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Abstract  [Background] Radiation shielding design is an important part of reactor design, and the development of
new nuclear power technology for various kinds of reactors has put forward new demands on radiation shielding
optimization design methods. [Purpose] This study aims to overcome the shortcomings of the traditional multi-
objective optimization methods for shielding structures in dealing with the optimization problem of 3D shielding

structures, such as slow optimization speed, difficulty in convergence, and poor globalization. [Methods] Based on
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the non-dominated sorting genetic algorithm III (NSGA- III), the many-objective optimization method for 3D

shielding structure design for nuclear reactor was proposed. The Monte Carlo N-Particle Transport Code (MCNP)

was employed to analyze comparative performance of the NSGA-III optimization method on the basis of the 3D

shielding structure model of nuclear reactors, and shield weight, volume and radiation dose rate in specific regions

were taken as the optimization targets. [Results & Conclusions] The numerical simulation results show that the

NSGA-III based optimization method for 3D shielding structure design can search for the Pareto-optimal front more

efficiently and stably, providing a new idea for the optimization of radiation shielding design.
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Fig.2 Side view (a) and vertical view (b) of 3D shielding structure of nuclear reactor
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Table 1 Description of the shield number and its location

B Z T 5 P A B2 75 I DA

Shielding layer serial number  Shielding layer position Shielding layer serial number  Shielding layer position
Ul i) 25— 2 1st of axis upper R1 14 M 56— 2 1st of radial
U2 il 1m) 58 )2 2nd of axis upper R2 121655 )2 2nd of radial
U3 lile) %8 = )2 3rd of axis upper R3 1217 25 = )2 3rd of radial
U4 HlifF) 15 70 )2 4th of axis upper R4 4211 55 U J2% 4th of radial
Us li1e) & 28 )2 5th of axis upper R5 12171 25 11 )2 5th of radial
L1 Hh1E) R 55— )2 1st of axis lower R6 1211 5575 )22 6th of radial
L2 1) T 25 — 2 2nd of axis lower R7 121712552 7th of radial
L3 Hh1) T 28 = 2 3rd of axis lower RS #m%5 J\JZ 8th of radial
L4 4] T 25 DU JZ 4th of axis upper R9 &5 JLE 9th of radial
L5 4] T 28 FJZ Sth of axis lower R10 Z W52 10th of radial
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Table 2 MCNP computing resource comparison

YRR ZROMT  EEMRETTE Z Hrhmiz AR
Initial model Multi-core  Importance Multi-group  Paper model
parallel variance reduction  transport
i H 947 Memory occupied / MB 493 323.5 493 12.4 47.9
1& 5} ] Computing time / s 142 21 197 32 9
& F 1R 22 Dose rate calculation error / % 19.85 19.85 2.62 22.72 2.59
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Table 3 Initial shielding design parameters for the nuclear reactor

Bz 5 JERE M-S Bz 5 5 S
Shelding layer No.  Thickness / cm Material No. Shelding layer No.  Thickness / cm Material No.
Ul 2.5 8 R1 0.5 16

U2 10.75 9 R2 0.5 1

u3 0.75 11 R3 0.25 17

U4 0.25 24 R4 1 1

us 1.25 10 RS 1 19

L1 2.75 16 R6 0.25 19

L2 0.5 19 R7 0.25 7

L3 0.25 1 RS 0.5 11

L4 0.5 11 R9 3.25 4

L5 0.75 6 R10 0.25

DLBE 2 A B 5 B 2 A AR o i 6 v Bl )
$pe b 5 TR S R B BE At A il e B R T I
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RSB NI B b BRI BERAR S B E N
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VI CRT 3% B WA BN 4 BT ) , F1-42 1 Pareto BT
WMEAS A T B (] 6~8) R AR AN BE 77 22 FAT A b
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Table 4 Optional shielding material library for the optimization processes

75 No Bl 4 H5 Material type % ¥ Density / g-cm™
1 A 5% Graphite 2.25
2 7K Water 1.00
3 % Beryllium 1.85
4 SS307 AE54M SS307 stainless steel 7.92
5 8 Aluminium 2.70
6 i Lead 11.35
7 3 Tungsten 19.35
8 40 Gadolinium 7.90
9 R Z.)% Polyethylene 0.93
10 % Z.J7i Boron polyethylene 1.22
11 YA %R 245 Aluminum-boron polyethylene 3.60
12 489 Boron steel 7.70
13 145 Tungsten-Boron-Aluminum 6.10
14 7=, Air 0.001 205
15 T4 Carbon steel 7.82
16 304 ANE540 304 stainless steel 7.92
17 347 ANE540 347 stainless steel 7.92
18 P8 -5 42 1600 Nickel-chromium-iron alloy 1600 8.43
19 -5 -8k A 4> 800 Nickel-chromium-iron alloy 800 8.01
20 it 1 Concrete 2.30
21 # 5 A Wik Barite concrete 3.35
22 A HLBHE Organic glass 2.30
23 JeHLBE 3 Inorganic glass 2.336
24 JEAT AN LT 4E VR B+ Layered steel fiber reinforced concrete 2.278
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Pareto A {5 2)1H

