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Abstract: With the rapid growth of cold chain logistics, cold storage refrigeration vehicles
have garnered increasing attention for their energy-saving and environmentally friendly
characteristics. However, slow charging rates and nonuniform temperature distribution of
phase change materials (PCMs) in cold storage plates remain performance bottlenecks. This
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study proposes an efficient charging-fin design method for cold storage plates based on
topology optimization. First, a multiphysics numerical simulation was conducted using
COMSOL, and the fin structure was optimized via the density method. Then, parametric
simplification and structural reconstruction were applied to achieve a balance between high
heat transfer efficiency and engineering manufacturability. The results indicate that, under the
same volume ratio, topology-optimized fins achieve a 71.4% higher heat transfer efficiency
than conventional straight-rib fins, with only a 5.8% increase in material volume. The thermal
performance deviation between the optimized and simplified structures is <0.2°C, and cost
and processing difficulty are significantly reduced. Further analysis of pipe diameter effects on
the solid fraction of the PCM reveals that an 80 mm diameter yields the best overall
performance. This study offers a systematic optimization approach for fin design in cold
storage refrigeration vehicles, achieving improved charging efficiency while maintaining
balanced cold storage capacity, thereby advancing low-carbon and environmentally friendly
cold chain transportation technologies.
Keywords: refrigeration vehicle with cold storage; topology optimization; phase change
material; cooling efficiency
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Fig. 3 Grid verification model
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Fig. 8 Topological optimization fin models with different volume ratios: (a) Fan fin volume ratio: 5.8% model;
(b) Fan fin volume ratio: 7.61% model; (c) Fan fin volume ratio: 8.89% model

1.0F 1.0t 1.0
l+__ﬂ[0'5- l+__ﬂ[0'5- l+__ﬂ[0'5
— T —=mm —iAE ‘
—PBTEL5.8% I A (1 —ofRHELT 61 %HHE LA RS 89% A i LA
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
i Al/min i Al/min i Al/min

@ (b) ©
E9 =M@BRERERESEFRLMEATENRB R ERERZEILL: (a) AL A 5.8% fBREHEE; (b) 4FALL
AT1.61% KPR EHEZE; (c) AFRELH 8.89% Hul 5 EHE%
Fig. 9 Comparison of solidification rates of three fin models with the same volume ratio and that of the straight
fin type fin model: (a) Solid phase ratio of fins: 5.8%; (b) Solid phase ratio of fins: 7.61%; (c) Solid phase ratio of
fins: 8.89%

AR Ve E T B A # . B R

R R, P9 [ A R 22 R BN, (B
T3 E AN 78 74 3 B R 0 2 R R T A0 1 A% b
e, JILAEARARAR &7 LB 7 BE 4 FF A AR Il . i
F AR R T W0 IR A AT AR B A B TR SR B 4 O A
Kh, AT FE A BR 2 18] P T BB A AR i 4. AR
LS 70 e B, AR TR G i R AR LG T i B
R, AL )5.8%. 7.61%. 8.89% HIFHIME
1 A e R T 71.4%. 37.5%-
25.7%.

AR B W R RRE = E
(K 10) AT AFR 2. 22 s bR A 31 (1 &8 A R A
BIEDATBONIAE), 4R ZHABM T F i
FE, RMEREAE, (HiR2ZER/AN, SR IMEL
A AUA] DI K HB 3 THR IR, RIS AL AR L
B85,
2.3 RIMNBRLEES

F1 T $0 A0 A3 5 R LA SO R o A

231K
230 K
229K
228 K

E10 HRIMLLBAMERREREE LE
Fig. 10 Topological optimization fin-based cold
storage beam model

fiE, TARGEHBA M. EIERHHAE” TZ AR
AR SERR TR R A = (K26, BT DR YE_Eik
WERRISR A SE HEAT R B A, A 5 T A
B fEL R RE R, AHT I E S R SR T
SRS PSs R IR Ok (P S
MR E R A S SRR AT AL S 7



