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Abstract : Improving thermal management is crucial for addressing the safety and stability associated with high heat flux
density and high power in emerging electronic devices and mechanical components. Porous metals, which possess advanta-
geous structural and functional properties, offer high porosity, specific surface area, pore connectivity and thermal conductiv-
ity, making them an attractive material choice for efficient thermal management. As the service environment evolves, there is
a growing need for enhanced performance of porous metals. In contrast to traditional single-layer porous metals, hierarchical
porous metals have gained attention for their superior comprehensive performance, which is attributed to their multi-level
pore structure features. This study provided a comprehensive review of the preparation methods for hierarchical porous metals
used in efficient thermal management, such as sintering, electrochemical deposition and selective laser melting. It also sum-
marized the latest research progress in applying these methods to prepare hierarchical porous materials, analyzing and discus-
sing the advantages and disadvantages of various preparation techniques, as well as the key parameters of hierarchical porous
structures and the evaluation of thermal management performance. This paper summarized recent advances in thermal man-
agement based on phase-change heat transfer within hierarchical porous metal materials, covering their applications in aero-
space, power electronics and new energy vehicles. It also prospected the future development directions of these materials for
efficient thermal management.
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SEETIZHMARBLEBERASERILRE
Hierarchical porous surfaces for enhanced boiling heat transfer fabricated by composite process

Ref.

Fabrication technique

Surface feature

Advantage

Limitation

Tang et al. 48]

Ran et al. [*]

Plough-extrusion + wire
electrical discharge ma-
chining + ultrasonic ma-
chining

Sol-gel method + reduc-
tion sintering

Microchannels with intercon-
nected holes, reentrant cavi-
ties and micro-nanopores

Micro porous with coral-like
network nanopores

Sudhakar Sintering + laser machi-  Porous copper layer, base
et al. [ ning wick layer
Khan Hot powder compaction+  Hybrid micro-nano scale por-
et al. ' nanoparticles coating ous surfaces
Li et al. 5 Powder sintering+chem-  Hierarchical porous surfaces
1t at. ical etching of microcavities
L . - Mic s with microma-
Ha et al. ™% Sintering+micro milling icro _porous with microma
chined channels
Mehdikhani Electrodeposition + etch-  Fin-shaped structures  with
et al. [ ing porous layer
Solid-state sintering +elec- . .
Deng oucssiaie SIEHng Teec™  poous coating with parallel
t al. %% trical discharge machining ) shaped reentrant channels
et at. (EDM) P
Powder sintering + wire . .
Zhang owder: smtermg T Wi'e - p o rous interconnected micro-
L [56) electrical discarge machi- channel nets
et at. ning (WEDM)
Hu of al. [ Wire-cutting+TiO, Microchannel with nanotube
uetal "

nanotube layers

array

Efficient removal of large-area
material, capability of fabrica-
ting complex structures

Uniform  powder dispersion,
simple manufacturing process,
economic

Flexible processing, quick time
production, wide applicability,
precise machining

Variable pore shapes, precisely
control the pore diameter

Designable layered structure

Wide range of processing mate-
rials, small processing size

Capable of large-scale produc-
tion, high precision, excellent
structural integrity

High surface strength, control-
lable shape, high precision in
machining dimensions, low pro-
cessing cost

High production efficiency and
material utilization rate,
form  distribution  of
structure within the materials

uni-
surface

Dense structure, low production
cost, high processing accuracy,
complex shapes product
be prepared

can

The surface morphology is influ-
enced by tool cutting depth and feed
rate

Long processing time, material
properties influenced by the sinte-
ring temperature

Expensive equipment, temperature-
sensitive materials are limited

High cost of nanoparticles, the uni-
formity and porosity of the surface
are influenced by the concentration
of nanoparticles

High processing costs

High manufacturing cost, low pro-
duction efficiency, poor connectivity
in the pore structure of the material

Difficulty in controlling the uniform-
ity of porous structures, poor me-
chanical stability of the process

