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Optimal design of internal
pressure-resistant square compartment
based on strength analysis
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Abstract: [Objectives] For the design of a marine internal pressure-resistant square compartment that meets the de-
sign requirements of strength and lightweight, the neural network surrogate model is combined with heuristic intelli-
gent optimization algorithms and applied to the shape and size optimization of the components of such a compart-
ment. [Methods] The corner chamfer radius, plate thickness, and girder types are selected as design variables for con-
ducting three-dimensional (3D) parametric modeling, and sample points are selected according to the optimal Latin
hypercube experimental design method. The response values of these sample points are then calculated to build a sur-
rogate model of the radial basis functions (RBF) neural network. To perform global optimization, the surrogate mod-
el is combined with three heuristic optimization algorithms separately, i.e., the adaptive simulated annealing (ASA)
algorithm, multi-island genetic algorithm (MIGA), and particle swarm optimization (PSO) algorithm. [Results] The
results show that the three hybrid optimization methods can all reduce structural weight on the basis of meeting the
allowable strength requirements, and the optimal solution obtained by the RBF-ASA method in the overall situation
has a good weight reduction effect. [Conclusions] This study can provide valuable references for the optimal design
of internal pressure-resistant square compartment structures, and it is of great significance to overcome the key tech-
nical problems faced by ships using nuclear power plants.
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space utilization rate, and thus a ship reactor com-

0 Introduction partment should be square, but this will cause the

Compared with conventional icebreakers, nucle-
ar-powered icebreakers have the advantages of high-
er endurance and stronger power. Therefore, the re-
search on nuclear-powered ships is of great signifi-
cance for China's polar strategy. The particularity of
nuclear power plants puts forward higher require-
ments for the hull structure design. Compared with
onshore nuclear power plants, ships require a higher
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stress concentration issue in the corner of the com-
partment, which makes the tightness of the hull
structure encounter great challenges. Unlike the re-
actor containment of onshore nuclear power plants,
which are often made of concrete, the reactor com-
partment is still made of steel as part of the overall
structure of a nuclear-powered ship. In an accident,
the compartment will be subjected to a large uni-
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form internal pressure load and high temperature.
Since the mechanical properties of steel are greatly
different from those of concrete, the structure per-
formance of the reactor compartment under this spe-
cial load condition is not clear. Therefore, it is nec-
essary to conduct in-depth research on the structure
optimization design of the internal pressure-
resistant square compartment.

In the methods for structure optimization design
of ships, the optimization algorithms based on sur-
rogate models and heuristic algorithms have gradu-
ally replaced the classical optimization algorithms,
such as the criterion method and mathematical pro-
gramming method. By the response surface model,
LIU M optimized the design of the middle section
of a container ship, which effectively reduces the
weight of the structure. The back-propagation neu-
ral network surrogate model constructed by
CHENG et al. ™ has high accuracy in simulating
the pressure-resistant bulkhead of the submarine
end. On the basis of this model, the genetic algo-
rithm is used for optimization and achieves a good
weight reduction effect. ZHUOP! combined the sur-
rogate model of the radial basis function (RBF) neu-
ral network with multiple optimization algorithms
and achieved good results in the lightweight design
of the overall compartment section of oil tankers.

Some progress has been made in research on the
structure optimization of the internal pressure-
resistant square compartment. Through the sub-
model technology and the shape and topology opti-
mization technology, GAO et al. ! found a new
type of corner structure for a rectangular compart-
ment with internal pressure, and the results showed
that the stress concentration can be alleviated.
CHEN et al. P adopted the genetic algorithm to opti-
mize the platform position and support pillar layout
of the internal pressure rectangular compartment,
and the results showed that the bending stress of the
grillage can be effectively reduced. CHEN et al.
optimized the support pillar layout and prestress of
the rectangular compartment with internal pressure
by the genetic algorithm, and the results showed
that the maximum bending stress of the top deck
could be further reduced. At present, the research
on internal pressure-resistant square compartments
is mainly focused on reducing local stress, and
there is a lack of lightweight research on the basis
of considering the stress level of the entire compart-
ment. Most of the adopted optimization methods op-
timize the shape whilerignoring the size optimiza-

tion of components. Moreover, the optimization al-
gorithms used are often single, and a comparative
analysis of the optimization effects of various algo-
rithms is absent.