% 2

ZERARAE: T T IR AN IR B v i R v S A v 563

BRI R O AL E AR . X LR LA
FARIER) R AR GRS, M 7 IES T B
WReER, MR ORE T RIR N A IR [
I R PR LT S22 B AR AR o i A AR R AN
AR T RS TS AR, Wohst—2
HUEAAAEREL AR A T RF B SERE, [F
25 A A AR MU R B BT @A . [
I, N T PR A B AN R AT fi] 8 LAy
HA, UL =R h A AR [ AR R AR
AT TRFEE, SR IE1 s,

1.0
0.8}
g
/= 06}
—a (BFAL5.8% IR FMEALIE H
04l —e fEAR L7 .61% IR FMEIL I A
—a KR 1 8.89% I FMEAL IR A
20 40 60
i [8]/min

E11 =#piMAGE R ER N ERE
Fig. 11 The solid fraction of three types of
topological optimization fin models

M _EIREE R AT DUE 23 = R R AR Y
IR AMEAESE A 1) 8 7 B FR AR A AR A R AL R L
FIA R, AETE A IT 46 5 20~50 min i [# A
ALV, KRB N 5.8% B v A A BE
8.89% I3l v (A% ROR e 21K 1.3% . [H ik %
PRAR Lt /N Fr BEAT T4k, DL N 58 22 O AH AR A4
S NI VR IR R A R B P S X VA
IAARR, REIR B 2% 0 Hh SN A0 Ly fil A D il 5 1
ZiAIE . FH COMSOL [ £ i1 ¥ D g4 %A~ K
SEARPR RS, AR E fR AR, (HI
HARTGAIRRIFFAAL . B2 fros, HEEE AL
FONEER, R AT S I

PRAIE fa A 5 B 70 A0 A 2 A B SE T RY
K faltta MR 5 R A R I A it
TR L, SR 13 fros, AW EA
P BAR A CR L AR, 2 n AL A
RIS AR AR AR A R A A v [] I B [ AR R A 1
G P AR AL R A AR AR AR 5%, T2
J BRI B AR R AR SR R — 2. Rk, fEPTRRE
WE LT —BEAUBR B BAERERITE LT, N T BRI

E12 EHEHHRIMILERRE
Fig. 12 Simplified topological optimization fin model

TN REA, 84l 3D AT BN SR, Mk ik )5
RPN R o R G5 780 5 18 T AR GG
T2, oM A 1 3D AT ENEAR, o]
SIBVRZE SN/ NS D RFS SN S N S WAy /|
X R R T A T THE, AR TE 5 T
KRBT ML ACHE S, 23 AL = 1R BE A% A 7 SR K )
I, B E o DRGNS 2 T

1.0F
§ 05}
—a IR A
—sELIRINE A
0 5.0 160
i [8]/min

E13  fELHRIMUGER ShiMIUCE A ERZE
Fig. 13 Simplified topology-optimized fins and solid-
phase ratio of topology-optimized fins

24 ERFERMKL

AHIF T T LR SRR M 7oK, %8 A DN8O A
HENEENE A RRAEE NS RS
A5 30oF KE 7S b ] A 2RI AL IR R SR, R CRTE AL
FIREEE SR, R HDNG5 AT DN100 5 F A%
PEHATRT LT AR R FRE T A RS 4-
I 2 (B AT SR R PR B 2 IR o R S PR
DR I AR 38 FH B R A A o Dy T A 4 1) Sl B A
ARFFURF DLR s . ok, PRFRATA ST
AR BE A RKEL. BEWESRAELERKN
LB S HO™ A% — 8 K, HRAREETE TN
TR ARRR A e SE M R . X PRSI B T VR AR
BT ERENS S BT, (15 FRE
i i 1 5 S 4 AT A X — B — R 0 A AR Ak



ge A

564 1

2
=

5 ¥ R 2026 5 15 %5

SEAER e EIE IR E R SERR BT, FTIRAS RO, A RE AR I, O TARESC BB AT SR A B i

S5 RRENS HER 8705 8 12 RO A A FH AR A R [ A 26

A o

(@)