Low production efficiency, the size
and shape of the product are limited

High manufacturing cost, complex
manufacturing process, applicable

to conductive materials

Large-scale production is limited

W e 3 JZ= 20 22 0 22 b A6y i 1 30 B R 4 A R L e B
TS B AL AR RE . Ma UV T A Z S
EAAN = iR, H2RALRS54 55.6, 81.9,
125.0 A1 179. 5 pm, B 2 FLAR 10 IR )Z 2 T0UZ FLAE 1Y
AT L DG P 3 8 ok e A i AR AT B AR A K
AR T AN IR, RN LEA R T 25 N
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B 1 IE BB B U0 UK 4 45 ¥ (positive gradient metal foams,
PGMFs) i1 40-20-30-50 PP HE51 (1) 1R 5 6 B2 1 1K i 45 14
(hybrid gradient metal foams, HGMFs) ., 1E A% BE 0 IR 4 45
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Table 2 Information about hierarchical porous surfaces
HTC,,../
Hierarchical Preparation . Fluid e CHEF/
Ref. Substrate Size of structure . (W/ 2
surface feature method medium 5 (W/em”)
(em” +K) )
Compound porous S Spherical copper powder: 10 ~
D ; ;
lan{gm layer with burr-like tbrl:;tcr;l:ri and nano Copper 30 pm, thickness: 0. 6 mm, po- R245fa 1.68 55.43
et at. nanostructure rosity: 37% ~68%
. . Pore diameter; 50~ 150 wm, 100~
M Multi-layer gradient . .
& ture open-cell Cold pressing and Copper 300 pm, specific surface arca; Water 8.25 57.97
et al. 2 2P P vacuum sintering ppe 2.33~7.64 cm?/em®, porosity; ’ ’
porous copper
70%
N Electrochemical The range of pore diameters from the
Porous honeycomb . S Lo
Mo . . . deposition with in- center to the edge: 60 ~ 120 pm, Deionized
297 surface with radial . - Copper S 16. 10
et al. diameter eradient fusing liquid onto thickness: 0. 12 ~0. 18 mm, po- water
o e the reaction surface rosity: 90% ~92%
. . Nickel powder: 400 nm, pore
L e-laye eze cas . ’ . K
1”[42 ] E“_“ﬁ;}:‘f::sn . firn‘“tzzgn"a“““g and o per  size; 1~100 wm, thickness: 80~  Ethanol 5.15 63.35
et at. p & g 500 wm, porosity: 30% ~80%
. PPI; 20 ~ 50, pore size: 0. 44 ~ .o
Hue sradie . . i : S >
uar[lsgg] Gradient Welding Copper foam 1.27 mm, layer thickness; 2.5~ Deionized 5.02 88.48
el al. metal foams water
5.0 mm
Zhang Gradient-aperture and S Pz%rllcles diameter; 40~ 180 pm, Deionized
10 bisporous structures Vacuum sintering Copper thickness; 4. 75 mm, porosity: water 72.50 554
et at. P 44% ~65%
Gr;%ient mesh  wick Large hole: the rhombus opening
. ( sereen - woven L size 325%575 um? , small hole ; a-
Liang mesh on the bottom  Sintering and . . .
res] . ) ) . Aluminum  luminum screen woven mesh wick Ethanol 4.62 109. 55
et al. and rhombus flat  punching

punching structure on
the top)