In this paper, the structure of marine internal
pressure-resistant square compartments is taken as
the research object, and the idea of optimizing the
design of the corner shape and the size of each com-
ponent of the entire compartment is proposed. It is
expected that the most lightweight structure design
that satisfies the allowable stress can be obtained
globally through the hybrid optimization method
combining the surrogate model of the RBF neural
network and multiple heuristic algorithms. In addi-
tion, the optimal algorithm is given through compar-
ative analysis.

1 Structure optimization design

for internal pressure-resistant
square compartment

Firstly, on the basis of the design specifications
of pressure-resistant hulls and nuclear power equip-
ment, an internal pressure-resistant square hull
structure was designed, and its structure perfor-
mance was preliminarily evaluated through numeri-
cal simulation. Then, a three-dimensional (3D) para-
metric model was built on the basis of size and
Next,
screened by the experimental design method, and

shape optimization. sample points were
the true response values under the sample points
were calculated by the parametric model. Finally,
the direction of local optimization was preliminarily
determined through sensitivity analysis, and then
global optimization was conducted by combining
the surrogate model of the RBF neural network and
optimization algorithms, so as to obtain the most
lightweight structural design scheme that meets the
strength requirements. The flowchart of the struc-
ture optimization design of internal pressure-resis-

tant square compartments is shown in Fig. 1.

1.1 Material selection method for inter-
nal pressure-resistant square hull

The commonly used materials for pressure-
resistant hulls include steel, aluminum alloy, titani-
um alloy, composite material, and fiberglass-
reinforced plastic (FRP). Among them, steel, as the
most economical and most well-studied material in
various aspects, is still the first choice for marine re-

actor compartments. Considering that the inner hull
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Fig.1 Flowchart of optimal design

is directly subjected to high temperature and inter-
nal pressure, the steel used is 921A steel with great
high-temperature resistance, and the outer hull and
the strengthening structure between the inner and
outer hulls are made of DH40 high-strength steel.
In the design, with the consideration of the influ-
ence of high temperature on the properties of steel,
the mechanical properties of steel at high tempera-
ture are calculated according to the ANSI/ AISC
360-05 71 gpecifications, and the elastic modulus is
reduced with 400 °C as the reference temperature.
According to Rules for Classification of Diving Sys-
tems and Submersibles issued by China Classifica-
tion Society (CCS) 1, the allowable structural
stress takes the minimum value by the following

equation:

_ Rm _ ReII 1
[e]=52. lol=1% (1

where R,, is the tensile strength of the material,

N/mm?; R, is the yield strength of the material,
N/mm?.
The properties of 921A and DH40 steel are

shown in Table 1.
1.2 Experimental design method

The selection of sample points in the experimen-
tal scheme is related to the accuracy and efficiency
of the surrogate model, and each sample point in
this paper represents a structural component combi-

Table 1 Parameters of steel properties

Property parameters 921A steel DH40 steel
Rp/(N-mm ?) 655 510
Rep/(N-mm™) 590 390

(% )/(Nnml"’) 243 189

(Ifeg )/(Nmm,z) 393 260
Elastic modulus £/{N-mm *) 2.1x10° 2,11
Density /(kg-m™) 7 850 7850

Allowable stress/MPa 243 189
Reduced elastic modulus AN mm %) 1.4x10° 1410

nation method. Through scientific experimental de-
sign, the distribution of sample points selected in
the experimental scheme can be more uniform and
representative. Common experimental design meth-
ods include the orthogonal array, center combina-
tion design, Latin hypercube design, and optimal
Latin hypercube design. Among them, the Latin hy-
percube design can fit high-order nonlinear rela-
tions and has a more effective space-filling capacity
and higher efficiency than the full factorial design .
The optimal Latin hypercube design improves the
inhomogeneity of the random Latin hypercube de-
sign and can effectively avoid the possibility of los-
ing some design space regions "%l Therefore, the
optimal Latin hypercube method is selected for ex-
perimental design in this paper.