& 14

(b)

(©

FREIER THHRIMEEE . (a) 74 LA DNG5; (b) 74%1%F DN80; (c) 7 4E1%F DN100

Fig. 14 Topological optimization fins under different pipe diameters: (a) The cooling tube is selected as DN65;
(b) The cooling tube is selected as DN80; (c) The cooling tube is selected as DN100

R, AHFRERRE WIR LA K LIR ANAZ i 45 A
N, RIS T4 R =AML, SRk
P ARFR L PR 4E 3R 1E 5.89% . SR JEXT EE T T AN
FIE AR, TELRRRFR MR AL AR & E AR R
MIEOL T, BV TR P AE S AR A 26 AR AR
I I R R A AR L BRI 2%, S
B RST R A AS S R T L, B R
B R RE R R TR E &
Jiidis WEASTR 50T [ A e Ak ih 22 AT X LT
fili, TN TR ST B ER AR AR, AR e gs R
WE 15 s .

1.0}

£o05

i)
—= 75745 JDN100
— 74 & HyDN80
— 74 & HDN65

0 100 200
s [E]/min

E15 ARIERTHHEIMUEAEBRZR
Fig. 15 Solid phase ratio of topological optimization
fins under different pipe diameters

a7 8

MELEZRATAE Y, =R N AR R 52
JAHAZ BRI (] 2 A — 25, SR DN8O HE AR, [
R AR TR A ol T A AR E A2 N AHA A R
AR A AR A (R, ASHIE 7T 3R T DN8O 4
TERNTERE

4+

Za
s L2

MR ML S A E R T, B
FRTL T EA B MENRARE, MERA G Z
R R RS T HI kA TR TR, B
B R 458

(1) ABFFERT LT T B S M3 A
FEHAZEA TR ER. SREY. MERMLE
R, WIMEE R R A RCR R E T B Y
W, AR AR (5.8%) 5 % w4k A EE (7.61%-
8.89%)HH LU 74 R S KAHZE AR, BN T IR
PR R E A&, BRI T AL
A

(2) AHFFEIE T 5 A AL bR K AR Ak
TR TR A A T SEBR N TR 20 450, ik E
R 5 R A R A G M TE A R AR B, P
TR 22 /N T 0.2°C, A AE 7T )3 1k 5 2 5 itk 7
HEA RN, HEH T TR 5.

(3) AHFFEAEL T DN65. DN8O #1 DN100 %
BTRMMHARRCR ., SRR, BRI
BUN, fESERR TR, ERERNEZERY
R RAMANE MBS E L IR LR KA,
7 JE S Al SR AL M RE RO BRI Tt . R RME 78 T 3k
— R B R B /N RN B S A R, R
Guor Mg R 58 R SRR A LR, DR 2
BIHBMESEE R THN RARAERNEGEEY
Wi, & VA BT AR Ak B S R A B SR it o 4T
BRI ST 4%

3 i



w2

FAHIRAE BT IR AMILA V8 T2 B v A s S e v s By vt 565

& & Xk

[11 VRAT P, GUPTA R, BHATNAGAR A, et al. Literature review
analytics (LRA) on sustainable cold-chain for perishable food
products: Research trends and future directions[J]. Opsearch,
2018, 55(3): 601-627. DOI: 10.1007/s12597-018-0338-9.

[2] KAYFECI M, KECEBAS A, GEDIK E. Determination of optimum
insulation thickness of external walls with two different methods
in cooling applications[J]. Applied Thermal Engineering, 2013, 50
(1): 217-224. DOI: 10.1016/j.applthermaleng.2012.06.031.

[3] JAMES S J, JAMES C. The food cold-chain and climate change
[J]. Food Research International, 2010, 43(7): 1944-1956. DOI:
10.1016/j.foodres.2010.02.001.

