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Thermal concentrators: from fundamentals to applications

TAN Haohan, HUANG Jiping”
(Department of Physics, Fudan University, Shanghai 200438, China)

Abstract; A thermal concentrator is a thermal functional device based on transformation thermotics, effective-medium theory, and scattering-

cancellation principles. By tailoring the spatial distribution of thermal conductivity or geometric configurations, it efficiently concentrates large-scale

heat flux into localized regions, enabling precise control of both steady-state and transient heat transport. With advances in materials science and

manufacturing technologies, research on the thermal concentrator is moving from theoretical models toward engineering implementation, and it shows

application potential in microelectronic cooling, thermoelectric energy harvesting, energy heating, and thermal therapy. The physical mechanisms,

structural designs, and implementation pathways of the thermal concentrator were systematically reviewed, summarized its development and

representative works, compared the applicability and performance characteristics of different theoretical frameworks and configurations, and analyzed

its technical advantages and engineering feasibility in typical application scenarios. Finally, future trends of the thermal concentrator were

discussed, including extensions to complex geometries, multiscale systems, emerging energy platforms, and extreme thermal environments.
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Fig.2 Proposal and simulation results of

thermal concentrator!®”

TEPRAE B (0 S AR BB HEST R A, 2012 4F,
2 E WA I K% Narayana 1 Sato ¥ YCHil £ H T H
EE SRR I 3 R, BT PR
PRGN 1 [R]00 2 50 WA R DAY ) S0 38 85
FRAE A RO TS, U 9 42 1) R0 ) #0556 4
S AN R A R TR s R, R4 [ o]
VEWTFP AT 32100 ER I, T U1 1) DU R 5 4 1 o 44 5
RIGFEE, T SEIA ) J5 1] b G20 X 43, 3k
PR A 1) SRR LT IRl O s, AT
LT v R T AR A ) T BT R A [ S 1
SR, R ST 00 45 1] [T AR AACEE A ) 253 ]
A BT TR OB, (A AR AR R . (AR



- 180 - e AN 4

TERRR , A TR AR X T PR AR B
C A 2 S0 JZ T, {5 I AE 5 N BT TR BIF
HRURBR TR IE , AR 2% i S 1R Wik ok
Wil %
—0.50
T/K

315
—0.25

»y/m
[)

273

0.50
—0.50 —0.25 0 0.25 0.50

x/m

I3 PRSI SLR LR

Fig.3 Experimental results of thermal concentrator
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Fig.4 Finite-element simulation results for the
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AR RE FEFA IR AR 1k i A BRI TY

VRS —FPEETI BE AT, 2 A B T e i
JEASAI S A S HB D)3 K L RO, B i 5 BR ]
IR O o T AR o A A 52 3 T
PO, B REHGE AT IHE AT AR Sy R i A O S 2 1
B LR 73, T AN 20 B AR BRI SR . T
LA AT BAE 2o 52 56 56 ik 1 R AE S A R i) 48
& I A A AL 15 24 59 4% 1] [|] 1 41 B AE
Wicte &4, BErA MR B pRL, iz et
Sy PR TSEBREIAR . Besb, T 7 R 1A
AVE , % BE AT 5T ] o — 2 2Ok 5E AL
P AL Bl ) 2 A B DLSEBUAR B 1 fE 2
Pl DR S e a e



42 4

TR A5 RORAR A ARG E - 181 -

vy/em

|

8 -6 -4 -2 0 2 4 6 8

x/cm

(a) B RERLLNA FRoTRIILS
(a) Finite-element simulation results for the

intelligent concentrator

7.0

35

y/em
[)

-35

=70

-8 =6

-4 =2 0 2 4 6 8

x/cm

(b) BRERLERNI IS
(b) Experimental results for the intelligent

concentrator

5 RE SRR A FROTHED K g g R
Fig.5 Finite-element simulation and experimental

results for the intelligent concentrator!'’