1.3 Principle of sensitivity analysis

For the intuitive reflection of the influence trend
of each variable on the objective function, the value
of the input variable is normalized to [-1, 1], and
the least squared method is used to fit the sample
points to obtain the linear regression response mod-
el. Then, the coefficient C; in the model is convert-
ed into the percentage contribution N,, as shown in
Eq. (2), where N, of the variable that has a positive
effect on the objective function (as the variable val-
ue increases, the objective function will also in-
crease) is positive, while N, of the variable that has
a negative effect on the objective function (as the
value of the variable increases, the objective func-
tion decreases) is negative. A larger absolute value
of N, represents a higher influence of the corre-
sponding variable on the objective function. Thus,
the optimization direction of each variable can be

preliminarily determined.
N = 100C;

el @
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where i is the variable number.

1.4 Principle of surrogate model and
common heuristic optimization algo-
rithms

Considering the interaction of components, a sur-
rogate model is used to replace the finite element
model structure to improve the efficiency of struc-
tural optimization. Common surrogate models in-
clude the response surface model, neural network
model, Chebyshev orthogonal polynomial model,
and Kriging model. Compared with other surrogate
models, the neural network model has a stronger
ability to approximate complex nonlinear functions
and is more suitable for fitting the response func-
tion of the complex compartment structure. The sur-
rogate model of the RBF neural network was pro-
posed by Moody and Darken ' according to the lo-
cal regulation and overlapping response principle of
the cerebral cortex. It is actually a mapping func-
tion obtained by weighted linear superposition of
multiple RBFs, with a three-layer forward network
structure. Thereinto, the first layer is the input layer
that accepts input variables. The input layer is
mapped to the hidden layer through RBFs, and the
hidden layer is mapped to the output layer through
linear weighting. In this way, the output variables
are obtained. The process of constructing the surro-
gate model of the RBF neural network is the pro-
cess of obtaining the corresponding linear weight-
ing coefficient matrix ['2,

After the surrogate model is obtained, error anal-
ysis can be carried out on the constructed surrogate
model of the RBF neural network by cross-
validation. The goodness of fit can be measured by
R-squared, the determinant coefficient in statistics,
which ranges from 0 to 1. A larger R-squared indi-
cates a better fitting degree.

Engineering optimization problems often have
complex features such as nonlinearity and disconti-
nuity, and traditional gradient optimization and di-
rect search cannot find the global optimization solu-
tion. Therefore, for local optimization, researchers
have simulated the physical annealing process, bio-
logical evolution mechanism, and algorithm of pre-
dation behavior of birds and employed global opti-
mization algorithms '35 such as the adaptive simu-
lated annealing (ASA), multi-island genetic algo-
rithm (MIGA), and particle swarm optimization
(PSO) algorithm. Instead of using the "single point"
search for local optimization, these global optimiza-

tion methods rely on the internal information ex-
change of the "group" and the intergenerational in-
heritance of the "group", namely, using global infor-
mation for optimization. In addition, the above glob-
al optimization algorithms will add random opera-
tions to avoid the phenomenon of "precocity" (fall-
ing into local area search prematurely), such as
"temperature jumps" in ASA, "mutation" in MIGA,
and "random number enhancement" in the particle
direction in PSO, and hence these algorithms can
quickly converge to the global optimal point.

2 Example calculation

2.1 Preliminary structural design of the

internal pressure-resistant square

compartment

As a barrier to prevent internal gas from escap-
ing, the internal pressure-resistant square compart-
ment needs to effectively protect the internal facili-
ties during an external accident. Therefore, it is ap-
propriate to adopt the double-layer grid structure
with better shielding and structural strength, as
shown in Fig. 2 (the numerical unit in the figure:
mm). Considering the serious stress concentration
caused by structural discontinuity at the corners of
the rectangular hull, the inner hull at the joint be-
tween the bulkhead and the top or bottom is modi-
fied into a rounded corner connection mode, and
the curvature of the toggle plate under the rounded
inner hull is consistent with the rounded corner of
the inner hull. According to engineering experience,
the sharp corners of the toggle plate are removed at
3/4 of the toggle plate height. For a smooth transi-
tion, the inner hull corner where three sides meet is
in a 3D rounded shape composed of 1/8 spheres.
The internal pressure-resistant square compartment

is symmetrical on the left and right. In modeling

=

1400

Fig.2 Geometric model
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and finite element analysis, the entire square com-
partment structure is involved, but only half of the
model is shown in the figure to clearly show the in-
ternal structure.

