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Fig. 1. Temperature distribution of an ion crystal com-
posed of 100 ions under different p in stable state, where
temperature distribution 77 measured by the mean
thermal phonon number. The 1st and the 100th ions are in
contact with the thermal bath, indicated by the red line in
the figure, while other ions are indicated by the blue line.
The figure is taken from Ref. [25].
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Fig. 2. Temperature distribution of an ion crystal com-
posed of 101 ions under different p in stable state, where
temperature distribution 77 measured by the mean
thermal phonon number. The first ion and the 51st ion are
in contact with the thermal bath. Ions in contact with the
thermal bath are indicated by the red line in the figure,
while other ions are indicated by the blue line. The figure is
taken from Ref. [25].
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Fig. 3. Temperature distribution of ion crystals vs. the distance z in different configurations, where « represents the order para-

meter of structural phase transition, and the two regions with different colors represent ions interacting with the laser. The insets

show the configurations of ion crystals. The figure is taken from Ref. [26].
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Fig. 5. Phase diagram of ion crystal structural phase transitions under different values of ny and n. . L (linear), Z (zigzag), and H
(helical) represent the linear, zigzag, and helical configurations of ion crystal. ZL line, HL line and ZHZ line represent the zigzag-lin-
ear transition, helical-linear transition and zigzag-helical-zigzag transition. The gray region in the figure represents the linear config-
uration. Outside of the gray region, the region above the HL line represents the zigzag configuration lying in the z-y plane, while
the region below the HL line represents the zigzag configuration lying in the z-z plane. The region on the HL line represents the

helical configuration. The figure is taken from Ref. [28].
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Fig. 6. Temperature distribution of ion crystals with 30 ions with different configurations in stable state, where L represents linear
configuration, Z represents zigzag configuration, and H represents helical configuration. The labels indicate the values of (ny,n:):
(a) Temperature distribution of three different configurations of ion crystals in stable state, where two different colors represent ions
interacting with the laser; (b) distribution of temperature gradients in the parts of ion crystals with three different configurations
that are not in contact with the laser in stable state, where Ar represents the distance from the center of the system. The figure is
taken from Ref. [28].
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constant. The figure is taken from Ref. [28].
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B (DO —4E), SRR A, 2 5 B A
IR TUERAL & 3 s s, EAT T Il DX 1
TZ IR 3 iz sh BRI A MR ey
HA PN YE I ) E SRR AR SE Y. I, 2714
TR AP N TIREAe 7.

TEGIATCR BT, ToF 2 80 1 AR
LR, Hoh Z P RS2 B R R R K. 25
TR R B TR B (25 AL, HEA
T2 BN MR fe /) 1 25 B RO Z T (120 4D
1), SRR SZ B AR R /N ANORE R T AR R
fih 113z B AP R —FPICR?, IR AX tLRERS
PR TR A 2 R B S AR R AT

SE eI I T TR Z R
B, PO E LAY | 2 Ry B 10 Y 1
A Z R R B2 S S TR T A AR
TEAN RG22 18] ) 45 A6 A A 191, iy ELULE 21 L2
Xt A T AR R i Dol (B B H AT Ak, 38
BAT B0 IR PSR RS T B T S AR A
P e T EARIAE, T EEINAE T HATTE R 1B
A, TS TR ATk (e O
LA B B B A R AR ) A E T TR TR
BT AR R. L, RIS T PO LN R I ik
i, i 20— AN W CAE AR IO R BT B
T, Y TR T AR S — BN ZE AR A
HLBOR TS, M E T iiis L n ik A
SRR, B2 KRB ERR I iz 3 g AR T
20 A TR B TR AR, AR, RS R B TR
REDLAIUANFE TR Hilimof i B0 Rt
FrJCIR I i B R fd ] CCD 4Rk 717
FOR R FRYRE . EE T RGP A A
W B AR P T I7 AT TAHSCRYSEHG, HEAnyE ST
Bk [47,48] H, I o6 e 1 b A g — 4
BT, AR T PR TR B T AR R A B (7
L S B