1E 2019 4 Z |, R TR E R OBV 2T
AR PR, H T AR S 1 BT A AT PR Bl X R
TR T 3R A% 1) S P A 8 SR, AT A S B ) £
B Z PR (APFFEEAE 2019 AR TR T
FLARR AR AL 07 PR BOR B4 L3 T, 45 1)
S 0] B DR MG AR 2 T R S M H
B ABETE 2% AR A B 5 AN 25 5 B
[ R T X1 1 34 S A 2R U 5 1) [ 1 B
AT A A A A PR R A A

% 18 B B IR 1 R AU e [ 25
Jit, Wt ik BTSN BTt H DGR R 2[5
WA D B IR EE SR BETT . 2023 4F, fEZ A
WEEHSERE b, DFFEE NTEE T —Fh e T I ML 5
55 PO B IR) A (4 7 2 TR - TR A P A
FHSEEU L . i 6 FiR, ALK — ik,
AR SR A A T — i T - TR A Sl bt

BHTTART AV BE RS il i ] 5 9 A 3 27
TIPS SRR R Z S . XD
XL HE A 6] R A M . I - R A A
JUAR PR — R 3 R U E T, A X
A LA F 3 SR 1 AR R X — 2
FRATERE R AEA T SRR O 58
LAY, B 1 Gt A G ik 18 3 11 o5 i A
BRIERES) o W - BHRGPHAM R EZ A SUR A
BN A, B AN AR B 5 e B T A
AR PV B ] P LAt B0t , AR RE R R
FIBLAS H B BE R ] o

6 ISR MR R B g R
Fig. 6  Experimental results of a topologically

switchable thermal concentrator'™*!

AR, N e 5 RAUE SR 2] T K
R, X TCEEAWFFEN SMAS [ 2 1 5 PR REFA
HAPEHR ML TR, 78 2024 45 RS TR T
— ol R R B 2 2 B K ) A R B A B A
B R T e 7 R, 1R
BESTE MR T 5 T B ZR N Al 2 i 45
TEIR L I 72 A ISR BE VA 19 RUZ 548 g vk At
( i 38 — F 3=k e ( polydimethylsiloxane , PDMS)
R AT RO R AR RIE S T, %05 vk
Hg UUZSEHNEE B b B B 0 BE ( RIDPR 5 T
FEOEN R AL A8 5 , PO 2k i N A 48 1 2%
far i PDMS Jig 5% 3 BE w, , DT 9 5 HOA S0 &
R I O DB Ul A B 0 A o TR A S
BRIT T, WFFE AT BAKE T3 25 1 N A 28 I 4 4
I BRRIRG T B, — Sy i PR £L MR AL
ARG D BAA5 5 8E J $2 it A A BRHE , 5 — s e 42 40
SERALIK S %, DA ALY o, , 3K 5 PDMS Jig
¥ o A7 FROTRLUAN SR P IR 1 3% A 5 R
BRI A R, IR B SR O )
ARSRIE RN, (ERF— 1002, BE N e 5
P R AT N TR IR R S
PR AL IR T R A E T RE , 1] AN F 5 141



- 182 - e PN

548 &

BABETT A FASS S IR 4 o 28 SR RE S AR Al
WHEARE RE L IIRE . O T R — A, B
FEEA T T — B REIA L A AL, R T AR
PRI AL A B I RE .

7 BT IR > RSB B 25
Fig.7 Simulation results of thermal concentrator

based on deep-learning' "’

2 ARESRNA

A SC BRI T MR AR S e BLR 2 1 Y
I , NI T A 4 B BT A9 32 1 — L3 i
UL TR 2 ) S BUR BE MR R o IR TR
EAROTT 0 o — B 27 TR P % T34
REAR I HRIDTTE B 2] 2013 45 AFFEN DR
AN T R =4I, i R OCE B fEE TR
IEAIRE S S SR L U S N L4
TR b R A 8 BTN,
FATTHY PR TPk R S B2 LA R AL 4
i) SFe P ) 1713 of 25 i S5 A ] L2 3 e S 39 P 52
B HES PR HAT 25 ] [ PR T A A R AR R A
eyt

SRE W)
=R =

| \lluT» <<\7

18 ST IR B R AR T
Fig.8 Improvement of thermoelectric conversion efficiency

. . 16
improvement via thermal concentrator!'®’

FEAMEAE B, AR P I RCR S R
T LT RSEIGSR, 9 Halad & B B R IR BB,
A RASEEE T 100% 12505, 31X & AAEWF 5T P 19
IAEE PR E TR REIR I o RSBt BT IR
ST LA AR LIS, B T R A 1 P I 491 4
TR BHBE AR S5 B 4 o

MM 2014 48 BF5E N DUER F T g 1 A

FHARR SRR AN [R) S0 52 B Sy s A ey A8k, 4
K9 FF7R o Bilan , 7EHL B RAT, AT LA TR
TR L5 G ARG 6 06 it B A5 SRR i R
L el B A PR