MBI 6~8 7] W, 7E F LG5 R T7 1, A m4E2 H
P TS s A BME B /N TR S 2 H b 5%, Rl
SeEEYEE AR SCE M B A BN AL G T
10.23%, AR X7 iEF R e A B B H . £

1.1

(a) —— Many-objective Optimization | |

Lo ™ - == Multi-objective Optimization
091 %
- \’
081 \-muny
\ A, G \
206 1\
= \
= \
0.5+
3
0.4 Ve
Ny ]
0.3 B s
0.2+ S S TR
0.1 . - -
0 20 40 60 80 100
Generation

%ﬂ 0.5+ e
= 0.4 \\

ARE ST AR 4EZ H bR 5 kAR AR il )
T R AR AN 1) R T R AR DY AR R L R
Hh Pareto IV SB35 SRR 1% G U5 ik, 43 170 00 T 7]
AR YL 7 T AT BOA R IR TR 7% A Bt iEAS
T i AR, A SO BAT 4 4 /U
SUREST

1.0 - T
09+ (®) 5 i i ﬁ“,w e V,’f\‘“u

HJ"‘\unnrl
RV Wr‘lﬂ\r \‘

o5 Nadsd™

071 —— Many-objective Optimization

06 \ - -~ Multi-objective Optimization
& b

i
V

03} '\

02} You
01}
0

o, e
—
b o

20 40 60 80 100
Generation

6  HFRAF () F1 HE 5 (b) Pareto AT ¥ HMEAL b 34 &

Fig.6 Trend chart of frontier mean change of Pareto of objective volume (a) and weight (b)

AR AN 3 33 B ik = o S AR AR AL
111 25 AR A 1 DR A B = A8 48 A 77 B AT K

B ) 540, 1 v i S ) B A G E AR B B 22
UG %, (E S Br TR N Hh ) 3 H i 2 R

110603-7



o R

2022, 45: 110603

~J

(a)

-~ wn (=3}

Radiation AU
b

—— Many-objective Optimization
- - —- Multi-objective Optimization

20 40 60 80 100
Generation

(b) st

g b "

.r“ﬂ;w

ki A e
R A

’J»v‘i\ ¥

S

Radiation AL
L¥S)

b
i

—_
N

—— Many-objective Optimization ||
-~ Multi-objective Optimization

20 40 60 80 100
Generation

7 Hbwshm 77 @R R 75 (b)57 5 2 Pareto R I (E AR b 34

Fig.7 Trend chart of frontier mean change of Pareto dose rate of objective radiation dose rate of axis upper (a) and axis lower (b)

30

Radiation R

~——— Many-objective Optimization
- -~ Multi-objective Optimization

20 40 60 80 100
Generation
8  HbsfEIaI i 77 & 28 Pareto A W IE LA B
Fig.8 Trend chart of frontier mean change of Pareto dose rate
of objective radiation dose rate of radial

ERITT
ARATIRETT G1 A bR B ABE AL A i 0040 B

Weight Radiation AU Radiation AL Radiation R
17.44 26.6 3. 2.18 2.71 7

Volume
8.94 1

(@

T SR A HARE S AE , o AR AR 7 AN H
PRAEAE VA — e AR B, L Ja B AR T 1% H
PR 2N Bl b, 1 DAZR BOERE R 7 R % H
PR L e & SE 2 ], FL ey, 21 2R R 200 )
g7 58 B9 a) Atk e % HARTEAL T3 AR AR
HEJT ST ARAR I, B 9 (o) A S 4E % H AR AL
TP T ARACHRE AT AR 1A

MO T AL 5l 1) 75 7] 6 R Y FE AT 7 i
75 5 A bR m B, HA 45 2 ARSI VA iR
By s A bs A Y m T g nid, TEEYEE
EARSTT AL LI T E] T 96.67% 3 i T
TG TR 56.19%. U B A SO IR T A6 Gt 5
AT SR AL e T 040 B T SR IR DT 5
HAT R R BEROT AL RE

Volume Weight  Radiation AU Radiation AL Radiation R
1.84 1.515 193 1.86 2.26

(b)

