR
(Support Vector Regression) models. The RBF model is
adopted to establish the surrogate model in this paper because
it has the advantages of simple structure and fast training
speed and is useful in approximating a wide range of nonlinear
spaces. The basic mathematical expression of the RBF model is

)= Y wellx-x), (5)

where w; is the weight coeflicient of the ith basis function.
In order to establish a RBF model that satisfies the preci-
sion requirements after determining its types, the OPLHS
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TaBLE 2: The first 11-order parameters of Prony series.

i 1 2 3 4 5 6 7 8 9 10 11 12

T, 0012 0149 1797 2157 2588 3106 37278  4x107°  4x10°  4x107  4x10° 00

E; 20.48 5.532 4.246 3.427 1.564 0.050 0.721 0.101 0.049 0.039 0.031 0.719

Parametric modeling technology

Obtain sample data by experimental
design method

Select and train surrogate model |

Virtual samples? |

Multi-objective
optimization algorithm

uV

| e o ) |
vmax Pvmax %z Vi

Outputing optimal solution

erify the accuracy of the results

FiGURre 2: Flow chart of optimization based on parametric modeling technology and a surrogate model.

method was used to collect 300 sets of sample data in the
design space of {(h, h,)|hs € [0.26R, 0.98R], h, € [0.45R, 0.95
R]}, and an initial RBF model was established on the basis of
the 300 sets of sample data, while the 300 sampling points
are shown in Figure 3(a). But the preliminary test results show
that the prediction accuracy of the surrogate model is low
when h; and h, are large, so the range of {(h, h,)|h; € [078R
,0.98R], h, € [0.75R, 0.95R]} is encrypted locally. Finally, 366
groups of sample data sampling points were collected, and
the schematic diagram is shown in Figure 3(b).

In order to verify the effectiveness and accuracy of the
RBF model, two groups of data in two ranges were randomly
sampled, where the first data group was h; € [0.26R, 0.98R]
while h; = 0.89R, and the second data group was h, € [0.45
R,0.95R] while h, =0.76R, and then, the prediction results
of the RBF model were compared with the actual calculation
results. The comparison results are shown in Figure 4.

According to the comparative result, it can be observed
that the structural response predicted by the RBF model
after modification is in high coincidence with the calculation
results, and its accuracy satisfies the requirements. In addi-
tion, the influence law can also be reached from Figure 4:
for the SRM under vertical storage, the structural integrity
performance index is sensitively affected by the front
debonding depth of the stress-release boot, while the rear
debonding depth can affect structural integrity slightly.

3.2. Multiobjective Optimization Based on NCGA-II. Multi-
objective optimization was carried out based on the
NCGA-II algorithm in order to obtain a Pareto front. Com-
pared with the NCGA algorithm, the NCGA-II algorithm
proposed the concept of fast nondominated sorting, which
can reduce the computational complexity. And the new pop-
ulation comes from the population after the combination of
father and progeny populations, which can retain the exist-
ing optimal solution and ensure the convergence of the algo-
rithm in the continuous process of population renewal. In
addition, the crowding operator is added to obtain a more
uniform Pareto front. The optimization process based on
the NCGA-II algorithm is shown in Figure 5.

For the optimization design of a SRM, the strain, stress,
and deformation under load should be reduced while the load-
ing fraction of the SRM should be increased as much as possi-
ble. So, the mathematical expression of the optimization
problem is

Minimize &, (b, h,),

Minimize 6, (hy, b, ),

Minimize &, (. h,), (6)
Minimize V;(hg, h,)

s.t.{ (g ,) e € [0.26R, 0.98R], h, € [0.45R, 0.95R]}.
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FIGURE 3: Schematic diagram of sampling points based on the OPLHS method.
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FIGURE 4: Comparison chart between the RBF model and the calculation results.

In order to more intuitively observe the state of the Pareto
front, the performance indexes related to the structural integrity
of SRM as &€, ,.» O oy and i, are merged into one perfor-
mance index as f(hs, B,) ={ €, max + Omax (B> By) + U (B
h,)}/3, while the NCGA-II algorithm is used to optimize, the
number of primary populations is set to 60, and the reproduc-
tive generation is set to 100.

The optimization calculation time based on the RBF
model is less than one minute, and then, the Pareto solution
is drawn as shown in Figure 6(a), the partial Pareto front is

shown in Table 3, and the distribution data of the optimiza-
tion variables are shown in Figure 6(b).