FIRIXA AR R SEAE TR BLE AR S0

FHA TR, CANTE B 1 BF R A B RIS AR,
XFHRBEAE 72 H B AR i — B i TS
HIRYTEOLT , B b A i A g 5 0 1L 119901,
XF T A, AETEPIRN R AR A5, o)
JlJ& EIT (electromagnetically-induced-transpare-
ncy) Y& 00U MR IR B2V 2 B2 XS SRR L
SRR BT 00 4 R A i J LR 2007
Ve AN AR DL T RE IR B A AR PRV 2R RS . 7R 1
m R LM 4E R gerh, S 1 IR, AT
KB T ZRCm AR, Sk [53) & R —Fn
THR, BEEHE ] F/INVT 100 nm §930 37 = 2E4%
g, 85 XA EOR, i3 T A AR R AR
SR, TR TR G R. SUR [54) KB T
— R B, X AR S ] TR JC L 4 fi
FOZAKAE PR FA.

TEEMARG T, RIS IS, Be
ITE 2 BT A H B8 425 il £ 8 U 3l 7 1) 1) R A
BB, B AR R, fEfRYE RS L RE
g i 3 S AT RE A OUL AR A48 SR [55) 752
90 v LSBT P AR A R HE T TR SO Y B A
B, BWSELHR 7%. MSCHR [56] 72388 TR
T 15 B TR Y B A A R I R
A TR SR ARAL T E Ll Y, FFR R 1~ 2 1 i
TER B, (B RIAAR UGB . K 4b T RS
AR T A A ) A A T i S AR A, BTSSR
7R, Y7 R ZE IR T 2 AR N A
5576 0 B IR TR AR T A 2 R I 8 PR A7 T B
WA2E R, BE b, XFR R R R R SRR
Alik 80%.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Research progress of heat transport in trapped-ion crystals”

Li JiYV  Chen Liang?t Feng Mang V??

1) (Guangzhou Institute of Industrial Technology, Guangzhou 511458, China)
2) (Innovation Academy for Precision Measurement Science and Technology, CAS, Wuhan 430071, China)

( Received 28 October 2023; revised manuscript received 23 November 2023 )

Abstract

Heat transport is one of the most important research topics in physics. Especially in recent years, with the
in depth study on single-molecule devices, heat transport in low-dimensional (i.e. one- and two-dimensional)
microsystems has received more and more attention. In the research of Fermi-Pasta-Ulam crystals and harmonic
crystals, it is widely accepted that heat conduction in low-dimensional system does not follow Fourier’s law.
Due to the lack of the equipment that can directly measure heat current, it has been proven to be a challenging
task to carry out relevant experiments. Ion crystal in ion trap is located in vacuum and does not exchange
energy with the external environment. The crystal structure and temperature can be accurately controlled by
electric field and optical field, providing an ideal experimental platform for studying thermal conduction in low-
dimensional crystals in classical state or quantum state. Herein we summarize the recent theoretical research on
thermal conduction in ion crystals, including the methods of calculating temperature distribution and steady-
state heat current in one-dimensional, two-dimensional, and three-dimensional models, as well as the
characteristics of heat current and temperature distribution under different ion crystal configurations. Because
the nonlinear effect caused by the imbalance among three dimensions hinders the heat transport, the heat
current in ion crystal is largest in the linear configuration while smallest in the zig-zag configuration. In
addition, we also introduce the influence of disorder on the thermal conductivity of ion crystal, including the
influence on the heat current across various ion crystal configurations such as the linear, the zig-zag and the
helical configuration. Notably, the susceptibility of ion crystal to disorder increases with crystal size increasing.
Specifically, the zig-zag ion crystal configuration exhibits the largest susceptibility to disorder, whereas the
linear configuration is least affected. Finally, we provide a concise overview of experimental studies of the heat
conduction in low-dimensional systems. Examination of the heat conduction in ion crystal offers a valuable
insight into various cooling techniques employed in ion trap systems, including sympathetic cooling,
electromagnetically induced transparency cooling, and polarization gradient cooling. Just like macroscopic
thermal diodes made by thermal metamaterials, it is possible that the microscopic thermal diodes can also be

made in low-dimensional systems.
Keywords: ion trap, ion crystals, heat transport, structural phase transition
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Fig. 1. (a) Microscopic physical process of electron thermal transport and electrical transport, including three-phonon scattering and

electron-phonon interaction; (b) the main research objects for thermal transport in metals, including the thermal transport in ele-

mental metals, metallic compounds, metallic nanostructure, and two-dimensional metals; as well as the effect of external environ-

ments, such as temperature and pressure on thermal conductivity.
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Fig. 2. (a) Percentage of electron and phonon thermal conductivity contributing to total thermal conductivity for several metals!.