[4] TAN H B, LI'Y Z, TUO H F, et al. Experimental study on liquid/
solid phase change for cold energy storage of liquefied natural
gas (LNG) refrigerated vehicle[J]. Energy, 2010, 35(5): 1927-
1935. DOI: 10.1016/j.energy.2010.01.006.

[5] FIORETTI R, PRINCIPI P, COPERTARO B. A refrigerated
container envelope with a PCM (phase change material) layer:
Experimental and theoretical investigation in a representative
town in central ltaly[J]. Energy Conversion and Management,
2016, 122: 131-141. DOI: 10.1016/j.enconman.2016.05.071.

[6] BEN TAHER M A, KOUSKSOU T, ZERAOULLI Y, et al. Thermal
performance investigation of door opening and closing processes
in a refrigerated truck equipped with different phase change
materials[J]. Journal of Energy Storage, 2021, 42: 103097. DOI:
10.1016/j.est.2021.103097.

[7] COPERTARO B, PRINCIPI P, FIORETTI R. Thermal performance
analysis of PCM in refrigerated container envelopes in the Italian
context-Numerical modeling and validation[J]. Applied Thermal
Engineering, 2016, 102: 873-881. DOI: 10.1016/j. applthermaleng.
2016.04.050.

[8] Zsmweatle, shie i, IRTH, &5 . FHAL & A BORALE & ¥ BE I8 fiy I
FUikE[J]. % T/, 2019, 40(15): 150-157.

LI XY, ZHANG X Y, QIU X J, et al. Research progress of phase
change cold storage technology in food cold chain transportation
[J]. Packaging Engineering, 2019, 40(15): 150-157.

[9] HHHEE, R, EWSC, & . BYAMURA IR 1 5 (E A A S I8 7

[J]. #1 ¥ % 4, 2016, 37(3): 29-34. DOI: 10.3969/j. issn. 0253-
4339.2016.03.029.
TIAN J J, ZHANG Z, WANG H W, et al. Numerical simulation and
experiment research on cold plate melting process[J]. Journal of
Refrigeration, 2016, 37(3): 29-34. DOI: 10.3969/j. issn. 0253-
4339.2016.03.029.

(101 % £, Sk RE, 24 . WHRARHK & VB S 2 5 7 [J]. )
% % ik, 2015, 36(5): 65-73. DOI: 10.3969J. issn. 0253-
4339.2015.05.065.

JIANG Y L, ZHANG S J, LI J X. Investigation on melting process
of ice cold-plate with porous material[J]. Journal of Refrigeration,
2015, 36(5): 65-73. DOI:10.3969/j.issn.0253-4339.2015.05.065.

(1] 3G BE, x0F, ITAR, & BB SO0 A B 8 B id 12 1 R

[J1. il ¥ £ K, 2017, 37(6): 51-54. DOI: 10.3969/j. issn. 2095-

4468.2017.06.203.

FAN Z Y, LIU S, WU W D, et al. Effect of laying modes of cold
plates on cold chain delivery process[J]. Chinese Journal of
Refrigeration Technology, 2017, 37(6): 51-54. DOI: 10.3969/.
issn.2095-4468.2017.06.203.

[12] ZIVKOVIC B, FUJII I. An analysis of isothermal phase change of
phase change material rectangular and cylindrical
containers[J]. Solar Energy, 2001, 70(1): 51-61. DOI: 10.1016/
S0038-092X(00)00112-2.

[13]MOUSAZADE A, RAFEE R, VALIPOUR M S. Thermal
performance of cold panels with phase change materials in a

within

refrigerated truck[J]. International Journal of Refrigeration, 2020,
120: 119-126. DOI: 10.1016/j.ijrefrig.2020.09.003.

[14] ALZUWAID F A, GE Y T, TASSOU S A, et al. The novel use of
phase change materials in an open type refrigerated display
cabinet: A theoretical investigation[J]. Applied Energy, 2016, 180:
76-85. DOI: 10.1016/j.apenergy.2016.07.088.