The entire internal pressure-resistant square com-
partment is composed of inner wall panels, outer
wall panels, stiffened bulkheads between the inner
and outer wall panels, and T profiles on the coam-
ing panels. The space formed by inner walls has a
size of 25.6 m x 8.4 m x 9.8 m. Between the inner
and outer walls of each rib position, a circle of stift-
ened bulkheads is set along the rib position, and the
rib spacing is set as 800 mm. Starting from the in-

Table 2

ner bottom plate of the double bottom, a circle of
horizontal bulkheads is provided for every 1 400
mm rise in the vertical direction. In the ship width
direction, a circle of longitudinal bulkheads is pro-
vided at every 2 100 mm interval. The distance be-
tween the inner and outer walls of the top and bot-
tom is 2 000 mm, the distance between the inner
and outer walls of the side is 1 400 mm; the dis-
tance between the inner and outer walls of the head
and tail is 1 600 mm. The initial values and distribu-
tion positions of each component are shown in Ta-
ble 2 and Fig. 3, respectively. In the figure, » repre-
sents the corner chamfer radius.

Initial design value of components

Name of component properties Initial design value/mm

Name of component properties Initial design value/mm

16 X200
Corner chamfer radius 7 of inner hull 600 Inner-hull bottom girder g, €L 0% 100
16 %200
Thick fi hull plate-1 t Inner-hull side girder 1
ickness of inner hull plate-1(corner) #, 32 g 2, 30% 100
Thick fi hull plate-2(bottom) ¢ 32 I hull t ird J_—16X200
B 2 nner-. rder
ickness of inner hull plate-2(bottom) 7, er-hull top girder g, 0% 100
16x 200
Thickness of inner hull plate-3 ¢ I ~hull t bulkhead gird €1
p 3 32 nner-hull transverse bulkhead girder g, 0% 100
Thickness of outer hull plate-1(corner) ¢, 28 Outer-hull bottom girder g HP220x 11
Thick f outer hull plate-2(bottom) ¢ Outer-hull side gird J_16X200
ickness of outer hull plate-2(bottom -
P 5 24 uter-hull side girder g 0% 100
Thick f outer hull plate-3 ¢, 20 Outer-hull t ird J_16X200
ickn r - uter-hull top girder
ckness of outer hull plate-3 ¢ pg g 0% 100
. . 16 %200
Thickness of corner bulkhead ¢, 26 Outer-hull transverse bulkhead girder gy 1l
20 100
Thickness of horizontal bulkhead # 24 Bottom stiffener g, 16x 180
Thickness of longitudinal bulkhead-1(bottom) 18 Side stiffeners g, 16x 180
Thickness of longitudinal bulkhead-2 7, 20 Top stiffener g, 16 x 180
Thickness of transverse bulkhead-1(bottom) ¢,, 24 Horizontal stiffener of transverse bulkhead g, 16 x 180
Thickness of transverse bulkhead-2 7,, 22 Vertical stiffener of transverse bulkhead g, 16 x 180
Toggle plate thickness 7, 20
e % .
R EEE R E BN b — 2.2 Structural response analysis under
o 1T 1 o | @1 | fe+-e -
eiioil | @l hel | @l | 1 /—tl . o
drlrrorroarox ' internal pressure conditions
P 8 g he [ M
i | - il In this paper, the finite element model of the
g L1Llig | b " REmA . . .
i i x L pressure-resistant square compartment is built by
S4 58
] : [ N MSC. Patran software. All plates adopt surface ele-
- % N .
Rig | 8w REA ments, and girders adopt beam elements. Thus,
-~ ¥ - - il -
RIS TISN: L there are 314 720 elements and 251 416 nodes in to-
L ; i, /4—-- tal. The outer-hull plate elements are made of DH40
1~ - - -~
i T e e steel, and the other component elements are made
& 25 i 5 £ 4 g
S~ i L of 921A steel. A uniform load of 0.8 MPa from in-
:\J{: side to outside is arranged inside the inner hull, and
o e e B the model under this load is in a self-balanced state.
H ) T ¥ 1y R X LN 1.
& &n In addition, in this paper, only the response of the

Fig.3 Location of components

independent reactor compartment to the internal
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load is studied. Thus, only one node at the bottom
center of the outer hull is taken to constrain six de-
grees of freedom (DOF), so as to limit the rigid-
body displacement of the model, which is taken as
the boundary condition. Fig. 4 shows how the loads
and boundary conditions are applied to the model.