(b) The phonon, electron, and total thermal conductivity of tungsten compared with experiments from 200 to 500 K (upper panel);

the Lorenz number of tungsten considering total thermal conductivity versus considering electronic thermal conductivity (lower

panel) 4 the dashed line is the standard Lorenz number L.
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Fig. 3. Variation of phonon thermal conductivity, electron thermal conductivity, and total thermal conductivity with temperature

for (a) NiAl®l (b) MgZn, and Mg,Zn,*2.
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Fig. 4. (a) Phonon thermal conductivity for NbC and TiC limited by phonon-phonon and phonon-isotope scattering (dashed curve),

phonon-phonon, phonon-isotope, and phonon-electron scattering (solid curve) from 200 to 1000 K3 Inset: The Fermi surfaces of

NbC and TiC. (b) The phonon thermal conductivity, electron thermal conductivity, and total thermal conductivity of TiN from
200 to 1000 K*l. (c) The Lorenz number of TiN from 200 to 1000 K.
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AT HRGEZR/NT 5 W/(mK). XEK B Nb
N R A 55 2 5, 7507 NbN F i
IR AL T NbC, AR T NbC, 7577 NbN
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BEAN, FAF 5 & BN SR RS 7 R RO e e —
PR, WSl IR - Tl MR

T T FIRRTE 4R B s A TR
SR AL E 21 2.2 AT WL, K F AR
VAR LU B BR AR 1 i R 3 o H A P - A
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R AN SR BAL FE A AR AT ) Ao it A2 3k A
SRR, =R O R F RO (R A 2 B, A
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#1 SEPHETSETHRER

Table 1.  Electron and phonon thermal conductivity in

metals.
300 KTF#FR /(Wm LK !

Au 278127 27612 2123 0.7
Ag 374127 37012 4029) 1.1
Al 252127 246127 60291 2.4
Cu 378.7849  361.3B4  17.4B4 4.6
Mn 834 54 34 37.5
Ti 30.684 25304 5.304 17.3
w 18612 14014 464 24.7
Mo 162036 12506 37136 22.8
hep-Au (eaxis) 201.3P7 19967 2.367 1.1
hep-Ag (a-axis) 276.687 27457 2.6157 0.9
hep-Cu (a-axis)  279.4B7 27087 9.457 3.4
NiAl 7169 5903 1289 16.9
NizAl 283 2203 63 21.4
MgZn, 53.9142] 52042 1.9 3.5
Mg Zn; 21,94 21,41 0.5142 2.3
WC (g-axis) 17714 461 13104 74.0
NbC 74144 43144 31144 41.9
TiN 69145] 49049) 201] 29.0
HfN 93149) 691491 241491 25.8
6-TaN (g-axis) 1031047 3617 995147 96.5
hep-NbN 4.414 1.508] 2.9148 65.9