B9 LTRSS

Fig.9  Local heating via thermal concentrator

RO R ORI, B0
SRR TSI A 5 HL 0 SR P
R 45 - 5 5 3 LA — 7 1, 1T
L, SRTBPRAA PRI R, AR

[17]

AL 1000 W e m ™t - KTV, X4 AR B %
AR TAD B i, BHEE T2 2 A9
ST AL EE LS A ki T R YR
TS5 AL 4 X2 AR B R T e BE R TT T
TG RISy T A R

W 10 o, WFFEE A i i e gk 1R
FRIZS SRR AR SR A A . A S
HOR BT A5 S UM I, IS8 35 i 3 7 AH L FY
Bty HAESCI 2 FPORE A S CEL AV AR 2 1]
TR B BN R G FHLLAM PR SO R AL R
T FEA T B R R AR o SR Rl i Ak PR 552,
A TETE 555 PR DX I A P PR Fp 48 2, [
Hh DX I R B P e T 5

N T UL R AR S X T PO B R 1 S 0T
BFFE AR A S R BT TR [P
I BET  HFA 0 AL T IR e O XA R
IO 55 DX IR N Py K L R R, A gy, IR R HE
THERET A 5RIRIRE T, - T, ZHARR,
WL Fs o TSR] A R Ve PR 25
NP P L A VAR R ATV IR 2 R 22 & Y L R A
THERAE Y 85w, FERT I P % BRI 250
VLRI, BRI THEIE 25. 8% o



TR A5 RORAR A ARG E - 183 -

HH2 W
T/K
A y/m
| el
er L
g i x/m
e T

K10 9 P I CRAR S ) S g0 45

Fig. 10  Experimental results of expanded-plane
[18]

concentrator
— 3 (T=300K) + #,(T=400K) — 4(7=300K) 5550
087 g (T=300K) O n(T=500K) - -47r=400K) |~
0 7 (T=400K) « n(IT=500K) ¢ 4(1=500K)
125.78
0.6 .
©
= <
< <
= 125.76
0.4
125.74
02— . s s -
30 35 40 45 50
(T, TC)/K
B 7R i AR A AR X T I R AR
BRI LR
Fig. 11  Theoretical results of thermoelectric conversion

efficiency improvement via expanded-plane thermal

18
concenlrator[ !

— i 12 iR 9T N B I A

AN[R) Y PRI 2 T TR R R i AR [ F BHL 7 2
(R=3 0,7 O,10 Q) B {5 e &, N5 T
TR, Ho, &8 AR 3777 107 4R
SMERFHAE . MO, PR E N E T AREE T
A AT . 3T I, & A8 T A B
T P A R B I A BT L B ROR R T SE R
SEI W], B A T 25 1 BEOR, fE [ e A EE L BE
B, R R RIS T 0 I8 A T X, P
PR G2 R E S H b KRR
RAR THE S, XEBENTE LIS T R E
ar R4 TH AL B RO, T HL, S5 A 1 8%
BT = ik 59. 0% o X — 45 R AE T AE A
AE T AR A L e e G U T R, K
h, C JCARE R I RE T 4R MR X T I R A o8 4
FHE A 4 7= AR AR, T AS 6] 1 S A4 E 44

REVR A e F AR o WAL, BF TS R AN 2 3
REY JEE - IfT R AL R 45 1 ) i — P R R B 5E T 5%
Fil , Tr] R 1 oAy A B 503 ) O o e B B T
AT RE, W 13 FR

X 1073
A4, — S
5l =4, — - 11
D A7 — g - Ty
] AIO — Mo =7 Moo
ssol P65 554 8
® X
B {6 =
325
14
10.0 2

(T,-T)/K

Bl 12 3 P AR AR e T A e AR
TSR LR
Fig. 12 Experimental results of thermoelectric conversion

efficiency improvement via thermal concentrator'™®’

B 13 SEFHGRGE R I A B ™
Fig. 13 Implementing chip heat dissipation via
[18]

thermal concentrator

3 ARERMRRKREE

BEHA, X THRRESIMRCET T

LS AR REUE . AR RIS )Z T, R TE
S J T, A SO TR N Uy B B T A2
FEMR o (AR TR A 28 BB AT SR A 2 [1]
AR e, L AN 7E A B ) i 22 02 3K 3
FH S ™ A ) G B TR 2%, TR UG A ] o B rEL A ) R
Ui N7 K )i 2, B B T AR B i R Y
HE ], AR % 30 3 0T P A RS T AR
Tl Iz g3 A 1 B A AN H SR A T AR AR
1) By , (o R T B 3 T, AT R A 5
i 2 (] B I 22, B s 2E DL v 2300 5K Bl L R



