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Abstract  [Background] The development of high-throughput reactors is of great significance for supporting the
development of nuclear science and technology, improving the efficiency of nuclear energy utilization, meeting the
needs of radioactive isotope production, and carrying out irradiation tests and performance tests of new nuclear fuels
and structural materials in reactors. Due to the high power density of the core fuel and the large demand for thermal
cooling, the nuclear-thermal coupling phenomenon in the high-throughput lead-bismuth reactor (HT-LBR) is more
significant than that in conventional lead-bismuth reactor (LBR). When the design optimization of high flux LBR is

carried out, it is necessary to carry out collaborative optimization of multiple core parameters, improve the neutron
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flux density, and meet the physical / thermal constraints such as core refueling period, fuel cladding temperature and
coolant flow rate. Therefore, the design optimization of high flux lead-bismuth cooled reactor is a complex problem
of multi-physics, multi-variable and multi-constraint coupling. [Purpoese] This study aims to improve the neutron
flux level of LBR and solve the optimization design problem of HT-LBR. [Methods] Firstly, a HT-LBR training
database was constructed to contain different core design parameter combinations and corresponding objective
function response values and constraint condition response values. Based on the reactor Monte Carlo code RMC and
sub-channel Code Subchanflow, a Back-Propagation (BP) neural network prediction model was established as a
proxy model for reactor physical calculation and analysis to achieve rapid prediction of core neutron flux density and
effective multiplication factor using aforementioned training database. Secondly, an updated iterative optimization
method based on BP neural network Dynamic Surrogate Model (DSM) was proposed to improve the optimization
efficiency and global optimization ability, and search for the optimal HT-LBR core design parameter combination
within the design range. Thirdly, based on the open-source machine learning platform TensorFlow, coupled with the
reactor physical and thermal calculation and analysis program, an iterative optimization method based on BP neural
network prediction model was proposed. Combined with the sensitivity analysis method of core design parameters
based on Sobol index method, a HT-LBR optimization design platform was developed to cover five functional
modules: training database generation, physical and thermal parameters calculation and analysis, BP neural network
model construction, core parameters sensitivity analysis, and core parameters optimization analysis. Finally, a multi-
functional ultra-high-throughput reactor was used as a prototype to establish a model to be optimized, collaborative
optimization verification of multiple core parameters including core grid diameter ratio, fuel pellet diameter, active
zone height, and radial reflector thickness, was conducted. [Results] Verification results show that the prediction
accuracy errors for core neutron flux density and effective multiplication factor are maintained within 0.1%. The
optimized neutron flux density is 15.41% higher than the original design. The influence degree of the four groups of
core design variables on the maximum neutron flux is arranged in the order of reflector thickness < gate diameter
ratio < active zone height < fuel pellet diameter. At the same time, the maximum temperature of the fuel pellet and
the maximum temperature of the cladding are reduced by 23.57 °C and 8.20 °C, respectively. The optimized core
design scheme has a larger steady-state thermal safety margin. [Conclusions] The HT-LBR optimization design
platform developed in this paper is effective and reliable.

Key words Lead-bismuth cooled reactor, High flux reactor, BP Neural network, Dynamic surrogate model,

Optimization methods, Neutron flux density
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Table 1 Multi-functional ultra high flux lead-bismuth cooled reactor design parameters

B+ 2 Design parameters {8 Numerical value
FATNZE Thermal power / MW 150
ekl & W) Refueling cycle / d 90

A H15# ) Coolant material **Pb-Bi
S5} )2 71} Reflecting layer material 2%
f1.5E 418} Cladding material T91
PRRLFE (7] PR IE 78 S K Fuel rod gap filler gas He