2.3 ERMKRLEHHSRE

T AR OR 4 SR AR S5 K (KRR 5 40K 4k )
FEW R, T AR 20 )2 . S R RO
RO S e AT = Y T - S s s e g L
KEERI ) TR E . BAR S BRI RR
YKLAT 2 AR A T AR FH, (0 35 1) S R [ B
Zim Pt AR I AR AR, A LAY B B
A, DI AR SO A DA A T A 1 A T R
4 GORRIET, &R SR TR S HIR
SHRN, B4 R TR A SR B R TR BRI T
K. BRIE b — A i 2 2R 1 A S TR
7 T ECE P05, 1970 4F Mayadas 1 ShatzkesP?
T T AR AT SR RG50S (MS
AR ) | 3 — AR i 2 o A ] T P 4 N K 454
FhI ARG RST RN . Nath 45 P31 Fil Kelemen ™ 43
BIF 1974 F1 1976 AF I T 4R 40K M A FoR
RIT HGRA R FR. 1994 4FE Kumar 45 159 5
IR RBR 252 R P, ST T HAEAE i U
SO B, A TR R B AR T L -3 [ AR 15 5
I RST RO S AETE S SR, X — I ARG
AN TP R 50 475, 21 {284, Feng 45156
WG T AR R B R O
T2, T T 300 K T 4 40 K i a3 R [ 52 8 1)
KR, 45315 Nath 55 53] Kelemen ™ (1) & 45
PLS Kumar 55 55 i35 5 7 7L, anf&l 5(a)
FIE7R TSRS A R — 3 HL WA R el 20
SR TR LR 128 T 2000
2006 4F-, Zhang 45 7 R H EL U HL N ARGE D & T
21—37 nm JE I & 9K BRI T %R LI 300 K
TRAGE R 160—180 W/ (m-K). X— T AR
FHH L SR I GRS MS LAY, K3 A
U R B GERE A 0.25, Tii7E S L e A )
4 0.7. 2013 4F Lin 55 PS5 T 6.4 nm JE 1) 47
PERT R RGN 61.9 W/ (m-K), FHEK
HEEM T 80.5%. 2019 4E Sawtelle #1 Reed
S5A T AAGER A o R I SR Y
SRAGE T HAR N 24, 40, 53 nm &KL A
TR R 200 K TR 6—18 W/(m-K)
FEl 4. 2020 4 Mason 5§ 0 il & T 19—372 nm J&
W A TR EERAFELREYN
70—95 W/ (m-K). i bR #-F 3 RF 8500 i 58
Gh, WA R Z KT 4 8GR EE I 018 18 25500
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Fig. 5. (a) Calculated and experimental thermal conductivity with respect to thickness of copper nanofilmP%; (b) the calculated and

experimental normalized Lorenz number for gold/¢7.
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el s e i I e b ST LS AR R
[ 60%. 2021 4F Dong 55 58 J SUAE AR [F] JL IS 1 )5
JE 551K 40.5, 66.3, 115.8 nm FY 4 44 K MR 2 (1]
LSRR 28 A — NI L, TR TR R 1 25 55
FEXFEIN, S0 4008 87, 90, 1056 W/ (m-K), R
SERUN AT £E AT, 4L 4 BRaKREs

PRI RSTRON A5 3] T R SC MBS I,
H AT BRI AT R A i i B T 38 Bl RO ST 1 A2 4.
M1 4 J A K S5 K4 3 A8 26 50 S i e 25 R L T
HMRES. HISTHA RIS R YUK G IR e 245K
it S BTk & H AR O oG, Ho
B YR K T RGE 1) 45 S 3R B LIS AR 25 B X B M 1
TS RITE 40% VAW, BEAb, JER T it— R 48
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T YEAERL Y B ) A A LN H R T AT RE,
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Huang % 09 %F — 4k 42 J& 1 Nb,C #47 T i+ 5 IF
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TR AR AR P R AEEZE, b
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Fig. 6. Calculated (a) electron thermal conductivity and (b) electrical conductivity of copper considering MRTA and ERTAPY, com-

pared with the results from the Allen model; (¢) the calculated Lorenz number by MRTA, ERTA, constant relaxation time approx-

imation (Constant), Allen model, and the BG model for Cul®; (d) the electron scattering in an electric field and under a temperat-

ure gradient?. Note that the filled small spheres are occupied electron states and the open small spheres are unoccupied electron

states.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas
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Abstract

Metal is one of the most widely used engineering materials. In contrast to the extensive research dedicated
to their mechanical properties, studies on the thermal conductivity of metals remain relatively rare. The
understanding of thermal transport mechanisms in metals is mainly through the Wiedemann-Franz Law
established more than a century ago. The thermal conductivity of metal is related to both the electron transport
and the lattice vibration. An in-depth understanding of the thermal transport mechanism in metal is imperative
for optimizing their practical applications. This review first discusses the history of the thermal transport theory
in metals, including the Wiedemann-Franz law and models for calculating phonon thermal conductivity in
metal. The recently developed first-principles based mode-level electron-phonon interaction method for
determining the thermal transport properties of metals is briefly introduced. Then we summarize recent
theoretical studies on the thermal conductivities of elemental metals, intermetallics, and metallic ceramics. The
value of thermal conductivity, phonon contribution to total thermal conductivity, the influence of electron-
phonon interaction on thermal transport, and the deviation of the Lorenz number are comprehensively
discussed. Moreover, the thermal transport properties of metallic nanostructures are summarized. The size effect
of thermal transport and the Lorenz number obtained from experiments and calculations are compared.
Thermal transport properties including the phonon contribution to total thermal conductivity and the Lorenz
number in two-dimensional metals are also mentioned. Finally, the influence of temperature, pressure, and
magnetic field on thermal transport in metal are also discussed. The deviation of the Lorenz number at low
temperatures is due to the different electron-phonon scattering mechanisms for thermal and electrical transport.
The mechanism for the increase of thermal conductivity in metals induced by pressure varies in different kinds
of metals and is related to the electron state at the Fermi level. The effect of magnetic field on thermal
transport is related to the coupling between the electron and the magnetic field, therefore the electron
distribution in the Brillouin zone is an important factor. In addition, this review also looks forward to the future

