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Topology Optimization Design of Heat Convection
Problems With Variable-Density Cells

WANG Qin, LIU Liyang, QIANG Bo, WEI Yanqgiang
(Shenyang Aircraft Design & Research Institue, Shenyang 110035, P.R.China,)

Abstract: The method of designing cell structures with variable-density cells based on erode-dilate operators
was applied to the optimization of thermal structures. A series of variable-density microstructures with the same
topology definition but different volume fractions were obtained with erode-dilate operators. Then, the thermal
conductivity of the variable-density cells was extracted and the equivalent thermal conductivity fitting curve was
obtained. After this, the method of moving asymptotes was used to update macro design variables, and the var-
iable-density microstructure was implanted into the macroscopic unit of the corresponding volume fraction to
complete the assembly. Numerical examples were given to compare and analyze the thermal compliance, the
mean temperature, the variance and other parameters of the temperature fields with different optimization
methods. The results show that, variable-density cell structures have better heat dissipating performance than

traditional single-scale cell structures and periodic cell structures.
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Fig. 2 The process of the “erode” and “dilate” operators
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Table 1 Thermal performances of structures optimized by different strategies
compliance average temperature maximum temperature variance
microstructural library (D 3.541 1E4 3.374 1E2 1.094 8E3 4.751 1E4
microstructural library @) 3.133 7E4 2.977 8E2 1.043 3E3 4.033 OE4
microstructural library 3 3.303 3E4 3.126 1E2 1.001 9E3 4.125 8E4

the single macro-scale design 4.963 6E4 4.757 3E2 1.170 6E3 7.221 5E4




559 1] FEKGF . B TR R TR AL A R R ML 1143

SR AR B T A5 A AR G 0 2 AT A 45 A AT TR A A AR BB A L 22 LA R I B 4 S 5
8 R TR S A E O, R TR s A A AR BB I AR AT B8, S 35— B Bl 4 4 22 1] 114 328 3 %
5T, AR T RE N B S S A R R AL HUE T IRFRAMICH 0.2 MTES 37 HIUS SRR A B R i
SEN 5 i S AR IR 22, LA RE QLA 1Lt Ah 4 R AL 5 58 1 e R 25 AR B3 5043 99 R 0.202 5,
0.201 7,0.200 4 F10.200 7AKF 05022 /0N, 76 SR V/FE BB DR bl A SO S AR 5% 1 2 ROBESR FMIL Ak 7 i 02
SRR, PoAL)E R SE I HE RE AL S

6 45 1w

ARSORG AL B i 22 RO SR MIS AR TT 120 FH T HCAES R D0 A 5 T T oo™ FBC0R0 1 Ak BB il 4t g A o )
HRES R P R PR HE 3 S AT A A I S A 3 R B, AR B S e, T T2 A, O 4 e A o
FEMITTEE R A, T AR SRR L A LAY Gl &S A A b, oA B iy el e U S ) 3R 1, SR e
WERUBE ST IAH F |, A0 % i 45 B LA BT 4 ) e A .

22 3k ( References) .

(1] i, 3, 5 BT, 48 T3 S Je )2 B A RS e B AR R [ I ). A R g5, 2022, 43(5) -
477-489. (PENG Shibin, GUO Rui, FENG Shangsheng, et al. A calculation model for temperature responses
of active cooling lattice sandwich structures for thermal protection[ J]. Applied Mathematics and Mechanics ,
2022, 43(5) ; 477-489. (in Chinese) )

[2] ZHUJ H, ZHANG W H, XIA L. Topology optimization in aircraft and aerospace structures design|J]. Ar-
chives of Computational Methods in Engineering, 2015, 23. 595-622.

[3] LIU S, HU R, LI Q, et al. Topology optimization-based lightweight primary mirror design of a large-aperture
space telescope[ J|. Applied Optics, 2014, 53(35) ; 8318-8325.

(4] SRARAR, Zofmsm, BALME, 5. JE TR IAFRL SR A RHLE M RHM A MR s MBI TE [ ). I R %, 2022, 43
(6): 648-659. (ZHANG Dongdong, LUAN Fuqgiang, ZHAO Lihui, et al. Research on topology optimization of
damping material microstructures with varied volume constraints| J |. Applied Mathematics and Mechanics
2022, 43(6) : 648-659. (in Chinese) )

[5] RODRIGUES H, GUEDES J M, BENDSOE M P. Hierarchical optimization of material and structure[ J]. Struc-
tural and Multidisciplinary Optimization, 2002, 24(1) . 1-10.

[6] XIA L, BREITKOPF P. Concurrent topology optimization design of material and structure within FE* nonlinear
multiscale analysis framework|[ J |. Computer Methods in Applied Mechanics and Engineering, 2014, 278.
524-542.

[7] XIA L, BREITKOPF P. Multiscale structural topology optimization with an approximate constitutive model for
local material microstructure[ J]. Computer Methods in Applied Mechanics and Engineering, 2015, 286 147-
167.

[8] LIUL, YANJ, CHENG G. Optimum structure with homogeneous optimum truss-like material[ J]. Computers
& Structures, 2008, 86(13/14) . 1417-1425.