158x158 pm?, thickness: 0. 073~
0.331 mm, porosity: 67% ~75%
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HTC, ./
Hierarchical Preparation . Fluid e CHF/
Ref. Substrate Size of structure . (W/ 2
surface feature method medium 5 (W/em”)
(em” -K) )
. Particle size; 70 pm,
Zhang l—ll.ybndUSL'lIfltaces Colll_ Sintering and C X channels width; 0.9 mm, HFE- 2 69 147. 40
et al. [ plng capiiiary. wic mechanical process opper channels depth; 1. 0~2. 0 mm, 7100 : .
and minichannels X
thickness: 1.0 mm
Wire diameter; 50/100 pm,
o . .
Zhang Hierarchical PH:]qu,l}(lm b(lmdlng-; . mesh num}.mfl; 3937/11 811 m Deionized 5 100
et al. ') gradient mesh and chemical sur opper ( 1()(?/3()0‘ in"'), water .
face treatment opening width; 204/45 pm,
thickness:0. 36 mm
. Channels height: 1.5 mm
Shah istage cross- ire cutting ¢ c1ent: ’
[a[(,x] Muhh’td‘%e l( ross-flow XVIIYIP cutting and Copper  channels width: 1.0 mm, FC-72 4.71 107
et al. porous structure rilling pores diameter: 0. 325 mm
PPI. 10~100
Copper foams  with B ’ Aqueous
Zhou . . e . Copper  density: 0.52~0.65 g/cm’,
ot al. [ Pore—denmty gradient Diffusion welding foam thickness: 25~30 mm. n‘—buta'mol 1. 15 9.11
structure solution

porosity ; 51% ~88%

4 B

Parfes | mE
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AEEN RS

T B E R R N, EIE S TR, B
EiSEAL, ms 4 LED B R A
TR A4, MR ARE&XZERILGEH K

HoRess B SR L APEREHEAT T IR ABESE, X 48
WHEEOI TIF R ML IAE B R b oA, &
TR | Y BURRAE S5 DA 23X 28 GO0 T 8 Ak
BRI R IGI DI TR, LR I an g 31707 A
5T R

®3 RABASILEMPBHTBEFHRECIEAR
Table 3 Cooling technology for high-heat-flux electronic devices employing hierarchical porous metal materials

Reference Application Technology Conclusion
Twelve ril . J de of Under horizontal conditions, the loop reached a max
t70]  Long-distance thermal control weve ribs were sintered on one side oLy oo ncer of 110 Woat 6.6 W/em? and a minimum
Zhang et al. the biporous wick, in contact with the

Zhou et al. '™

Ababneh et al. [™

Kibushi et al. [

Joshi et al. 174

Lim et al. '™

Zhou et al. '™

systems

Data center servers cooling

Thermal management of warm
electronics box ( WEB) in
lunar and martian landers and
rovers

High performance computers,

next-generation supercomput-
ers

Wide bandgap ( WBG) de-

vices cooling

Light-emitting diode cooling

Battery thermal management
system ( BTMS)

heater surface

Gradient wicking structures were devel-
oped in the vapor chamber, a thin por-
ous attachment was sintered on the out-
er surface of the condenser plate

Porous sintered wick in evaporator sec-
tion of heat pipe

Lotus copper joined to grooved surface

Submerged two-phase jet impingement
cooler in combination with porous coa-
ted heat spreaders and multi-jet orifices

Distinctive GNPs coatings was applied
on the detachable copper plate, the
LED was adhered directly to the bottom
side of the copper casing

The grid-type porous materials were
sandwiched between each pouch cell of
the module

thermal resistance of 0. 38 °C/W, rising to 330 W at
19.9 W/cm? with gravity assistance

At 50 W heat load and below 65 °C , the vapor cham-
ber can manage up to 900 W without dry-out and has
a minimum thermal resistance of 0. 05 C/W at

500 W

Operating at high heat fluxes conditions over long dis-
tance in space, eliminates the temperature shoot-up in
vertical gravity conditions

The critical heat flux is 534 W/cm? in the case of water
using a 1. O-mm-square groove, which was a great im-
provement over the smooth surface (by a factor of 3.7)

The pin-fin porous coated heat spreader has the high-
est two-phase performance with nearly zero penalty to
cooler pressure drop

The case temperatures of LED cooled by the cured
coatings is drastically reduced by 15.5 °C, at a power
supply of 36 W, the illuminance of LED cooled by the
cured-GNPs is enhanced by 13. 0%

Under high discharge rates and high-power cycle, the
maximum battery temperature can be limited to ap-
proximately(47+1) C
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Zhou et al.™"
Vapor chamber with evaporator wick and
sintered copper mesh