N i Inlet temperature / °C 170

H 138 Outlet temperature / °C 536.5
PRA 25 3 54U 2598 5 Fuel loads/**U loads / kg 779/175.3
HECSTEPE X 2530 E.42 Equivalent diameter of active zone / cm 58.14
HECSTEE X 15 FF Height of active zone / cm 50
WRELFE /41 BL4% Fuel rod inner/outer diameter / cm 4/4.6
PRELFE S BR 5% B Fuel rod gas gap width / mm 0.1
£17¢ )8 ¥ Cladding thickness / mm 0.2

MHEE Grid pitch / mm 52
W%t P/D Grid diameter ratio P/D 1.130 4
S5t fh m) /4% 7] J& & Reflective layer axial/radial thickness / cm 80/120
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Fig.1 Cross-sectional views of a multifunctional ultra-high
flux lead-bismuth cooled reactor
(a) Cross section of core along X-Y axis, (b) Cross section of
core along X-Z axis, (c) Cross section of fuel assembly, (d)
Cross section of fuel rod
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Table 2 Multi-functional ultra-high flux lead-bismuth cooled reactor optimization variable value intervals

11745 & Design variables I {i X ] Value interval
M2 Lt Grid diameter ratio [1.00, 1.50]
PRELE B B 4% Fuel diameter / cm [0.3,1.5]
HEOSTE 1 X 15 B Height of core active area / cm [40, 200]

JF )2 5 E Reflective layer thickness / cm [20, 220]
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Fig.2 Data distribution plot of 1 600 design variables
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Table 3 Physical parameters of lead-bismuth alloy

24 Parameters /75 5K Value/Equation
#4515 Melting point / K T,=398.0

1 /5 Boiling point / K T,=1927.0

15K 77 Surface tension / N-m™ 0=(448.5 - 0.087)x10™°

% ¥ Density / kg'm™ p=11065-1.293T

%5 & L #4 Constant pressure specific heat / J-(kg'K)™'
B J1K5FE Viscosity of dynamics / Pa-s
#45 % Heat conduction / W-(m-K)™

C=164.8 - 3.94x10°T+1.25x10°T* - 4.56x10°T°
1=4.94x10*exp(754.1/T)
)=3.284+1.617x10°T - 2.305%10°T*

AR S PR e B B S N HE I R R

4FT7R o

T4 SIEEINMR ISR

Table 4 High-flux lead-bismuth cooled reactor training database

PR Wik
Sample Design variable
size

HARBRBOTRE 2R A
Objective function  Constraint response
response value value

WHE B BORLS R B HEETEX S RNEREE P/ M7CM 7087 k.,
Grid pitch ratio Fuel diameter ~ Height of core Reflective layer
/cm active zone /cm  thickness / cm

1 1.493 776 0.429 575 185.214 6 162.842 2 1.662 1x10" 1.21537
2 1.315769 0.677 587 91.307 3 185.8457 1.548 1x10" 1.327 71
3 1.495 511 0.741 313 164.4659 152.645 8 7.189 8x10"™ 1.391 04
4 1.427 046 0.884 549 72.9223 133.9510 1.218 5x10" 1.334 17
5 1.420 833 1.470 295 55.9276 193.398 0 6.153 2x10" 1.398 67
6 1.236 895 1.407 295 68.267 4 60.641 8 5.943 2x10" 1.461 60
7 1.240 646 1.489 613 100.568 1 109.038 4 3.461 9x10" 1.528 40
8 1.227 713 0.751 283 162.399 0 115.514 5 7.351 610" 1.437 19
9 1.174 609 1.465 010 187.868 3 143.498 9 1.858 2x10" 1.592 46
10 1.485 631 0.663 466 1439149 177.673 0 9.966 5x10"™ 1.349 12
1600 1.183 904 1.387 367 85.603 8 152.429 0 4.558 4x10" 1.516 41
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Table 5 Hyperparameter space setting

#2331 Super-parameter ({8 Numerical value
Feiit 2 )2 % Number of hidden layers [1,2,3,4,5]

