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Thermal Concentrators: from Fundamentals to Applications

Tan Haohan', Huang Jiping'*
(1. Department of Physics, Fudan University, Shanghai 200438, China)

Abstract: A thermal concentrator is a type of thermal functional device that guides and concentrates heat flux from a broad
area into a specific target region by manipulating the distribution of thermal conductivity or the geometry of the structure. Its
theoretical foundations primarily include coordinate transformation heat conduction theory, effective medium methods, and
scattering cancellation theory, enabling precise control of both steady-state and transient heat flow. In practical applications,
thermal concentrators have been widely used in fields such as microelectronics cooling, thermoelectric energy harvesting,
petroleum heating, chip temperature regulation, and thermal therapy. They demonstrate unique advantages in enhancing local
temperature gradients, improving thermal energy utilization, and achieving spatial thermal management. In recent years, with
advances in materials science and fabrication technologies, thermal concentrators have gradually progressed from theoretical
models to practical engineering applications. This paper reviews the fundamental principles, design methods, and representative
applications of thermal concentrators, and further explores their future development directions in terms of novel geometric
configurations, spatial dimensions, emerging energy systems, and thermal choking-related scenarios.

Keywords: thermal metamaterials; thermal concentrator; intelligent; thermoelectric conversion efficiency
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Fig.1 Thermal cloaks of different structures!'!
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Fig.6 Experimental results of a topologically switchable
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Fig.8 The improvement of efficiency improvement

via thermal concentrator!!®!
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Fig.11 Theoretical results of efficiency improvement via

thermal concentrator!'8]
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Fig.12 Experimental results of efficiency improvement

via thermal concentrator!!®!

eIt TR E R R R BT R T
EARFFENRET, M3 A 50 TR+
OO DX AT B 1 5 DI (A LB 3R, ok
TR T RCR BRI B A R ZE 2 TR R R,
WK 11 fis . tHEEE SRR, EA R IR 2
T, HEE AT, AR L
NS AERRERS, EUAE SRS
HBOEREIN, SRR IRTHER 25.8%.

B0, WK 12 o, BN GOEE TR
ANTFIA PRI 72 PR B P it e N A [R) PR BH A7 2%
B PR P, AT U5 T 3 Th R 5 — 7 T
WA IE T ARSI T AR . Tk,
RAAFE) T IEAFIE I T R0 DL
LR T o SIS A5 R, BEE IR ZE TR,
T e MBI, R ARAL T O T
FIXIE, R RSCRIGA R L, (HF
O X CR G L = T 5. X BB FE
SET HRAE B TE ST A B R R T T N o
mH, SEBAERIRCR R B s ik 59.0%. 1X
— &5 AR TC T A8 AR ) A U 4 A A
TEIERM. Hd, CRTEREEERE” TR
LR SE AR IR E e A i RE, AN AT
FAAMERREIR IR AR . BEAh, BEFCRRRA
SR Z Ihaed e PRl 2 R it — DR &R B
SE T AR, TR AR B AT 1 K R AR
THIATRE, i 13 PR

g »
B13 B T A IRAR SR S ELE R A0S

Fig.13 Thermal design via thermal concentrator!!®]

3 ARETMRAKRE

BENET, KT RRESRIP AL Tik
15 A . MRFERIR R, ISR SRR
I, IECEN T, BB TR
{E0S TR EE T IBIT TS IRA AN 19 FBUAT R ok o
FEANFE AR BOR il 222 3Rl Fi e ™ A ) O B



DRIE, DRl T £ A AR i 7 B R PR 22
JRHRTT A R B R (A% Lo IR L. AR B
PR AR RS, R R
ROt IR A T A R I P, A I 2 2 T
i MY KSR 2 B IR 2, B2 DI TeRk
NOREN L o [RIR, ARG PTIE L S5 BTk
D REAEARDIRE Y L, IR, PR
BAAPRFI AR 1o, IRESIE 4G
[ S P S AR SR A5, AR AT S
HRINFEMEN ARG, MRS A%
AU E . R ARG SR AU N R R AL
MIIVE BT 5. AR, IRESR S AR
I FRBETE, RO RIS T I REERE S
REAGESEHE TR 12 o