Zhang et al.™
The sintered biporous wick with ribs

Kibushi et al.™*! Joghi & Dede!™

Lotus copper joined to grooved surface  Pin-fins with porous coating heat spreader

Thermal c;mpOluxd

[c] (d]

Ababneh et al.™
Porous sinterd wick in evaporator
section of heat pipe

Pan et al.’”!
Sintered porous wick assisted
vapor chamber

Vapor bubbles @ Heat pipe radiator,, .
% outet 1M

Batteries  PCL WiPorous mats

Zhou et al.l"?
Grid-type porous channel for battery
thermal management

Air-flow inlet

e

Lim & Hung!™!
Graphene-nanoplatelets coatings for
light-emitting diode cooling

K5 ZRGALAMAELE EALEI R

Fig. 5 Application of hierarchical porous structures and sintered capillaries

Zhang %[70] B RFL AR W 08 o0 235 ) o FH T T 25 i
IR R B A IS IRV P R ALBRZE M E A
IR LA T255 SR E B8k A, Na,CO, 1E R 15 L5,
KAL AL B FLAE 430 R 10 A1 2.6 wm, FLBR %N
74.2% , WALEA ST RILEA mBENE, K
BEW/ N TR R g B 75 /NLRE SR AL R B 4l ),
PESERAR TR S, Zhou 2517 42 HKE TR AR IR 9
AR R ER IS T8 oD IR S5 288 20, Bk
FHHIA L B ZFL B ANZEH , AR A 3 i
FLBRZEM 0.51 5] 0.47 5] 0.42, LA EAGIEES
WRREA BB, 2 T TAERKNIER, 7Ta
SAL B ik 900 W AFA G ER , Pan S5 HG 2L R AR 1
U RE 2 e HEAR 1 il £ R A TR AR, S o T T
Vo FTAE I T 10 T 2R 4 G M U it PR R SV R 1
TRARCFIARDT I 2 LA R U /N T 32 A BEL, 22 LIRS 1
T 88 IR PE . Ababneh 257 PR T — R LR &
WAV, TS BLAE I O MR MR s T, Rk
RG2S EE RENREALS, ZEif THREEHET
R I R SR, Du Y I & T — R
RS AR R W YR B R R A, 3l o A TR B
Hebesh BANGAS A SR UERAE 1) 3h P RasfT, 1
TR T, IR GRS HUNR S 3h, Hiom T
YEIRBEA T 90 °C, 3 G T B 135 1 o8 B P47 3
THAE G CPU B Fs A 3R B A1, Zhang %7
FIAT —FFEHOK Z AL MR oA BT, X
CPU - IYHGAGCR AT 0T, S5 5RR M, 516500 Hen
i CPU HUAIRAH L, 2 LA A9 SO S E BUoR i M T
28.5%, FIARBERILT 10 CLA L,

[70-77]
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Nl RN TR A T2 —, Wit —
WEIFTE G w T L, WHLLAILH . RN 45,
ERIT W R R R A IF R 25 15 RO 1Y
PR, B AL BRI ZIREM.
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ABITE (RIS ZE 1k i T af P %R, BUA A SR 0T
TRMAGAR M FIEZOR, B RN 2 2 R AL AR A
AT R, VIEHIE Z A BN 75 . B B doR
MIANBTIE A, it NS 20 9 AL 4 T B ORE 0 BIE 54 4k 2 3



994

Hh L b A

5 44 %

i

NN

R
5%

(1]

[10]

(1]

[12

[

[13]

[14]

[15]

[16]

RIS AET, o RE ISR T AR 2 T Rp K
H HR BTRR

X#t References

BN, JEELSE, MR, AF. IR ], 2024, 45(3): 1-22.
LUO S, YAN Y H, YE G R, et al. Journal of Refrigeration[ J], 2024,
45(3); 1-22.

LINX W, LIY B, WU W T, et al. Renewable & Sustainable Energy
Reviews[J], 2024, 189; 114052.

SUN Y, TANG Y, ZHANG S, et al. Renewable & Sustainable Energy
Reviews[J], 2022, 162; 112437.