research directions of metal thermal transport theory.

Keywords: thermal conductivity, electron thermal conductivity, phonon thermal conductivity, Lorenz

number
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Fig. 1. Schematic of thermal cloak and computational model: (a) Heat flux of hypersonic vehicle surface; (b) simplified geometry of

nose cone; (¢) point transformation thermal cloak; (d) region transformation thermal cloak.

034401-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 3 (2024) 034401

Horp, SLHEMZE Ry B (3) XFEIE, a =02 m, b =
0.1 m, vy = 15° 6, = 40°, 6, = 144°, R, = 0.8R,.
WK 1(c) iR, X8 Q, (R < r < Ry) FRli=
R B B A R I B A D B A, et AR BR AR 4,
P LHE X Q, (0 < r < Ry) JE4E NIXIR Q, (R, <
r < Ry), FRBFSBEMARIY AR B A4 %, HE
WSRO RLCh (1) MR R R, #ig Lk,
SRS SR LA, FEIACHE R N5,
TEISAGETR, A FFABT RO

T A AR S RS 2 N 0 R FEe SRR A
Sk, ARSCHE— A A 1(d) PR SR AR e, AR
PR

r = ﬁi:gf” gz :]RQR& 0=0, (5

H, Ryt 3) XFER, a=02m, b =01m,7 =
15°, 6, = 40°, 0, = 144°, R, = 0.9R;, R, = 0.7R;.
G bR, RO RIS Q (R, < r <Ry) #iE
GG E Q) (R, < 7 < Ry), LL“#}LZ Q,
(Ry < 7 <Rg) + KB Q5 (R < r <Ry)"H U
MAZ BB, ARIRAES NG, Toar 5 24

DA P AR, 256 Sk HER B 4 1 LR H AR,
BALGRIE PG E AR e (4) 5 (5) BT AR
Mk r ek (3) PR AEE A B ih4e R, HEAb,
EEXER (5), BB 2 oy B SA S
SIAMBEBINAR R PR, DIRRIHZ N RAE R
Ry, WP H SRy B S

3 #ER53b
3.1  IEHAX AT E

SR B P A T XK, Y SR T A
UL TR B L X TAZ O BB AR A
N 5 3k AN T — . ) e Al R R S AR S A
A Z B IR P R RE, X i B AR R AR AL
T RA ST 3RS e T o U B e ey, V2% TR B B T A A1
FITRLEE AR . WAL 1(e) Fim, B CATak g TR
i 0.8 m. 9 0.4 m MAETE T 5t N, IRZAE AR
JE 4 1000 K, 4731 Al EE S 300 K, bR i A4
PO WIRIRE N 300 K. 7EIE 1(c) Fiangity, JR
WU FR 2 N B PRI L, LA RS
eI, HEATXT LUAIFSY. B T BRI IS UE A % By
PHLIE, XM RIS EOF T 20K, DL Ky, By F K,
B 4 RN SRR AT B AT TGRS,

Z:7% Xu 45 PO OC TR B BRI GE, B Ky, = 1
W/(m-K), 8, =100 m*, k; = 0.056 W/(m-K), 8 =
800 mt. 2 T AL &, I MORMEXHT SR 1,
I HIMEZ BRI 1.0x100 J/(m3K), 535 H
AR ko F1 By, it COMSOL #EATEUERY,
FEAR B A DY ISR P S A P RE.