[9] YAN J, CHENG G D, LIU L. A uniform optimum material based model for concurrent optimization of ther-
moelastic structures and materials[ J]. International Journal for Simulation and Multidisciplinary Design
Optimization, 2008, 2(4) : 259-266.

[10] LONG K, WANG X, GU X. Concurrent topology optimization for minimization of total mass considering load-
carrying capabilities and thermal insulation simultaneously| J]. Acta Mechanica Sinica, 2018,34(2) : 315-326.

[11] YAN X, HUANG X, SUN G, et al. Two-scale optimal design of structures with thermal insulation materials
[J]. Composite Structures, 2015, 120 358-365.

[12] YANJ, GUO X, CHENG G. Multi-scale concurrent material and structural design under mechanical and ther-
mal loads[ J]. Computational Mechanics, 2016, 57(3) . 437-446.

[13] ZHANG P, TOMAN J, YUY, et al. Efficient design-optimization of variable-density hexagonal cellular struc-



1144 A R~ G SO | ) = 2023 4 5 44 45

ture by additive manufacturing; theory and validation[ J ]. Journal of Manufacturing Science & Engineering ,
2015, 137(2) . 021004-021013.

[14] WANG B, CHENG G. Design of cellular structures for optimum efficiency of heat dissipation[ J]. Structural
and Multidisciplinary Optimization, 2005, 30(6) . 447-458.

[15] CHENG L, LIU J, LIANG X, et al. Coupling lattice structure topology optimization with design-dependent fea-
ture evolution for additive manufactured heat conduction design[ J]. Computer Methods in Applied Mechanics
and Engineering, 2018, 332. 408-439.

[16] CHENG L, LIU J, TO A C. Concurrent lattice infill with feature evolution optimization for additive manufac-
tured heat conduction design[ J]. Structural and Multidisciplinary Optimization, 2018, 58(2) : 511-535.

[17] WU Z, XIA L, WANG S, et al. Topology optimization of hierarchical lattice structures with substructuring[ J].
Computer Methods in Applied Mechanics and Engineering, 2019, 345. 602-617.

[18] WANG Y, CHEN F, WANG M Y. Concurrent design with connectable graded microstructures[J]. Computer
Methods in Applied Mechanics and Engineering, 2017, 317, 84-101.

[19] WANG Y, ZHANG L, DAYNES S, et al. Design of graded lattice structure with optimized mesostructures for
additive manufacturing| J]. Materials & Design, 2018, 142, 114-123.

[20] ZONG H, LIU H, MA Q, et al. VCUT level set method for topology optimization of functionally graded cellular
structures( J . Computer Methods in Applied Mechanics and Engineering, 2019, 354. 487-505.

[21] ZHANGY, LI H, XIAO M, et al. Concurrent topology optimization for cellular structures with nonuniform mi-
crostructures based on the Kriging metamodel[ J]. Structural and Multidisciplinary Optimization, 2019, 59
(4): 1273-1299.

[22] ZHANGY, XIAO M, GAO L, et al. Multiscale topology optimization for minimizing frequency responses of cel-
lular composites with connectable graded microstructures[ J|. Mechanical Systems and Signal Processing,
2020, 135 106369.

[23] SIGMUND O. Tailoring materials with prescribed elastic properties[ J|. Mechanics of Materials, 1995, 20(4) .
351-368.

[24] OSANOV M, GUEST J K. Topology optimization for architected materials design[ J|. Annual Review of Mate-
rials Research, 2016, 46(1) . 211-233.

[25] CHEN W, LIU S. Topology optimization of microstructures of viscoelastic damping materials for a prescribed
shear modulus[ J]. Structural and Multidisciplinary Optimization, 2014, 50(2) . 287-296.

[26] WANG Y, WANG M Y, CHEN F. Structure-material integrated design by level sets| J]. Structural and Multi-
disciplinary Optimization, 2016, 54(5) . 1145-1156.

[27] #Mi, D51 MRS AT e J12EAT 0 [ J]. BRI 124, 2022, 43(5) : 534-552. (YANG Hang,
MA Li. Multimaterial lattice structures with thermally programmable mechanical behaviors[ J |. Applied Mathe-
matics and Mechanics, 2022, 43(5) : 534-552. (in Chinese) )

[28] BOURDIN B. Filters in topology optimization[ J |. International Journal for Numerical Methods in Engineer-
ing, 2001, 50(9) . 2143-2158.

[29] PAPANICOLAU G, BENSOUSSAN A, LIONS J L. Asymptotic Analysis for Periodic Structures| M]. Elsevier,
1978.

[30] WANG F, LAZAROV B S, SIGMUND O. On projection methods, convergence and robust formulations in to-
pology optimization[ J]. Structural and Multidisciplinary Optimization, 2011, 43(6) . 767-784.

[31] BENDS@E M P, SIGMUND O. Material interpolation schemes in topology optimization[ J]. Archive of Applied
Mechanics, 1999, 69(9/10) : 635-654.

[32] SIGMUND O. Morphology-based black and white filters for topology optimization[ J]. Structural and Multi-
disciplinary Optimization, 2007, 33(4/5) . 401-424.