LIANG G, MUDAWAR I. International Journal of Heat and Mass
Transfer[ J], 2019, 128 892-933.

kL, RONL, X, & hEREERIT], 2023, 42(10) .
814-825.

ZHANG K, WU Y J, LIU G J, et al. Materials China[J], 2023, 42
(10) ; 814-825.

B, SRk, TAME, & RERE TR, 2021, 34(6): 168-
174.

WEI K, ZHANG Y, WANG J P, et al. China Surface Engineering
[J], 2021, 34(6) : 168-174.
AWE, REM, mEE,
60~70.

DIAO M X, GUO C H, GAO H B, et al. Journal of Materials Engi-
neering[ J], 2022, 50(12) : 60-70.

WA TR, R, FOBARRETEARIT], 2023, 41(6): 554-
563.

MA J, WANG J Z, WU C, et al. Powder Metallurgy Technology[ J],
2023, 41(6) ; 554-563.

o, 2%, KR, & PEEORFEMI], 2023, 33(12):
3961-3978.

LIANG J M, LI D, ZHANG Z, et al. The Chinese Journal of Nonfer-
rous Metals[ J], 2023, 33(12) ; 3961-3978.

KR, Eh, kA BPENRHRT], 2022, 36(18) : 78-93.

ZHENG M, YANG J, ZHANG H. Materials Reports[J], 2022, 36
(18) ; 78-93.

LITER S G, KAVIANY M. International Journal of Heat and Mass
Transfer[ ], 2001, 44(22) : 4287-4311.

LI C, PETERSON G P, EL-GENK M S. Experimental Studies on CHF

MBI TARLT], 2022, 50(12):

of Pool Boiling on Horizontal Conductive Micro Porous Coated Surfaces
[C]//ATP Conference Proceedings. New York: American Institute of
Physics, 2008, 969 12-20.

RIOUX R P, NOLAN E C, LI C H. AIP Advances[J], 2014, 4(11) ;
117133,

SARANGI S, WEIBEL J A, GARIMELLA S V. International Journal
of Heat and Mass Transfer[ J], 2015, 81. 103-113.

NASERSHARIFT Y, KAVIANY M, HWANG G. Applied Thermal Fn-
gineering[ J], 2018, 137; 268-276.

ZHANG S, JIANG X, 11 Y, et al. Energy Conversion and Manage-

[17]

(18]

[19]

[21]

[22]

[23]

[24]

[25]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

ment[J], 2020, 209. 112665.

MANETTI L L., MOITA A S O H, de SOUZA R R, et al. Internation-
al Journal of Heat and Mass Transfer[ J], 2020, 152, 119547.

JIANG Y, ZHOU G, ZHOU ], et al. Applied Thermal Engineering
[J], 2022, 216 119067.

DANG C, MIN R, PAN L, et al. International Journal of Thermal Sci-
ences[J], 2023, 187; 108183.

LU X, ZHAO Y. International Journal of Heat and Fluid Flow[]],
2019, 80: 108482.

MA Y, HUANG C, WANG X. Applied Thermal Engineering[ ] ],
2021, 191; 116877.

LV Z, AN Y, HUANG C. Applied Thermal Engineering[J], 2023,
226 120288.

RISHI A M, KANDLIKAR S G, GUPTA A. Science Reports[J],
2000, 10(1); 11941.

MANETTI L L, RIBATSKI G, de SOUZA R R, e al. Experimental
Thermal and Fluid Science[J], 2020, 113; 110025.

DANG C, DING Y, QI Z, et al. International Journal of Heat and
Mass Transfer[J], 2021, 179: 121740.

DANG C, PAN L, MIN R, et al. Case Studies in Thermal Engineering
[J], 2022, 37. 102223.

SHARIFZADEH A M, MOGHADASI H, SHAKERI H, et al. Interna-
tional Communications in Heat and Mass Transfer [ J ], 2022,
138 106381.