Kl 2(a) APCHENTRR O B9THEMTZ. K 2(a)
ATEW, M k) =K = 0.05 W/ (mK), By =3 =

480

—u— [ERPE (a)
4601 o 40 =0.05 W/(mK),
440 + Bo =800 m~!
—a— ko=0.1 W/(m-K),
4200 50 400 m-!
w 400 v k=02 W/(mK),
@ 380 Bo =200 m~—!
3 —4— Ko = 0.5 W/(m-K),
=360 Bo=80 m-!
340
320
300
280 . . . . .
0 5000 10000 15000 20000
I} 18] /s
900
(b)
800 e
700 2
—u— [EHPEE
i 600 —eo— ko= 0.05 W/(m-K),
J%( Bo =800 m~—1
o~ 500 F +I€0:O.l VV/(HII()7
Bo =400 m~—1!
—v— Ko = 0.2 W/(mK),
400 Bo =200 m~—!
—o— ko= 0.5 W/(m-K),
300 ﬁo =80 m~—!
0 5000 10000 15000 20000
18] /s
900 -
—u— FEHbPEL (c)
L —— HUZO‘OE) W/(IHK),
800 Bo = 800 m—1
—A— Ko — 0.1 W/(mK),
7or Bo =400 m~!
M +KU:0.2 VV/(HII{)7
@ 600 [ Bo =200 m~1
= —— Ko = 0.5 W/(m-K),
500 Bo=80 m—1
400
RSP
300

0 01 02 03 04 05
I /m

2 RARHPCHERRGIFRE  (2) OxTHRME;
(b) ESFHERMZ; (c) &k R = 0.9R, MR

Fig. 2. Thermal protection characteristics of point trans-
formation thermal cloak: (a) Temperature variation at
point O against time; (b) temperature variation at point E

against time; (c) temperature profile on the curve R =
0.9R,.
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Fig. 3. Thermal protection characteristics of multilayers

cloak: (a) Temperature variation at point O against time;

(b) temperature variation at point E against time; (c) tem-

perature profile on the curve R = 0.9R,.
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Fig. 4. Thermal protection characteristics of region transformation thermal cloak: (a) Temperature variation at point O against

time; (b) temperature variation at point F against time; (c¢) temperature profile on the curve R = 0.96Rs; (d) heat flux at point M

against time.
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Abstract

The aerodynamic heat of hypersonic vehicle nose cone can reach tens of MW /m? during flight, which could
be transferred to the interior of hypersonic vehicle in the form of conduction and radiation. High efficient
thermal insulation technology is of significance in keeping internal electronic components working safely.
Thermal metamaterials can regulate the macroscopic heat flow path, and they are developing rapidly and have
a wide application prospect in the field of thermal protection. In this work, a non-enclosed point transformation
thermal cloak is designed to guide heat flow around hypersonic vehicle nose cone by using the transformation
multithermotics, which can control thermal conduction and radiation simultaneously. A multi-layer structure is
designed as cloak’s simplified approximation due to the anisotropic parameters. Based on the software
COMSOL, the thermal protection characteristics and heat transfer mechanism of the point transformation cloak
and multi-layer structure are studied numerically. The results show that heat can flow around the object in the
form of conduction and radiation in both point transformation thermal cloak and multi-layer structure, so the
heat transferred to the inner area decreases. Comparing with the thermal insulation material, the heating rate
of the protected area slows down, and the temperature in the front of the hypersonic vehicle nose cone is
significantly reduced. However, the improvement of the thermal protection performance of point transformation
cloak and multi-layer structures requires that the solid thermal conductivity and radiative thermal conductivity
of the material are lower than those of the original thermal insulation material. To solve this problem, a non-
enclosed region transformation thermal cloak is further proposed. The solid thermal conductivity and radiative
thermal conductivity of region transformation thermal cloak are non-singular, which could be higher than those
of the original thermal insulation material. Numerical simulation results show that the region transformation
thermal cloak can guide heat flow around object, so the thermal protection capability is improved significantly.
Comparing with the thermal insulation materials, the temperature of the front of the hypersonic vehicle nose
cone is reduced by 100 K, and the temperature of the inner central zone of the hypersonic vehicle nose cone is
reduced by 10 K. The non-enclosed region transformation thermal cloak provides a new approach to realizing
thermal protection and is suitable for complex target areas, showing great application potential in thermal

protection.
Keywords: thermal metamaterial, coordinate transformation, COMSOL, thermal protection
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