(a) Load application mode

. 123456

(b) Displacement constraint point

Fig. 4 Loads and boundary conditions of the model (1/4 scaled

model)

The stress response of the model is calculated
and analyzed, and the results are shown in Fig. 5.
There is obvious stress concentration in the joint of
transverse and longitudinal bulkheads of the inner
hull as well as the joint between longitudinal bulk-
heads and inner bottom plates, while the stress re-
sponse level of most other grillages is relatively
low. Thus, there is a large design safety margin and
a large optimization space. However, the plate ele-
ment in the longitudinal middle part of the compart-
ment, i.e., in the joint between theinner hull and the

toggle plate, is the maximum stress point of the
compartment, whose Mises stress reaches 237 MPa,
close to the allowable stress value. As an important
support structure, the overall stress response of the
toggle plate is also at a high level. It is difficult to
simultaneously reduce the weight of the component
and ensure that the structure meets the allowable
stress. Shape optimization should be considered to
relieve stress concentration, and size optimization
should be applied to reduce the weight of the com-
ponent.

(a) Stress concentration in the joint of the inner hull

z
X
Y

Fig.5 Stress response of internal pressure-resistant square

(b) Stress response of the outer hull
compartment

2.3 3D parametric modeling

The 3D parametric modeling of the pressure-
resistant hull was carried out by the Patran Com-
mand Language (PCL) and Patran software. In this
way, we can study the influence of the corner cham-
fer shape of the pressure-resistant square hull and
the size of each component on the strength and
weight of the entire structure and thus obtain the op-
timal combination of each component. Since both
shape and size optimization should be considered in
the optimization work in this paper, meshing upon
the steps from point to line and then to plane should
be strictly followed during parametric modeling to
avoid the dislocation of key component elements
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when the corner chamfer radius changes. Plate
thickness, girder types, and corner chamfer radii at
different positions were selected as design vari-
ables. 13 plate thickness variables from ¢, to ¢;, 13
girder type variables from g, to g,;, and one shape
variable (the corner chamfer radius » of the com-
partment) were set. Thereinto, the change of the
girder variable is realized by selecting the girder

ranged according to the minimum section modulus
from small to large. In the section attribute library
of Patran software, the beam attribute with a small
section modulus corresponds to the number with a
small value. When the variable is assigned to a cer-
tain number, the corresponding section characteris-
tics will be assigned to the corresponding beam ele-
ment. The location of each design variable is shown

number, namely that the available girders are ar- in Fig. 3.
Negative effect p EEA Negative effect ;3, J r\; Negative effect
4 I s
Positive effect L Positive effect 13, N & Positive effect

r[ ty

L ) L L L s

-30 —25 -20 -15 -10 -5 0 5
Contribution rate of a variable to
the objective function/%

(a) g,

—35-30-25-20-15-10 -5 0 5 -5 0 5 10 15 20 25
Contribution rate of a variable to
the objective function/%

b) oy oM

Contribution rate of a variable to
the objective function/%

Fig.6  Effect of main variables that affect objective functions

2.4 Sensitivity analysis

Through the sensitivity analysis of each objective
function, the optimization direction of each design
variable is preliminarily predicted. The maximum
Mises stress o, of 921A steel structure, maximum
Mises stress o, of DH40 steel structure, and total
weight M of the model were selected as three objec-
tive functions. The variables that greatly influence
the three objective functions are shown in Figs. 6
(a)-(c), respectively. In the figure, the light-colored
bar represents the positive effect, and the dark bar
represents the negative effect. The variable with a
small absolute value of the effect is not presented in
the bar chart because it has little influence on the
objective functions.