- 184 - EZ VIS AN 4

548 &

Tril st , AR A i 1T 3 2o 45 A8 1 T e b A 7 R
DIRE DS 9 B, B S B G, 4R v B AR A
FRCR . Ak, R A% ik vl 45 & 45 ) 5 1 5
PPl 22 T2 454, b s e L AR P 5 4 4R )
RERY SR ARG, O R AR e vl e L ] 5 S TR
P AR ] Wi AR G A R AT R g e A AR
EHR OIS ROK, VR AR 5 BB R
PRSI P BB R R E S
REAE IR AU AR

WG P RE AR 11 19 K B, VR B4R B N
R EPVE B RE M TR I SRR 2 — o 1%
GRS # 22 LA BE sl A ) X AR 4544 O 3=, (3
TESEPR TR Hp, rpols FAR I BUTE A 52 05 B
sGETE  WOE A b T S AR A
I B G XA 5 T 1 A R B e HEA T BE 5
R B H TR N o R R Al i A SR IR Bk S
AR AR e (I B A% ) S 1k B OREBE T, S8 BB
TERLIN 22 10 T8 DX 380N 1 i 280 R e S5 3 20 00 A
SETHHBE R AR 5 R R A Y B
AL, BTSN PR T — PP AR B L - R i SR
BT TR R B 2 9 B 8 4R, OF 41 %)
Gy MR A ST, S B T IR T Y SR A K
B AR TR R i R AR Tl L A 45
PR RS A W 2R . Rk
BT BEIR PRI 2R T 5T, SO MF ST
RORIET —EH H#EHE &SRO HESR, 1%
HEZR A FH 5 22 RS2 T 8 O BETHT RO AR 19
R TR Tr S H AR LT T AR
e AN B A AEL T I Bk 1% BT AE
ZRBA R, T BRI 3D T ENE AR 58 Al T A A
1 ST ity BT I 0 o S 36 X R il AT Tk —
ABUE o ZIT I AR A AT B LA 44
ey PR AR IR B e BE TR AT 1) RS o

TR, 52 P AL T AR AR bR = Ak (]
L, YR FRIRAR AR A A S P A A — o B
PEBRA o B X = HEPR R R ER AT TORE BN AR
ARSI ], W] S YR AR R AR B L SR |
3D STENTRERR AR | 2 6] 57 Ay S IAZE 4 55, 4
Y RERE TS A s 18] N SR AR PR RSB, T T
LTI 3D O R PR B ST R B R R TS5
Yysto Mehh, YRR AR SR BB 5 05 AL X
TUETHR T AR 0 2K, ARk T 5 N TR BE
BB HLdvar T 0 A B AR 25 ot BOR A&
oL MESHAE R RE I 5 Z G RGPS
FAALIERE

AR R — PR AL R 1 SR R T S R

R TCIEA R B PG, W] 51 A R SR T
FIRGRA . FeTix— B, POERAAR ol LLglix
HA—FAE G AT T-B B T FE 50
i, Al 5| S PR PR Bl ) BE R (ATEOE
T ) B AR T 05 FL B i e A 2 ) AT
Jey Bl RAEE IR, DI (o 15 4 SR Al B3 e 2R A R E
T30 AEH T EIE FEARSE A ] s Ay 0T
HAR RS K i B RS B R
T NI o PO A 1 A Rl 1 5 A
e ARAAT BAEPARS Tl LT T ST A
RGP R

TR il 1R Al 51 3 A PR, AT R
T A RS Tl 5%, o 3 5 %) A1 il 7
FEVS PRIFE PRl JBE e 0K 7 56 1] 28 266 82 T g S )
A AE SR I R BASR AR nRE AR AR (i
ZRVRECL ) R AIOR £ T3 2 X, S PR i
5 e BT R R A DU 31T
SRAMAA s ity Bt ilob W T i B R A e v
DRI LR 5, bR BRE AR . 5 R G ATy
A B, PR AR S0 LA REREIR I HCR =y (454
FAMESR AL, AR LA MR Fay ik e FR R
SRR AR

