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Abstract

To reduce the high computational cost of point-by-point CFD optimization and overcome the limited
ability of geometry-only surrogate models to describe local flow-field evolution, a multimodal CNN-
based shape and layout parameter optimization method integrating flow-field images with geomet-
ric parameters is proposed for an airfoil tube-fin radiator. Taking the NACA 0012 symmetric airfoil-
tube array as the baseline configuration, a six-dimensional parametric design space is constructed,
including camber, maximum camber position, thickness, longitudinal spacing, transverse spacing,
and staggering offset. The velocity, temperature, and pressure fields, as well as the Nusselt number
and resistance coefficient of different configurations, are obtained using COMSOL. On this basis, a
multimodal dual-stream CNN surrogate model with a CBAM attention mechanism is developed and
used as a fast fitness evaluator in the differential evolution algorithm. The test results show that the
coefficients of determination for Nu and freach 0.9756 and 0.9633, respectively, indicating higher
prediction accuracy than the geometry-only MLP model. According to independent CFD verification,
the optimal structure increases Nu, the unit-depth equivalent heat transfer rate Q,,,,and the com-

prehensive evaluation factor n by 6.03%, 0.25%, and 3.93%, respectively, while reducing the av-

erage temperature rise of the airfoil tube by approximately 5.45%; meanwhile, the resistance coef-
ficient fincreases by 6.18%. The results indicate that the optimized structure achieves a reasonable
compromise between heat dissipation enhancement and flow resistance penalty. The proposed
“surrogate prediction - intelligent screening - CFD verification” procedure can reduce the screening
cost of candidate structures and provide a reference for the rapid optimization of compact radiators.
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Figure 1. Definition of airfoil-tube shape and array layout parameters
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PR, JFURAEZK ¢ NREMEIRSTSLhR LT R
m=Tc, p=T,.c, t=Tc (1)
S,=Te, S,=Te. S, =Tyc @

X, TNBERY, T, NERKESEME, T,O8FERE T ORI, 78 AEE, 7, 8%
EIRS . A 1 PEE T R TCENBOH R R HUE T RN, K 1 RS HU R A U
Y /£ COMSOL @M, FHRYELE LK o R HHF bR LT RO Ja A et SEpi . D9 T Rex
bt SIS R L 58 Ak SR HEAR B AR A [ A A R HERE A (Baseline), RPT, =0, T, =0.

Table 1. Six-dimensional parametric design variables and their ranges for the airfoil-tube array
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5 Ghins YR X RERA BUEER
T, BRARE TEARFFAE 0.00~0.05
T, S INCADA TEARFEAE 0.20~0.60
T, JERE R % TEARFHIE 0.08~0.15
T A 1 ] AT JRRFAIE 0.50~1.50
T A1) A ER At JRRFAE 0.50~1.20
T RIS At JRRFAE 0.00~1.00
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Table 2. Computational physical properties and boundary condition settings
=2 RN SHEAREMHRE

¥ ins) ¥ LA A
TR p 12 kg/m3
TRENNFE u 1.8 x 107 Pa's
TR E RS cp 1005 J/(kgK)
TRFRARR ka 0.026 W/(mK)
FAE ML — e —
RARETZK c 0.01 m
TR [ R Ps 2700 kg/m3
HE [ 7k TR ks 238 W/(m-K)
TR ] R LA Cps 900 Ji(kg'K)
PNEE S5 u, 5 m/s
AN R T, 293.15 K
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Figure 2. Computational domain and boundary conditions of the 3 x 8 airfoil-tube array radiator
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Figure 3. Overall mesh of the computational domain and local near-wall refinement around airfoil tubes
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Table 3. Grid independence verification
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& B (FH) 48,200 329.82 0.626 0.23
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Figure 4. Simulation contours of a typical training sample
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Table 4. Factor level table of orthogonal test for the airfoil array
4. BEMESEZREERRKFER