XU P, LI Q, XUAN Y. International Journal of Heat and Mass Trans-
fer[J], 2015, 80. 107-114.

MO D, YANG S, LUO J, et al. International Journal of Heat and Mass
Transfer[ J], 2020, 157. 119867.

LI J, FU W, ZHANG B, et al. ACS Nano[J], 2019, 13(12).
14080-14093.

GHEITAGHY A M, SAFFARI H, GHASIMI D, et al. Applied Ther-
mal Engineering[ J ], 2017, 113: 1097-1106.

GHEITAGHY A M, SAFFARI H, ZHANG G. Heat Transfer Engineer-
ing[J], 2018, 40(9/10) : 762-771.

CAO Z, SUNDEN B, WU Z. International Journal of Heat and Mass
Transfer[ J], 2022, 196. 123272.

WANG Y, LUO J, HENG Y, et al. International Journal of Heat and
Mass Transfer[J], 2018, 119; 333-342.

XU N, YUX, YUS, et al. Colloids and Surfaces A: Physicochemical
and Engineering Aspects[ J], 2022, 654 130074.

LR, EEAF, SRS R[], 2018, 47(3) : 78-84.

PU Y S, WANG B Q, ZHANG L G. Surface Technology[ J], 2018, 47
(3): 78-84.

WONG K K, LEONG K C. International Journal of Heat and Mass
Transfer[ J], 2018, 121, 46-63.

BIAN H, KURWITZ C, SUN Z, et al. Applied Thermal Engineering
[J], 2018, 141. 422-434.

HAYES A, RAGHUPATHI P A, EMERY T S, et al. Applied Ther-
mal Engineering[ J], 2019, 149. 1044-1051.



1

yal

IRAE A BN 2 2P B R AR T

995

[40] Z=B% 4RI, dot, %5 MiRKiR4 T[], 2019, 29(4) ; 21-28.

(41

[42

[43

[44

[45

[47

(48

[49

[50

[51]

[52

[53

(54

[55

[56

[57

]

]

]

]

]

[l

]

]

]

]

]

]

]

]

]

[

LI P, QIAN B, ZHANG C, et al. Powder Metallurgy Industry[J],
2019, 29(4) . 21-28.

WU T Q, LEE P S, MATHEW J, et al. Pool Boiling Heat Transfer
Enhancement with Porous Fin Arrays Manufactured by Selective Laser
Melting[ C ]//Proceedings of 18" IEEE Intersociety Conference on
Thermal and Thermomechanical Phenomena in Electronic Systems. Las
Vegas: [EEE, 2019. 1107-1114.

LINT, MA X, QUAN X, et al. International Journal of Heat and Mass
Transfer[ J], 2020, 153; 119622.

HUANG G, TANG K, YU S, et al. International Journal of Heat and
Mass Transfer[ J], 2022, 184 122382.

LI H, LI R, ZHOU R, et al. Tnternational Journal of Heat and Mass
Transfer[ J], 2020, 147 118962.

LU Z, LI C, HAN J, et al. Nature Communications[ J], 2018, 9(1) :
276.

NIKULIN A, GROSU Y, DAUVERGNE ] L, et al. International Com-
munications in Heat and Mass Transfer[J], 2023, 146 106913.
thatl, ER, A%, 5§ #ONLTIZAIT], 2021, 50(10): 12-
16+21.

XUY H, WANG L, YU S, et al. Hot Working Technology [J],
2021, 50(10) : 12-16+21.

TANG K, JIA M, ZHONG G, et al. Tnternational Communications in
Heat and Mass Transfer[ J], 2022, 138 106339.

P, BErhig, SRR, & EBIL TR ], 2022, 42
(7) : 2630-2638.

RAN L H, LANG Z M, WU G Q, et al. Proceedings of the CSEE
[J], 2022, 42(7) : 2630-2638.

SUDHAKAR S, WEIBEL J A, GARIMELLA S V. International Jour-
nal of Heat and Mass Transfer[ ] ], 2019, 135 1335-1345.