4 B

15y 2A

223 T3 15 AR ] ORI AR I BE ST EL 22
s TR A R o M IRc ) (g Bk B AT 5T B S
BIFS 20 0 P i, ARER AR A5 o 3 v A A
THEEAR ., ARSI IR TIZR R GeH [l i1 4R
S dir A FE R B VS 1) 07 )= v ) BIF S 0E Ji , A3
4 A bR A P A T R 025 88 5 T ) B i
FE SAE BRI BIE B0 R A 1220 4 Jie i 25
LA BETT , PR i B HE AL AT A
Wroe s HESh T HAE S RS BR I H PR R U
FAE o 7B R R RR AR SR 0, PUR ARG
JEBLH T ERIITETT

B AR A s BOR B R  J, BAR
S 1 TRRAR N FH 2 7 18 A, A G BAR AN W
GEME, F FCHE Tz WY SE PRV I B8 1 it R
TEZ R LAY BRI AZ 2 ) AR BRBE T, $45R
S R BETH A A7) ol — 2 PR AR, (ELHEAOR
TEBT L REIR AR ST | 2 ] FAVE B K 4k 3 L A 4l )
LIRS R o ARRIIBTTE R — A R R &
APERE , S THHAEA R 28 1F T A& L, 45 54
REALEEA , HE SRR AR & 16 B35 200 K v K 7 1)
E%[29—34: .



42 4 TR A5 RORAR A ARG E - 185 -

Brigt

AR AR A [ AR BRI TE B T 78 26 B
RO AE B T 52 B, R s !

2% 3R ( References)

[1] FAN C Z, GAO Y, HUANG J P. Shaped graded materials
with an apparent negative thermal conductivity[ J]. Applied
Physics Letters, 2008, 92(25) : 251907.

[2] ZHU Z, WANG Z C, LIU T F, et al. Arbitrary-shape
transformation multiphysics cloak by topology optimization [ J ].
International Journal of Heat and Mass Transfer, 2024,
222, 125205.

[3] WANGZ C, ZHU Z, LIU T F, et al. Inverse design of
thermal metamaterials with holey engineering strategy [ J ].
Journal of Applied Physics, 2022, 132(14) . 145102.

[4] HU R, HUANG S Y, WANG M, et al. Encrypted thermal
printing with regionalization transformation [ J ]. Advanced
Materials, 2019, 31(25) : 1807849.

[5] HUR, ZHOU S L, LI Y, et al. Illusion thermotics[J].
Advanced Materials, 2018, 30(22) : 1707237.

[6] YANG F B, ZHANG Z R, XU L J, et al. Controlling mass
and energy diffusion with metamaterials [ J ]. Reviews of
Modern Physics, 2024, 96(1) : 015002.

[7] LIUZF, CAOPC, XUL]J, etal. Higher-order topological
in-bulk corner state in pure diffusion systems[ J]. Physical
Review Letters, 2024, 132(17) : 176302.

[8] XU LJ, DAI G L, YANG F B, et al. Free-form and multi-
physical metamaterials with forward conformality-assisted
tracing[ J]. Nature Computational Science, 2024, 4 (7).
532 -541.

[9] YUGX, LINY F, ZHANG G Q, et al. Design of square-
shaped heat flux cloaks and concentrators using method of
coordinate transformation[ J]. Frontiers of Physics in China,
2011, 6(1): 70 -73.

[10] NARAYANA S, SATO Y. Heat flux manipulation with
engineered thermal materials [ J]. Physical Review Letters,
2012, 108(21) : 214303.

[11] LI'Y, SHEN X Y, HUANG J P, et al. Temperature-
dependent transformation thermotics for unsteady states:
switchable concentrator for transient heat flow [ J]. Physics
Letters A, 2016, 380(18/19) : 1641 - 1647.

[12] SHEN X Y, LI Y, JIANG C R, et al. Thermal cloak-
concentrator[ J ]. Applied Physics Letters, 2016, 109 (3) .
031907.

[13] XU G Q, ZHOU X, ZHANG ] Y. Bilayer thermal harvesters
for concentrating temperature distribution [ J ]. International
Journal of Heat and Mass Transfer, 2019, 142, 118434.

[14] JINP, LIUJ R, XU L J, et al. Tunable liquid-solid hybrid
thermal metamaterials with a topology transition [ J ].
Proceedings of the National Academy of Sciences of the United
States of America, 2023, 120(3) ; €2217068120.

[15] JINP, XULJ, XU G Q, et al. Deep learning-assisted active

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

metamaterials with heat-enhanced thermal transport [ J ].
Advanced Materials, 2024, 36(5) : 2305791.

HAN T C, ZHAO JJ, YUANT, et al. Theoretical realization
of an ultra-efficient thermal-energy harvesting cell made of
natural materials [ J ]. Energy & Environmental Science,
2013, 6(12); 3537 -3541.