HR/S LB =9 K1 K 2 K 3 7K 4 K5
Ta LR 0.000 0.015 0.025 0.035 0.050
Tva =N A 0.20 0.30 0.40 0.50 0.60
Ty B RH 0.080 0.095 0.115 0.130 0.150
Ty A3 v [ B 0.50 0.75 1.00 1.25 1.50
T, Gl 0.50 0.65 0.85 1.05 1.20
Tua IV 0.00 0.25 0.50 0.75 1.00
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KB RZEMSE), —#HRIER554:

ReLU(x) = max(O,x) (16)
l <~ /4 2
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X, x ML TCRAE, N ORI EFEA SR, p WBARIE, y, 09 CFD i1 5HARSE, Fifd
SHBCE WL 5 Frn, MRS EEWE 5 Fos.

Table 5. Main parameter configurations of the CNN network

% 5.CNN METESHRLE

A SHRE
LBREH 4 JZ(32—64—128—256 iiiH)
BT 3x3
R e BORIBAL 2 % 2
MLP Faj8)z 64— 128 #1£ 0
Rl R T 512256
Dropout 0.3
b SRR ReLU
e 2 (Nu, f)

4.2. {REVIZS TR RERIE
WERHT, XF 6 48 )L S8 Nuy fHREEAT Z-score FRifEfLALER :

v=2"H (18)
(o2

X, APRERER, x NREEE, ufo NN GEREARERbREZE, H5—HTRIFERM
MR, OB B TR . BRIt FEdr, Nu A f ARRUEAL IR NS 53 s Bt 5, 8 i g
PR AL B AR TSRS, AR S AT AR HEAC AL R, FETHEE RMSE. MAPE FIZE SN IR T o &
[E3. BESME 135 = g S A EETE B —4b, FEEGEE. Burg At bR i — 8 e —
RN . 500 ZHAEA TR 75%- 15%F1 10%K1 50 RIZREE . TR UF SEANMNAAE . AR Adam fRAGZS, F4h
4 Dropout BUHZENL. & N 2% 2] RO iR B R G s g A

MAREE WAL 6 FvR, ZAABADG Nu F1 £ BTNk 250579128 0.9756 Fi1 0.9633, 1t B X}
Fe AL BE 1 B 3 LA e O

N B PPAl IR A S A T RS B TN 25 SRt 508 K1) 43 A U, AR SR AT A8 SCIRHIE X 2 A5
A CNN BB BT AN FER S o K 500 AHFEARBENLLN 0 5 AN FIBARIT 19748, SOkt | A FEEN
IGIEEE, HA& 4 ADTEMENNSGE, ERNZGSKAE S K, HE0H Nu flF NS R E PR 2K |
7 aTHn, HAAS XIAET Nu BN R2SFHME N 0.9796, £ T R2FIME N 0.9775; Nu A1 f 1) MAPE
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Figure 5. Architecture of the multimodal CNN model
5. %187 CNN &R 204 [E]|
Table 6. Prediction performance indicators on the test set
5= 6. MR ETUN M BEIEIR
Hir % & R? RMSE MAPE/%
Nu 0.9756 0.3765 1.667
f 0.9633 0.000843 1.753
Table 7. Five-fold cross-validation results of the multimodal CNN model
F2 7. BIES CNN RE AT T X IEEE R
TRt 5 (=72 Ty FEAE P
Nu R? 0.9796 0.0130
Nu RMSE 0.3356 0.0986
Nu MAE 0.2404 0.0605
Nu MAPE/% 1.3573 0.3384
f R? 0.9775 0.0059
f RMSE 0.000623 0.000093
f MAE 0.000473 0.000071
f MAPE/% 1.3849 0.1914
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Table 8. Comparison of prediction results between geometry-only surrogate model and multimodal surrogate model
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Figure 6. Prediction results and model comparison of the multimodal fusion model
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Table 9. Comparison of heat dissipation performance and flow resistance penalty between baseline and optimal structures
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Figure 8. Comparison of key performance indicators before and after optimization
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Figure 9. Comparison of velocity field, temperature field, and heat dissipation effect between baseline and optimal structures
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