W I RE RO A IR, HEREES RS
HEAVE B S IGER I TP RSO 2 — o AR GTHA
REDZ UL BUR RGN T, BESERR
TRERIF A, et H AR XSRAEAE 2 75 T BT,
WU AT BRI, TRE AR, DI, BERE
HL XN T AR SR AR AT AT 7T, KR T
FEIERAE . ARKANEL IO . AR AR
B PR PR R T, SEBUIARAE RN 22 30 7
DN R BCR S 500 A, SRTHIRGER FH AL
YRR I, fiL, WA RIET—
FRRON B -3 G BOSNS, BE TAERIIRINZ )
B R JFE I AR, S
LT TR R SRR ), 2 AR BRI et
THERANF U S5 A R BRI TR AW
HENEH . [FIRE, BEHME TR LR HIBT
FC, BOLWPFAN AR 17— E R H A R
RIBCHHEZR, IZHEZERIA T S 2 BRI AR Y
BOMERR AR ARt T 5. HAE
AT KL LR SIWNARRIGIN  PiL AT
GWTHEZR AT R, M H AR 3D #TEIEOR 58
J T EAR B SEAR AR Al st H T SRS EXHRE A EAT
T HE— B HIRAIERS, ZIE R AR R ERL
TS5 A SR SR AR TR AT Y S B

SUbF, SEpRivE St REA T =4k i
A, YRR S SR T A A AR
PEBRA o X = 4RI RER TR I TURE B AR R
SRR, WG = e R AR AL S
3D fTENTIRERLEEM R 23 8] St S I GE A SE T B
P RS AE SRS [ N R RIS E, AT
P ICAS 3D A VE B SLAREPR RGN
M. MeAh, =4ERSREESR T 50T Rtk
SHBUE TR RS s EOR, ARAT 5 AT

REM B BCTE . BLa s S DU IR AR S S R AR AR
it SR REAEES Z MG RGP
S FALBERERT28,

PR S el T R v R I B
JRHEBAETIEA R BUELR, AT 51 AR 2R
THRMARGRI . FETIR— R, HRERESHTLL
Pt N MARME R RIT B M T EHE
s B, FERE 5| IR EGE [ REE (U
WOt PO A THOT T i s S A,
R E I, ML B RN 13k
BRES . EMLTIEIE, ARSI N E R, XA
TROCHARN, e gl kM. B, HURSERL
MWRE, EEBARE. ZEARRSIEAL, &
M PESRI LS, AR BRI AETd, TR
TR R G b A A

RTINS 5 S AP IR, WAk
AT AR E Tk st Felid & RO Al e
SRE VAP P DR FEE 2T ] bt P2 T S T
FEJRMEET, ARES TSN (7R
B R EE TR EE X, ST
FE S, AT R s IR, $RT1R
R e B R, R B RL L
DR R, INPUR B SEgmiTs
AHHEE, ARESEAREFEIR. AR R, 45
PFRAPESR SRS, RRATAEAWITR . Hik K
MRS A AR

4 EEip

2203 73 15 SRR A], RERESHIH L O 4
(SELNEVSTY 3 BN = &7 B2 B2 A i P
FISEIRRE T, PARZ Ja RN R, FAREERITT
FOH R BT AE T BN . A S
[AIZE R Ge Rl 1 AR S e WAL R BN =
T FERE e, AT A B AR e A% S R A
SERY BUTIERISE B J5 SRR A B
Bt BIZOD R e M s BET, ARSI
HISHEZA A T B AN e, HESh T HAE SR
SEPRRLF IR ER . JCHAERCE TN v hE
RN, ARSI T ERIE .

BEEATRIREA A RIE ORI R, R
A 1) TR FLZHE R R, AHSRHARA T
R, NHE ISP R BE T kA R
FEZFEALR TR RO 2R K AR T, R
AR BT A f T I — 2 OBk, EHARK
FERTREIR R g S (Al IVE B R 2 5 S5 U



WEFTRTSR . RN — AR
bR, BRI RRME T IR, s
BIBALHA, HESRR AR TR HfEr
TR IR,

B

A TAEREAE [ AR 7 e it 78 A B A0 ER )
(B2 i1 Rt 1 S i

S 3E

(1]

(3]

(6]

[10]

(1]

[12]

[13]

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

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

ZHU Z, WANG Z C, LIU T F, et al. Inverse design of
thermal metamaterials with holey engineering strategy
[J]. Journal of Applied Physics, 2022, 132(14), 145102.
HU R, HUANG S Y, WANG M, et al. Encrypted
Thermal Printing with Regionalization [J]. Advanced
Materials, 2019, 31(25), 1807849.