2% 2] % Learning rate [1x107% 1x107°, 1x10°% 1x10 "]
YIZEHL VK Batch size [32, 48, 96, 128, 256, 512, 1 024]
L2 IEMI{k ZE L2 regularizer coefficient [1x1072, 1x107% 1x107"]

*6 MHEMERBLENRE

Table 6 Neural network model architecture setup

R o PR 2 LD (AT P
Parameters 0., heural network model k,; neural network model
LN BORLES S ELAR IR R DX R A R R

Input parameters Fuel diameter, grid pitch, active zone height, reflective layer thickness
i 25 S 5 PN LGRS A R e B

Output parameters Maximum fast neutron flux in the core  Effective multiplication factor
2% 3] % Learning rate 0.001 0.01

WIZRIK %L Epochs 2000 2000

YIZRHLIR Batch size 32 512

Feiil 2 )2 % Number of hidden layers 1 3

Ratil 2 4 22 761 $ Number of neurons per hidden layer 100 100/100/100

VO BRI 3X Activation function ReLu ReLu

15195 BR # Loss function Mean_squared_error Mean_squared_error
flt4b#5 Optimization algorithm Adam Adam

IE N1k Regularization £.2(0.000 1) L2(0.000 1)

NRIE BP 44125 X 28 TN AR AR (1004 P52, B 13t 4
A FEN R FE HF , I8 F EarlyStopping 2 %, 24 #5774
KT 50 RN Ja AT PRI, &bl 5. Wil 3
Fi7w » 8 F Modelcheckpoint {47 fe AR, o FHEE
XA 2 IS T R ke, 80 226 X 48 TR 70 - 5310 F 711 A1
373 YR 5 I a2k B 5t A TR % o

BP 1 28 X 4% T AR 7Y (4K B U2 7 BT, ¥ 05
7215 22 MSE F - 5 S5 B T B 5 SE B 2 1A 1)
W2 (/N RN M R . T RELRH
-4 [ DAY ) 0L R T 1 R Y
WE1RMRT . o, A LR TN AL RY ) 1)y 2247 22
MSE /) T 0.001%, & 5E R H R* 15 £ 99.9% ; k. 4 42
WK 2% I ASE 2R 1R 35 T 22 3% 22 MSE /N T2 0.001 1%, #
ERBRIEF99.8%. LEHRFH, ATHEN ¢,
23 I 2% T 5 B T o 445 W) 4% L0 5 7R ) DA o
T S B KRR T R g, A RO B R K
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Table 7 Prediction accuracy of neural network models
AL o) 245 LN A 7R MSE /10 * R*/ 102
Neural network prediction model

0, LML @ neural network ~ 9.9744 09991
ke AL WY 25 k, neural network 1.093 9 0.998 5
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Table 8 Comparison of results between neural network predicted values and RMC calculated values

eIt S5 $18 Value
Core design parameters 5 —4 Group 1 %5 41 Group 2 % =41 Group 3
HIH4% L Grid pitch ratio 1.096 2 1.095 4 1.0915
PREL S EL 4% Fuel diameter / cm 0.391 4 0.405 4 0.405 1
HEUSE PE X 7 B Height of core active zone / cm 44313 8 40.340 9 40.381 1
J5F )2 )5 BE Reflective layer thickness / cm 212711 1 207.437 4 211.449 3
0. BP #1220 2% i1l {2 BP NN predicted value 8.8320 9.1070 9.128 8
/10% n-cm*s™' RMC i 5 RMC calculated value 8.8273 9.105 0 9.1275
X} % ZE Relative error / % 0.0533 0.021 8 0.014 3
kg BP #1222 Tl BP NN predicted value 1.008 2 1.003 0 1.003 8
RMC 1H5{& RMC calculated value 1.008 7 1.002 8 1.004 0
MXT 1% Z Relative error / % 0.047 0 0.0225 0.019 4
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flt4k 75 % Optimization solutions
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S5} )2 5 E Reflective layer thickness / cm
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O HL R R ¥ Maximum fuel pellet temperature / °C
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