It can be observed that the Pareto front is mainly distrib-
uted in two regions: the first is that the front debonding depth
is large and the rear debonding depth is small, while g, .,
O e and 4, are smaller compared with the initial SRM,
and V; does not change much. The second is that the front
and rear debonding depths are both small, while V; decreases
alot compared with the initial SRM, but €, .. 000 and 4,
become larger than before.
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FIGURE 6: Diagram of optimization results based on NCGA-II algorithm.

3.3. Multiobjective Optimization Based on the Evolutionary
Algorithm. The multiobjective optimization algorithm can
be divided into normalization and nonnormalization algo-
rithms. The nonnormalization method can obtain the Pareto
front of the optimization problem. And since the normaliza-
tion method can convert multiple objectives into a single
objective, the designer can determine the weight coefficient
of each optimization variable according to the performance
demand and their importance. And then, one of the Pareto
fronts can be quickly obtained on the basis of the direction
in the target space determined by the weight coefficient.
Therefore, the multiobjective optimization design problem

of the stress-release boot of SRM is transformed into a
single-objective optimization design problem by the weight-
ing method, and its mathematical expression is

Minimize{wlév max(hf’ hb) + wza'max(hf’ hr) + w3amax(hf’ hr) +wy V(hf’ hr)}
s.t.{ (hg, hy)|he € [0.26R, 0.98R], h, € [0.45R, 0.95R]},

(7)

where w,, w,, w;, and w, are the weight coefficients of ¢, ..,
O x> Uy and V.

max’>
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TaBLE 3: Value of performance index under a different stress-release boot.

Type he h, €y max O max Uinax Vi S (e hy)

Initial 0.890 0.760 1.000 1.000 1.000 1.000 1.000
0.293 0.450 2.689 1.949 0.722 0.137 1.787
0.301 0.450 2.677 1.923 0.738 0.140 1.779
0.308 0.450 2.665 1.907 0.754 0.143 1.775

Partial Pareto front 0.563 0.486 1.831 1.865 1.127 0.329 1.607
0.965 0.460 0.810 0.695 0.957 0.897 0.821
0.965 0.478 0.806 0.683 0.956 0911 0.815
0.980 0.470 0.803 0.653 0.953 0.944 0.803
0.980 0.476 0.802 0.650 0.952 0.949 0.802

Final 0.980 0.485 0.801 0.647 0.952 0.956 0.800

Actually, stress and strain are two of the most concern-
ing performance indicators for designers because they are
directly related to the structural safety of the SRM, so w,
and w, were set as 0.3, and w3, w, were set as 0.2.

And then, the single-objective optimization was carried
out on the basis of the evolutionary algorithm. The optimal
solution was obtained when h; =0.980 and h, = 0.485 after
4597 calculations, while €, . =0.0882, 6% =0.0383 MPa,
ud =20.1508mm, and V?=5.7427x10°mm’® and
decreased 19.92%, 35.33%, 4.80%, and 4.42% compared with
the initial SRM, respectively.

4. Conclusion

In this paper, the optimization design of the stress-release
boot of SRM was carried out. After analyzing and determin-
ing the design variables and optimization variables, the RBF
model that satisfies the accuracy requirements was estab-
lished based on parametric modeling technology and the
OPLHS method, and then, the nonnormalized and normal-
ized multiobjective optimization algorithms are used to opti-
mize. The conclusions are as follows:

(1) The optimization design method for the SRM stress-
release boot based on parametric modeling technol-
ogy and surrogate model is proposed, which has sig-
nificant advantages in computational efficiency. And
the optimization design process can take into
account the structural integrity, loading fraction,
and interior ballistic performance of SRM

(2) Nonnormalized multiobjective design of the stress-
release boot was carried out based on the NCGA-II
algorithm. The results show that the Pareto solution
is mainly distributed in the regions where the front
debonding depth is large and the rear debonding
depth is small and in the regions where the front
and rear debonding depths are both small

(3) The normalized multiobjective design of the stress-
release boot was carried out based on the evolution-
ary algorithm and obtained an optimal solution.
Compared with the initial SRM, the maximum Von
Mises strain of the grain, the maximum principal

stress of the grain/cladding interface, the axial dis-
placement of the starting point of the front stress-
release boot, and the volume increment of the insu-
lator layer decreased by 19.92%, 35.33%, 4.80%,
and 4.42%, respectively

(4) The optimization design method and process pro-
posed in this paper not only are suitable for the opti-
mization design of the stress-release boot but also
provide guidance for the optimization design of
other shape parameters of SRM. Based on this, the
subsequent research should focus on the shape opti-
mization of the SRM and consider the internal ballis-
tic performance of the SRM more comprehensively
in combination with the burning surface regression,
so as to provide guidance for the design of the
SRM with high loading, long life, and high reliability
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