B9 4% AT E@MA S 4E L B AR5 (b)) N ARMNFNEE T 2 FAT Abbr B R € 0 45 J5O
Fig.9 Parallel coordinate diagram of the last population schemes under multi-objective optimization (a) and many-objective
optimization (b) (color online)

Rtk — R EE PN R TR R 2R A YRR A
i A (Hypervolume , HV) f8 R 1E N T & 7 RES
WSS Atk RefE AR, RMEE S R E— 2
X E 5 S5 MR B w25 8] H X3 A
/N AR RO, (U BRARAL T VR I SR A P RE R T« AN
KEI10 7T LA, B &S H B0, =4k 2 B Al
W TR S R RES HV Fabn Bk 2 118 16 &

), LU St A R I R AT, MRS T R EA
WIH Rt — PP itk s e 4 2 HAs ik 77 548
T RES HV fEbR, H 29 5 2B s 1L,
HV o BT, W RS 5 2Lk NT
i, oo A e S S B G R AR T

M AL 7 1 L BT 15 B 1] Pareto fR4E H , 7
bira e sk A = N T B == < T N <6

110603-8



RS

BT A AR IS HE = 2E R S5 4E 2 FARAL DT 0T 7

0.7
Many-objective Optimization
06! Multi-objective Optimization i
0.5 S
% 0.4 f/
- /}”/ (NN W ey
2 0.3 7 R R
- R 1/
f/f/
o2t //
1f
o
0.1f /|
0 =il
10 20 30 40 50 60 70 80 90 100
Generation

10 HVitrx R gl
Fig.10 Schematic diagram of HV index comparison
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Table 5 Detailed design parameters and target values for the better scheme

T 8755 % 1155 % 149 575 % 94555
Shelding layer No. Scheme 87 Scheme 111 Scheme 149 Scheme 94
BE MES EE MES B eSS R S
Thickness Material Thickness Material Thickness Material Thickness Material
/cm No. /cm No. /cm No. /cm No.
Ul 9.5 10 8.25 10 0.75 10 3 6
U2 0.25 1 1.5 1 0.75 1 2.75 10
U3 0.25 23 425 5 5 23 5.75 11
U4 0.75 11 1.25 10 475 10 5 8
Us 2 3 3 11 8.5 0.75 9
L1 1.25 10 1.25 2 1.5 0.25 8
L2 1 12 0.25 10 1 10 0.5 1
L3 0.5 1 1 10 0.25 10 0.25 14
L4 0.75 3 0.25 6 1.5 2 45 1
L5 1 6.75 10 0.75 2 1 2
R1 0.75 10 0.25 10 0.5 12 0.5 11
R2 0.5 3 0.75 15 0.25 3 0.5 9
R3 0.75 10 1.25 9 1.25 2 0.25 3
R4 0.5 1 0.25 10 0.25 9 1.5 2
R5 1 10 0.5 10 0.5 10 0.25 3
R6 0.25 13 0.25 10 0.25 14 0.75 4
R7 0.25 0.25 1 0.5 20 0.25 19
RS 1.75 9 0.5 9 0.25 9 0.5 11
R9 0.25 14 0.25 9 0.5 9 0.75 2
R10 1 10 0.25 2 1.75 10 0.25 8
A& Volume / ent’ 1.005 6x10° 9.890 0x10° 1.076 0x10° 1.002 6x10°
i Weight / g 1.578 0x10° 1.987 8x10° 1.665 1x10° 3.887 2x10°
B by ) E A 7.638 7x107" 3.9539x107" 3.550 9x107" 7.346 1x107™
Radiation dose rate of axis upper / Sv-h™'
B R 7 R 6.590 0x107" 1.427 7x107" 5.248 6x1072 6.948 1x107"
Radiation dose rate of axis lower / Sv-h™
A Ir) 0 1 71 B 2 3.061 6x107° 5.502 1x107" 4.103 1x107" 5.704 8x107"

Radiation dose rate of radial / Sv-h™'
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Table 6 Initial scheme target values and relative optimization ratios for each optimized scheme (%)

AR AL EE A1 AR HE Ll il S Bl R 5 AR A e A T 77
Relative optimization Volume / cm®  Weight/ g Radiation dose rate Radiation dose rate Radiation dose rate
ratio of axis upper / Sv-h™  of axis lower / Sv-h™  of radial / Sv-h™

J 77 % Original scheme  1.1513x10°  6.517 9x10° 7.811 4x10™ 9.848 5x107" 6.667 9x107"

87 77 %% Scheme 87 12.66 75.79 221 33.09 54.08

111 77 % Scheme 111 14.10 69.50 49.38 85.50 17.48

149 77 % Scheme 149 6.54 74.45 54.54 94.67 38.47

9475 % Scheme 94 12.92 40.36 5.96 29.45 14.44
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