HU R, WEI X L, HUJ Y, et al. Local heating realization by
reverse thermal cloak [ J]. Scientific Reports, 2014, 4.
3600.

TAN H H, ZHAO Y Q, JIN P, et al. Bioinspired energy-free
temperature gradient regulator for significant enhancement of
thermoelectric conversion efficiency [ J ]. PNAS, 2025,
122(7) : €2424421122.

XU L J, XU G Q, HUANG ] P, et al. Diffusive fizeau drag
in spatiotemporal thermal metamaterials[ J]. Physical Review
Letters, 2022, 128(14) . 145901.

XU LJ, XU G Q, LI'J X, etal. Thermal Willis coupling in
spatiotemporal diffusive metamaterials [ J]. Physical Review
Letters, 2022, 129(15) . 155901.

CHEN Y S, YE Z F, WANG K X, et al. Visualizing slow
internal relaxations in a two-dimensional glassy system[]].
Nature Physics, 2023, 19(7) : 969 —977.

ZHANG Z R, XU L J, QU T, et al. Diffusion metamaterials| J ].
Nature Reviews Physics, 2023, 5(4) . 218 —235.

XULJ, LIUJ R, XU G Q, et al. Giant, magnet-free, and
room-temperature Hall-like heat transfer[ J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2023, 120(27) : €2305755120.

ZHOU X C, XU X, HUANG J P. Adaptive multi-temperature
control for transport and storage containers enabled by phase-
change materials [ J]. Nature Communications, 2023, 14.
5449.

ZHU Z, WANG Z C, LIUTF, et al. Field-coupling topology
design of general transformation multiphysics metamaterials
with different functions and arbitrary shapes[J]. Cell Reports
Physical Science, 2023, 4(8): 101540.

LI W C, SIGMUND O, ZHANG X S. Analytical realization of
complex thermal meta-devices[ J]. Nature Communications,
2024, 15. 5527.

LIU Z F, JIN P, LEI M, et al. Topological thermal
transport[ J]. Nature Reviews Physics, 2024, 6(9): 554 -
565.

LEI M, JIN P, ZHOU Y H, et al. Reconfigurable, zero-
energy, and  wide-temperature  loss-assisted  thermal
nonreciprocal metamaterials [ J]. PNAS, 2024, 121 (44) .
e2410041121.

SRMUA: , TR, TESCEK. T ) R IR Y 22 RUBE A
PG R AE R BRI 28 [0 ], [ By B BR324 4, 2024,
46(6) : 141 - 148.

ZHANG S S, DING H C, WANG W Q. Multi-scale feature
extraction and feature selection network for radiation source
identification[ J]. Journal of National University of Defense
Technology, 2024, 46(6) . 141 - 148. (in Chinese)
TR, EI8, TRIE, . SRR S 7 L RE
BRI BUR S5 LI]. BN 9 B, 2023, 14 (4):



- 186 -

(FE TR SR S AN S

548 &

040101.

DING L L., WANG T, WANG C H, et al. Current status and
capacity of radiation effects
vulnerability[ J]. Modern Applied Physics, 2023, 14(4) .
040101. (in Chinese)

LI'Y, XUL]J, QIU C W. Thermal metamaterials: controlling
the flow of heat[ M]. Singapore: World Scientific Publishing
Co. Pte. Lid., 2025.

FZRM, MIESC, WO, . PR X ST AR R
WEEMEFEL) ] U AR, 2023, 14(1) : 010603.
JIANG D P, RAN X W, TANG W H, et al. Microstructure of

prospects  of  simulation

thermal materials resistant to nuclear explosion X-ray [ J].
Modern Applied Physics, 2023, 14 (1): 010603. (in
Chinese)

[33]

[34]

B, RN PR R o E B AR LT ]
AR Y3, 2024, 15(5) : 050101.

HUANG J P, ZHUANG P F. Thermal metamaterials: a
preliminary discussion on the uniqueness theorem [ J ].
Modern Applied Physics, 2024, 15 (5): 050101. (in
Chinese )

SRR, T, ERAE. S IR A TR A R SR i
EISS AR EL )] BB R R 2 i, 2024, 46 (6) -
11 -24.

ZHANG N N, WANG Y, YUE X F. Frosting characteristic
on the cold irregular surface under high temperature
environmental conditions[ J]. Journal of National University of

Defense Technology, 2024, 46(6) : 11 —24. (in Chinese)