Regarding a single variable, the corner chamfer
radius » has a significant effect on two objective
stress values. Within the studied numerical varia-
tion range, a larger corner chamfer radius indicates
a smaller objective stress value. The toggle plate
thickness ¢,5, the transverse bulkhead-2 plate thick-
ness f,, the corner bulkhead plate thickness ¢,
thickness 7, of outer hull plate-3, and thickness #, of
inner hull plate-1 (corner) have significant negative
effects on stress and a relatively small contribution
to mass, and thus proper thickening can be consid-
ered. Thickness #,, of longitudinal bulkhead-2, thick-
ness fgof the horizontal bulkhead, thickness #;of
outer hull plate-2 (bottom), thickness ¢, of outer hull
plate-1 (corner), and thickness ¢, of inner hull plate-2

(bottom) demonstrate marginal negative effects on
stress but a large contribution to mass, and thus
they should be appropriately reduced. Other vari-
ables, such as girder size, have no obvious influ-
ence on the three objective functions and should be
selected appropriately on the basis of the overall
structure.

Sensitivity analysis can only qualitatively pro-
duce the general optimization direction, and for a
complex overall structure like compartments, the in-
teraction between different optimization variables is
significant. Therefore, the selection of an indepen-
dent variable optimization method for overall struc-
ture optimization may not be suitable, and global
optimization algorithms should be adopted.

2.5 Surrogate model construction and
global optimization

The design space is selected around the initial de-
sign point X = (1, £, ty, ..., L3, 1» 2s ---» 13)" as fol-
lows: the value range of each plate thickness vari-
able is (¢, £ 4) mm, with 2 mm as the step length of
change. After sorting the girder types according to
the section modulus, they are numbered in integers,
and then the number is taken as the variable, with a
range of (g,, =+ 1) mm. The value range of the shape
variable (the corner chamfer radius » of the inner
hull) is (r, £ 100) mm, with 50 mm as the step
length. Using the optimal Latin hypercube experi-
mental design method, 23 groups of sample points,
920 in total, were selected in the design space,
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which was divided into training sets and test sets to
construct the surrogate model of the RBF neural
network. For the reliability of the optimization re-
sults, the error difference between the response val-
ue of the final constructed surrogate model and the
response value of the actual finite element model is
required to be less than 5%. If the accuracy is insuf-
ficient, new sample points should be added from
the test set to rebuild the surrogate model.

The error analysis of the constructed surrogate
model of the RBF neural network was performed
by cross-validation, and the results are shown in Ta-
ble 3. As can be seen from the table, the R-squared
values of the three objective functions are all above
0.92, which indicates the high reliability of the sur-
rogate model.

Table 3 R-squared values of objective functions

Objective function R-squared value

o /MPa 0.959 33
o> /MPa 0.928 55
Mit 0.998 88

By this surrogate model, the optimization algo-
rithms ASA, MIGA, and PSO were used for the
global optimal solution. During the calculation, the
optimization objects were 27 variables selected in
the parametric modeling in Section 2.1, and the con-
straint condition was the maximum Mises stress of
the two steel structures, which was less than the al-
lowable stress in Table 1. The optimization objec-
tive was to minimize the total weight of the model.
According to the problem description, the mathe-
matical model for the structure optimization of the
internal pressure-resistant square compartment is
built as follows:

Find X =(rt,0, ,115,81.82, " &13)"
min ZM(X)
st Tl X) < [oy]; i=1,2

Upon optimization, the result is presented by the
ratio of the optimized value of each variable to the
initial value. The obtained results based on the
above three optimization algorithms are shown in
Fig.7. In the figure, the values above the initial val-
ue line indicate that the optimized value increases
proportionately according to the ordinate; other-
wise, it decreases.

For the complex structural response with multi-
variables and multi-constraints, there may be an op-
timal solution set composed of multiple optimal so-
lutions. Even by the same surrogate model, the opti-

14,
. A .

9 0 ASA

T; # MIGA

o - APSO

= o

£ Ay a As w0

o 1.0 A—h & a4 a -

= -

= YA A u}

E nog 4, G‘A' Arxo& & &

= o

3 o0s ) o" & ) < O

£

a

S 0.6 (<1 I ]