HUR, ZHOU S L, L1, et al. Illusion Thermotics [J].
Advanced Materials, 2018, 30(22), 1707237.

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.

LIU Z F, CAO P C, XU L J, et al. Higher-order
topological in-bulk corner state in pure diffusion systems
[J]. Physical Review Letters, 2024, 132(17), 176302.
XULJ,DAIGL, YANGF B, et al. Free-form and multi-
physical metamaterials with forward conformality-

transformation  multiphysics

assisted tracing [J]. Nature Computational Science, 2024,
4(7), 532-541.

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.

Narayana S, Sato Y. Heat flux manipulation with
engineered thermal materials [J]. Physical Review
Letters, 2012, 108(21), 214303.

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.

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

XU G Q, ZHOU X, ZHANG J Y. Bilayer thermal

[14]

[15]

[16]

[19]

[20]

[24]

[25]

harvesters for concentrating temperature distribution [J].
International Journal of Heat and Mass Transfer, 2019,
142, 118434.

JINP,XU L J, WANG 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 2023, 120(3),
€2217068120.

JINP,XULJ, XU G Q, et al. Deep learning - assisted
active metamaterials with heat - enhanced thermal
transport [J]. Advanced Materials, 2024, 36(5), 2305791.
HAN T C, ZHAN J J, YUAN T, et al. Theoretical

realization of an

of America,

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(1), 3600.

TAN HH, ZHAO Y Q, JIN P, et al. Bioinspired energy-
free temperature gradient regulator for significant
enhancement of thermoelectric conversion efficiency [J].
Proceedings of the National Academy of Sciences of the
United States of America, 2025,122(7), e2424421122.
XU L J, XU G Q, HUANG J P, et al. Diffusive Fizeau
drag in spatiotemporal thermal metamaterials [J].
Physical Review Letters, 2022, 128(14), 145901.
XULJ, XU GQ, LIJ X, et al. Thermal Willis coupling
in spatiotemporal diffusive metamaterials [J]. Physical
Review Letters, 2022, 129(15), 155901.

CHENY S, YE Z F, Wang K X, et al. Visualizing slow
internal relaxations in a two-dimensional glassy system
[J]. 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.

XULJLIUJR, 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(1), 5449.

ZHU Z, WANG Z C, LIU T F, 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 S X J. Analytical
realization of complex thermal meta-devices [J]. Nature
Communications, 2024, 15(1), 5527.

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



(28]

[31]

[32]

[34]

LEI M, JIN P, ZHOU Y H, et al. Reconfigurable, zero-
energy, and wide-temperature loss-assisted thermal
nonreciprocal metamaterials [J]. Proceedings of the
National Academy of Sciences of the United States of
America, 2024, 121(44), e2410041121.
SRIBAE, TR, R, TH AR SRR 2 R
FROESREN S FRAE R R 45 [7]. I By BB K 2 25 4R,
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), 11-24.
(in Chinese)
THRE RS SR RO G v e
RS B EQD RN MDD
71,2023,14(04):40101-40101.
DINGL L, WANG T, WANG C H, et al. Current Status
and Prospects of Simulation Capacity of Radiation
Effects Vulnerability [J]. Modern Applied Physics,
2023,14(04):40101-40101.  (in Chinese)
LI 'Y, XU L J, QU C W. THERMAL
METAMATERIALS: Controlling the Flow of Heat [M].
Singapore: World Scientific Publishing Co. Pte. Ltd.
(2025).
FERMGH-5E 30,17 SO 5 U X S 2R IB b e
T 45 R S (0] DA B P 3, 2023,14(01):10603-
10603.
JIANG D P, RAN X W, TANG W H, et al
Microstructure of Thermal Materials Resistant to
Nuclear Explosion X-Ray [J]. 2023,14(01):10603-10603.
(in Chinese)
T, RS K. HE AR ME— R E BRAIER(D].
PR FIIEE, 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. Cin
Chinese)
skirte, VEJC, EBEIE. mRIAEL A MR
W T b AR AR R, BB RHECOR 22 24, 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.



	热聚集器：从基础到应用
	Thermal Concentrators: from Fundamentals to Applications
	1  热聚集器基础
	2  热聚集器应用
	3  热聚集器研究未来展望

	4  结论
	致谢
	参考文献

