Fa9h F 1M #% # K NUCLEAR TECHNIQUES Vol.49,No.1
2026 £ 1 A www.sciengine.com/NT January 2026

ETIEMRAR R N E DS = Rm s
R R LT

B 'R EsNl FEIE B W

(W2 A28 R REIR S 80 TR Fe PE% 710049)

WE Oy 7 oaE O HEE /145 %8 (Reactor Pressure Vessel , RPV) {415 25 ¥ 76 1E ¥ i@ 47T 2644 T it &, &
H SRR H e AT B R EE . SR, A48 A VR BT IRk, FLE DA A 22 149745 & R0 H B AR G 2
WA, ARSI 7 — P T AAE IE 22 7 fi# (Proper Orthogonal Decomposition, POD) I8 ¥ 11 7532, B fE#E &
RPV (R ML B ERE . 156 BHARIEZE SN EI R (g0 P IOHRBE (T, DA K TR = = 3 ot v L (T, DA
Jutl Al B AR, B FH B AR 5 71 % (Computational Fluid Dynamics, CFD) 75 45 % 24 41 Ti%AF 9 POD BRIE .
U, FIF 380 J5 1) POD J7VE T 1 275 40 T LUR B T | S50k B AR MBS C R &R, @ LT —1E
S ENSE(Foop) KN HLEE LR FF 545 R : POD E 4 A MU IR T T a5 8,
FLTRI P2 g g REURDEIT 0.95, P HIA N i 2% (Mean Relative Deviation, MRD) & T 2.87%. [EI}, diELT
CFD J7 V£ REE 71548 20 99% B CPU B [A] o 25 R« 55 73 Foop 9 97.4 1748 540 4 (2 mm-16 °C-309.5 °C) 1
AERE, 5 RPV R 2540 JR B B V1A Ll 5 A A I e 71 17 59.2%

FEEE RPVIRIESH, FFRRBR, W itit, BB, AEERS /)

FESAS  TL3S

DOI: 10.3724/j.0253-3219.2026.hjs.49.240552

CSTR: 32193.14.hjs.CN31-1342/TL.2026.49.240552

Inverse optimization design of heat transfer performance for the reactor pressure vessel
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Abstract [Background] Thermal leakage in reactor pressure vessel (RPV) insulation structure poses safety risks,
and traditional trial-and-error parameter optimization methods are inefficient for handling complex variables.
[Purpose] This study aims to develop a proper orthogonal decomposition (POD)-based inverse design methodology
to enhance the thermal performance of RPV insulation structure. [Methods] Firstly, three design variables (air supply
temperature, RPV outer wall temperature, and installation gap) and their corresponding level numbers were
systematically determined, and three optimization objectives were defined as average heat flux (g,.), average

) on the RPV insulation’ s outer wall, and maximum local temperature (7,,) of the concrete. Then, a

max

temperature (7,

ve.

comprehensive dataset comprising 24 computational fluid dynamics (CFD) simulations was generated through full
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factorial design method, with these computational results employed as POD snapshots. Finally, the validated POD
method was employed to reconstruct 275 working condition cases, and a dimensionless comprehensive score (FPOD)
on a percentage scale was established to evaluate the overall heat transfer performance based on the three
optimization objectives. [Results] Calculation results show the POD reconstruction achieved high fidelity is achieved
by the POD reconstruction, with an average determination coefficient (R*) exceeding 0.95 and mean relative
deviation (MRD) below 2.87%, while reducing CPU time is reduced by 99% compared to CFD. The optimal variable
combination (2 mm-16 °C-309.5 °C) yieldeds a comprehensive score (F,qp) of 97.4, improving overall heat transfer
performance by 59.2% over the original design. [Conclusions] Results of this study demonstrate that the POD-based
inverse design methodology provides an efficient and accurate approach for RPV insulation structure optimization.

The optimal parameter combination achieves significant improvements in thermal performance, with ¢, reduced to

84.89 W-m™ T . to 3521 °C, and T, to 72.86 °C, which significantly enhances the safety and operational efficiency

ave max

of RPV insulation structure.
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Fig.1 Schematic diagram of the overall RPV insulation structure
(a) Three-dimensional geometric model, (b) Internal section structure
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Fig.2 Schematic diagram of the thermal insulation layer and installation gaps
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(a) Solving from coarse to fine grid, (b) Solving from fine to coarse grid
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Table 1 Information on 24 groups of design parameter combinations for RPV insulation structure

R RirsHdE R RirsHdE UGN a7 S ik

No . Design parameter combinations No. Design parameter combinations No.  Design parameter combinations
1 1 mm-16 °C-309.5 °C 9 3 mm-16 °C-329.5 °C 17 5 mm-20 °C-319.5 °C

2 1 mm-16 °C-319.5 °C 10 3 mm-20 °C-309.5 °C 18 5 mm-20 °C-329.5 °C

3 1 mm-16 °C-329.5 °C 11 3 mm-20 °C-319.5 °C 19 6 mm-16 °C-309.5 °C

4 1 mm-20 °C-309.5 °C 12 3 mm-20 °C-329.5 °C 20 6 mm-16 °C-319.5 °C

5 1 mm-20 °C-319.5 °C 13 5 mm-16 °C-309.5 °C 21 6 mm-16 °C-329.5 °C

6 1 mm-20 °C-329.5 °C 14 5 mm-16 °C-319.5 °C 22 6 mm-20 °C-309.5 °C

7 3 mm-16 °C-309.5 °C 15 5 mm-16 °C-329.5 °C 23 6 mm-20 °C-319.5 °C

8 3 mm-16 °C-319.5 °C 16 5 mm-20 °C-309.5 °C 24 6 mm-20 °C-329.5 °C
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Inverse Optimization Design of Heat Transfer Performance for the Reactor Pressure
Vessel Insulation Structure Based on Reduced-order Model
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Fig.4 Flowchart of inverse design flowchart for thermal performance of RPV insulation structure based on reduced-order model
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Fig.5 Grid sensitivity analysis of the RPV insulation structure
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Table 2 Three groups of design parameter combinations
for the RPV insulation structure

B AR 228 5 7 BT ) 24 2 AL PR T =
AR OB (5 B e, K251 T =41

B T CE24 AFOM RIS A S, KR35 e TP
T =M EAER T POD Tl 45 R 5 éé S No. Design parameter combinations

55 E i 1) CFD &5 5 (1)1 3 1 2 R 5 (R A1 3541 1
iR ZE (MRD) ST EL . 2RO FIC10) 4515 LT R*FI 2
MRD ()75 X AN Fa bR SR A B A 25 R 5 15 31 3
b B IR] PR e 220, R R2 A 0, Tl AR A S 28R R
Z, MR RN, U R . 7T RLREL, POD
T I B R AR X AR 25N 2.07%, AE B T 5E

2mm-17 °C-316.5 °C
2 mm-20 °C-324.5 °C
4 mm-20 °C-319.5 °C

&3 7 CFD£5RIIE POD 75 A TN &
Table 3 Validation of prediction accuracy of POD method
using CFD results
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Table 4 Comparisons of CPU time for predicting the thermal performance of RPV insulation structure using two methods
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