KHAN S A, SEZER N, ISMAIL S, et al. Energy Conversion and
Management[ J ], 2019, 195 1056—1066.

LI Q, LAN Z, CHUN J, ef al. International Journal of Heat and Mass
Transfer[ J ], 2021, 177; 121513.

HA M, GRAHAM S. International Journal of Heat and Mass Transfer
[J], 2019, 143. 118532.

MEHDIKHANI A, MOGHADASI H, SAFFARI H. International Jour-
nal of Mechanical Sciences[J], 2020, 187: 105924.

DENG D, WAN W, FENG J, et al. Applied Thermal Engineering
[J]1, 2016, 107 420~-430.

ZHANG S, TANG Y, ZENG J, et al. Applied Thermal Engineering
[J7, 2016, 93. 1135-1144.

IR, BROebk, kAU, AF. TR )], 2017, 38(12)
2725-2730.

HU B S, CHEN X L, ZHANG S F, et al. Journal of Engineering
Thermophysics[ 1], 2017, 38(12) : 2725-2730.

[58]

[59]

[60]

[o1]

[62]

[63]

[64]

[65]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

YUE S J, XU Z G. International Communications in Heat and Mass
Transfer[ J], 2023, 142. 106640.

HUANG C, WANG H, LICHTFOUSE E, et al. International Journal
of Thermal Sciences[J], 2023, 183: 107856.

LEl Q, ZHANG D, FENG L, et al. Processes [ J], 2023, 11
(2): 617.

JADIDI M, PARAM H K, MAHMOUDI Y. International Journal of
Heat and Mass Transfer[ J], 2023, 208 124006.

HABIBISHANDIZ M, SAGHIR M Z. Thermal Science and Engineer-
ing Progress[J], 2022, 30: 101267.

XU N, LIUZ, YU X, et al. Renewable & Sustainable Energy Reviews
[J], 2024, 192 114244.

ZHANG K, BAI L, YAO G, et al. International Journal of Heat and
Mass Transfer[ J], 2023, 209. 124116.

LIANG Y, HUANG H, YAN C, e al. International Communications
in Heat and Mass Transfer[ J], 2024, 152. 107320.

ZHANG Y, MA X, WANG J, et al. International Journal of Heat and
Mass Transfer[ J], 2023, 203; 123804.

ZHANG S, CHEN G, JIANG X, et al. Applied Thermal Engineering
[J], 2023, 219: 119513.

SHAH Y, KIM H G, CHOI W W, et al. International Journal of Heat
and Mass Transfer[ J], 2023, 213: 124270.

ZHOU L, LI W, MA T, et al. International Journal of Heat and Mass
Transfer[ J ], 2018, 124. 210-219.

ZHANG Z, ZHAO R, LIU Z, et al. Applied Thermal Engineering[ J],
2021, 184; 116283.

ZHOU G, ZHOU J, HUAI X, et al. Applied Thermal Engineering
[J], 2022, 210; 118289.

ABABNEH M, TARAU C, ANDERSON W G, et al. Hybrid Heat
Pipes for Lunar and Martian Surface and High Heat Flux Space Appli-
cations[ C]//Proceedings of 46™ International Conference on Environ-
mental Systems. Vienna: ICES Steering Committee, 2016.

KIBUSHI R, YUKI K, UNNO N, et al. International Journal of Heat
and Mass Transfer[ J ], 2021, 179: 121663.

JOSHI S N, DEDE E M. Applied Thermal Engineering[J], 2017,
110 10-17.

LIM Y S, HUNG Y M. Energy Conversion and Management[J],
2021, 244, 114522.

ZHOU H, DAI C, LIU Y, et al. Journal of Power Sources[ J], 2020,
473 228545.

PAN M, HU M, WANG H. Applied Thermal Engineering[J], 2021,
190; 116827.

DU S, ZHANG Q, HOU P, et al. Sustainable Cities and Society[ ] ],
2020, 53 101894.

ZHANG Y, LONG E, ZHANG M. Materials Today: Proceedings[J],
2018, 5(7) : 15004-15009.