Fig. 7 Ratio of optimized values to initial values

mal solutions obtained by different optimization al-
gorithms are not completely identical as an intelli-
gent optimization algorithm itself has randomness
and probability. Although it has the ability to find
the global optimal solution, due to the limitation of
time and parameter setting, it can only obtain a rela-
tively good approximate optimal solution according
to adaptive rules of the algorithm. Different adap-
tive rules may lead to different approximate optimal
solutions, but they have the same overall character-
istics toward the real optimal solution. However,
how to improve the efficiency and quality of algo-
rithm optimization remains to be further studied.
The global optimization direction based on the sur-
rogate model-optimization algorithms is not exactly
the same as the local optimization direction ob-
tained through sensitivity analysis. For example, un-
der the above three global optimization algorithms,
t;, and f; tend to be small, while # is becoming larg-
er, which is contrary to the direction of local optimi-
zation. The reason is that the multi-order interaction
effect of each variable is considered in the global
optimization method, which can better reflect the in-
tegrity of the internal pressure-resistant compart-
ment structure.

The optimization schemes obtained by the three
optimization algorithms were substituted into the fi-
nite element model for verification, and it was
found that all of the maximum stress values met the
requirements of allowable stress. The location was
still in the joint between the inner hull and toggle
plate in the middle section of the compartment, as
shown in Fig. 7. The reduction effect of structural
weight is significant, as shown in Table 4.

The optimization algorithms ASA, MIGA, and
PSO can ensure the effective weight reduction of
the model under the premise of satisfying the allow-
able stress. This is because each algorithm compre-
hensively considers the influence of component
shape and-size changes on structural properties.
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Table 4 Results of structural response after global
optimization

Optimized Optimized Optimized

Objective Allowable Initial
value value value

function value value

of ASA of MIGA  of PSO
o /MPa 243 237.279 242.130 242.243 235.611
o,/MPa 189 178.761 187.103 185.818 180.756

Mit -

Weight

reduction  _ - 13.67 7.93 9.41
percentage

of model/%

1569.780 1355.172 1445334 142209

Thus, the stress concentration of the structure can
be alleviated under the action of shape optimiza-
tion, and the unnecessary plate thickness can be re-
duced, or the size of the girder with a large section
modulus can be reduced through size optimization.
Eventually, the total weight of the compartment can
be reduced. For the example in this paper, the com-
partment weight was reduced by 13.67%, 7.93%,
and 9.41% by the three algorithms, respectively.
The result based on the ASA optimization algorithm
demonstrates a better weight reduction effect than
that of the other two algorithms. To sum up, if the
weight reduction optimization is carried out on the
basis of the allowable structural stress constraint in
a structure similar to internal pressure-resistant
square compartments, the RBF-ASA hybrid optimi-
zation method is more likely to obtain good optimi-
zation results globally.

3 Conclusions

In this paper, parametric finite element modeling
and strength evaluation are carried out for the inter-
nal pressure-resistant square compartment structure.
Sensitivity analysis and the surrogate model-heuris-
tic optimization algorithms are combined for opti-
mization design research on the structure. The main
conclusions are as follows:

1) The square compartment under internal pres-
sure is prone to stress concentration in the joints of
transverse and longitudinal bulkheads and inner bot-
tom plates. Therefore, the arc-shaped inner hull cor-
ner plate with a proper radius and the toggle plate
without sharp corners should be used as the con-
necting structure. When the maximum stress ap-
proaches the allowable stress, shape and size opti-
mization of each component must be considered
comprehensively to reduce the weight.

2) In the design space of this paper, the multi-
order interaction effects of each variable are consid-
ered in the global optimization results based on the

surrogate model-optimization algorithms, which
can better reflect the integrity of the internal
pressure-resistant compartment structure. There-
fore, in contrast with the results of the sensitivity
analysis method for independent variables, the opti-
mization direction of component variables is not ex-
actly the same, but they have the uniform overall
characteristic of tending to the actual optimal solu-
tion. The corner chamfer radius of the inner hull
and the thickness of the inner-hull plate and toggle
plate at the corner should be appropriately in-
creased, and the thickness of the longitudinal bulk-
head and outer-hull plate should be appropriately re-
duced.

3) For the research object of this paper, the surro-
gate model of the RBF neural network has a high
fitting accuracy, which can be combined with ASA,
MIGA, and PSO separately to obtain an approxi-
mate optimal solution that meets the requirements
of strength and lightweight in global optimization.
Among them, the RBF-ASA optimization method is
more likely to produce a good design scheme,
which can provide a reference for the optimal de-
sign of internal pressure-resistant square compart-
ment structure.
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