[15] 2, TH2RFS, BRRYEL, 45 . i N VE SR A AR B8 VA A5URE ¥4 1tk e M AT
Fe R ARAL[J]. H174 2317, 2021, 42(6): 114-120, 153. DOI:10.3969/).
issn.0253-4339.2021.06.114.

TIAN S, MAC L, CHEN Y H, et al. Investigation and optimization
of discharging performance enhancement of phase change cold
storage panel using embedded heat pipes[J]. Journal of

2021, 42(6): 114-120, 153. DOI: 10.3969/j.
issn.0253-4339.2021.06.114.

[16] H L%, &M B, 270, & ST HARZE R ERN A BRI
WFFE[J]. i BE L 2% 5 4 R, 2020, 9(1): 211-216. DOI: 10.19799j.
cnki.2095-4239.2019-0242.

TONG S H, NIE B J, LI Z X, et al. Investigation of the cold

thermal energy storage reefer container for cold chain application

Refrigeration,

[J]. Energy Storage Science and Technology, 2020, 9(1): 211-
216. DOI:10.19799/j.cnki.2095-4239.2019-0242.

(1715685, AN, BT, 55 BRI R 8 Ve I R R (R KT A

[ & & 5 2 9F, 2024, 24(12): 96-99, 105. DOI: 10.3969/].
issn.1009-8402.2024.12.018.
ZHANG B, CUI X M, LIAO F, et al. Influencing factors of cold
storage process of phase change material in cold storage plate
[J]. Refrigeration and Air-Conditioning, 2024, 24(12): 96-99, 105.
DOI:10.3969/j.issn.1009-8402.2024.12.018.

[18] TASSOU S A, DE-LILLE G, GE Y T. Food transport refrigeration -
Approaches to reduce energy consumption and environmental
impacts of road transport[J]. Applied Thermal Engineering, 2009,
29(8/9): 1467-1477. DOI: 10.1016/j.applthermaleng.2008.06.027.

(191 B, XKL, AeHl-5F, &5 . TE & Vo BROnT v P i G F e iR 38k 3 1) 5

mi[J]. £ &S5, 2020, 36(12): 85-89. DOI:10.13652/ji.ssn.1003-
5788.2020.12.018.
YANG F, LIU Q J, SONG R T, et al. Effect of overhead cool
storage plate on the storage temperature fluctuation in the cold
storage during defrosting[J]. Food & Machinery, 2020, 36(12): 85-
89. DOI:10.13652/ji.ssn.1003-5788.2020.12.018.

[20] X8, BRAKZR, E4, & A B AL B Ve VA R B i
A 0 2 R A [J]. AR AR, 2023, 51(8): 73-79. DOI:10.3969/j.



566 & fE

Bo% 5 R

2026 #5515 %

issn.1005-0329.2023.08.011.

DENG J, CHEN Y D, WANG Y D, et al. The effect of fins
arrangement on the charging process of cold panel with phase
change material in a refrigerated truck[J]. Fluid Machinery, 2023,
51(8): 73-79. DOI:10.3969/j.issn.1005-0329.2023.08.011.

[21] EL HABIB AMAGOUR M, BENNAJAH M, RACHEK A. Numerical
investigation and experimental validation of the thermal
performance enhancement of a compact finned-tube heat
exchanger for efficient latent heat thermal energy storage[J].
Journal of Cleaner Production, 2021, 280: 124238. DOI: 10.1016/
j.jclepro.2020.124238.

[22]HAN P, WANG H R, FAN J H, et al. The local non-equilibrium
heat transfer in phase change materials embedded in porous
skeleton for thermal energy storage[J]. Journal of Energy
Storage, 2024, 82: 110450. DOI: 10.1016/j.est.2024.110450.

[23]1HAN P, WANG J Y, ZHAO X M, et al. Performance study of fin
structure in air-cooled thermal management system for column
power battery[J]. Journal of Energy Storage, 2024, 104: 114697.
DOI: 10.1016/j.est.2024.114697.

[24]YU C, WU S C, HUANG Y P, et al. Charging performance
optimization of a latent heat storage unit with fractal tree-like fins
[J]. Journal of Energy Storage, 2020, 30: 101498. DOI: 10.1016/j.
est.2020.101498.

[25] ZHANG Y, YANG X G, ZOU S L, et al. Enhancing the phase
change material based shell-tube thermal energy storage units
with unique hybrid fins[J]. International Communications in Heat
and Mass Transfer, 2024, 157: 107763. DOIl: 10.1016/.
icheatmasstransfer.2024.107763.

[26] AO C, YAN S Y, ZHAO XY, et al. Design optimization of a novel
annular fin on a latent heat storage device for building heating[J].
Journal of Energy Storage, 2023, 64: 107124. DOI: 10.1016/j.
est.2023.107124.

[27] AL-MUDHAFAR A H N, NOWAKOWSKI A F, NICOLLEAU F C G
A. Enhancing the thermal performance of PCM in a shell and
tube latent heat energy storage system by utilizing innovative fins
[J]. Energy Reports, 2021, 7: 120-126. DOI: 10.1016/j. egyr. 2021.
02.034.

[28] CHOUDHARI V G, DHOBLE A S, PANCHAL S. Numerical
analysis of different fin structures in phase change material

module for battery thermal management system and its

optimization[J]. International Journal of Heat and Mass Transfer,
2020, 163: 120434. DOI: 10.1016/j.ijheatmasstransfer.2020.120434.

[29] KALAPALA L, DEVANURI J K. Influence of operational and
design parameters on the performance of a PCM based heat
exchanger for thermal energy storage-A review[J]. Journal of
Energy Storage, 2018, 20: 497-519. DOI: 10.1016/j.est.2018.10.024.

[30]LI C, LI Q, GE R H. Assessment on the melting performance of a
phase change material based shell and tube thermal energy
storage device containing leaf-shaped longitudinal fins[J]. Journal
of Energy Storage, 2023, 60: 106574. DOI: 10.1016/j.est.2022.106574.

[31]REN F, DU J, CAI Y F, et al. Study on thermal performance of a
new optimized snowflake longitudinal fin in vertical latent heat
storage[J]. Journal of Energy Storage, 2022, 50: 104165. DOI:
10.1016/j.est.2022.104165.

[32] SHAHSAVAR A, GOODARZI A, MOHAMMED H |, et al. Thermal
performance evaluation of non-uniform fin array in a finned
double-pipe latent heat storage system[J]. Energy, 2020, 193:
116800. DOI: 10.1016/j.energy.2019.116800.

[33]PANDEY V, LEE P S. Maximizing liquid-cooled heat sink
efficiency with advanced topology-optimized fin designs[J].
International Journal of Heat and Mass Transfer, 2024, 229:
125746. DOI: 10.1016/j.ijheatmasstransfer.2024.125746.

[341 YANG X H, NIU Z Y, BAI Q S, et al. Experimental study on the
solidification process of fluid saturated in fin-foam composites for
cold storage[J]. Applied Thermal 2019, 161:
114163. DOI: 10.1016/j.applthermaleng.2019.114163.

[35]PETROVIC M, FUKUI K, KOMINAMI

experimental performance investigation of a heat exchanger

Engineering,

K. Numerical and

designed using topologically optimized fins[J]. Applied Thermal
Engineering, 2023, 218: 119232. DOI: 10.1016/j.applthermaleng.
2022.119232.

[36] ZHAO Y, MOU X Z, CHEN Z Q, et al. Topology optimization and
bionic analysis of heat sink fin configuration based on additive
manufacturing technology[J]. International Communications in
Heat and Mass Transfer, 2024, 155: 107544. DOI: 10.1016/j.
icheatmasstransfer.2024.107544.

[37]LOHAN D J, DEDE E M, ALLISON J T. A study on practical
objectives and constraints for heat conduction topology

optimization[J]. Structural and Multidisciplinary Optimization,

2020, 61(2): 475-489. DOI: 10.1007/s00158-019-02369-6.



