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

034401

Tl BESRERXZXIIHR « HEXE

AEEf AN HE R IP RIS

4% 4|

A

(PHE 2B REIR 5 3l ) TARABE, POl 5 TREE ME A, i% 710049)

(2023 4F 8 A 2 HkF!; 2023 4F 9 H 13 BYLEIEMH)

I RAT RS AT R P AR R RS, BRI B P B AR R IE R TAE R A R A L. A
0T HGER B AL I8 B A A 1 A SELARL B R A AT AR S, SR AR AR AR B R T R P A AR e A
S % K AT AT LY 22 )2 S5 84 . COMSOL $U B A DUF 5% 2 B, 79 i 45 ) 349 7 4580 S B0 5 A0 6 23 A 00 1 A B8 0
Ao 8 A Y S A, Sk O T M T R A, ML I R % . (H LA B B A B TSR A R
AR R4 S A T R AR T IR R b bt i — iR T T AR B A SO AR e B B AR R A S B R AT T
TR AR AL SR B, NG B R AR T T SR AR B A SR A A B P RE T, A EE T Al R AR ), S B i TR
B AR 100 K, FLRFRIR A 10 K, JE B H 3 2 0 5 4 o 7 )

KR PGEARL, bR, COMSOL, #4B5 4

PACS: 44.10.+i, 44.40.+a, 81.05.X]

1 3

e AT A e P T RAT Y,
AT [ A AR R A, S HE AT 2R
SERBERITF S PEA L MW /m? 84%, 45 (AT
i B 22 A B ok BB R 12 % Je it iy BB
PARGE, Wi RATHRINZGT . R R SEAT
K, XTRATERA TR E KN R AR B 1 2 axia
(FESS 3RS o0 Y S N ERE A E AR T |
I AT A E BB =R
VeIl PV A 8 2 F2 gy /o BB IR EOR B
AL RB P TERE, (A FIRAR S A, 154k
THREG B DIEA R CR B B bR AT
5, ST, B R G RO )i i
X FEIG AT AR, R AT T R R
WTRAT R o i B L i v T A R AR )L AR 1)
Bt T R R R RO R IVR N 2
NREZ JZ IR — RBP4 . th A2, it e T

i

* K A RRHERAS (S 52130604, 51825604) ¥ B

t BIEVE#E. E-mail: ghtang@mail xjtu.edu.cn
© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20231262

JEARAE R R, B RSINE, BRIAZ rhZ ot —
ARG, o0 R HA AR ERE. <
TGRS e H I R P B i ) T (A R (), L
e AT AR AR TG R 12 ] RO B
TRIZBPRE SR, i T A S A Aol OB I 5 A
SR T I OR 1S TR g P AT A 4 B e B
TARIRIE , [ I i LA P S 2R R A PR 4R
TP ERE R A RO, XX BRI RHE 1T
AZER 5P
ATARR, PR AR LA 5L i) PR 14 42

3 TR 1S ST AR R BT Y B
2%, al USRI |- S ad A DX s kA2 D
KA REERAS, PE 1 BE Al DARH (b PR ) 3R A%
188, AT LUREG X SRR EE S Sl R B
B BV T7 . B EAE T, Narayana 25 19 14
TINEZ R EHIARE S, BUE R SE AT TS 4 B
FERR IR BEOL T 2H A R BE R i . 2020 4F, Xu
A5 201 it Tl g o) S P S AR L TR TS S
LT FA I B 21 32 ] I 42 ] S PR R S A Rt

http://wulixb.iphy.ac.cn

034401-1


http://doi.org/10.7498/aps.73.20231262
mailto:ghtang@mail.xjtu.edu.cn
mailto:ghtang@mail.xjtu.edu.cn
http://wulixb.iphy.ac.cn
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 % 3R Acta Phys. Sin. Vol. 73, No. 3 (2024)

034401

PETFHAGT PR RE R AL T IS A

SR, FAER B Z R 2 BR T B LT 2
g L2 H ORI DX 0T A
HORATAY, HEAINERE R T MERE, MELIR
AR B AR B S SRR B R, DA
P AT SR HE T ST 4, A SCRR R RS AT X
POLE, MR AZ O BRIVZ I BTPRRL, RIS #
O IR ISR T R, S A LA XS A B
P, A BR T COMSOL Multiphysics #5471
BB ELIIE, Ay e A A TR AR A R T
.

2 WA &I E

TEABE AT IMEINETHR T, Tk
HERRBTIPERE, A S 28 TBEIC A U A O PR A2
HEAT AR AR AR B E B A A % REERE NS
S VRS B, PR TE BB AR A5 o kA
WA, 5 RO A e R 19, Pl Tl R B2 SR T
fBis, SBEE N AR IR S AL HRT ] Rosseland #57
AR 291, JE T L v SR R 5 Rosseland 4 158
B X A 20 30 g AR B 22 488 S NS5 R S A
0[] A, AR B S HC R

(pC)" = poCo/detA,

n = no,
B = A"TByA"ldetA, K = AroAT/detA, (1)

(a) g/ (W-m=2)

1.8 x 106
1.6 x 106
1.4x 106
1.2x106
1.0x 106
8.2 X105
6.2 X105
4.1x10°
2.1x10°
5.0x 103

(c) GG Sub

Hrp, k 2T, B2 Rosseland B R 4L,
n AT, p Fl C 435 BE AL, THR 0
FORATHET B ARE, A A T AR U B 2
AT TR A PR

AR RAT RS AT HS A B T BRI 0 A 1 O
WA 1(a) Fras, SkAEFIALIE F 2 %) BE T H 0 2
TR 2oL ISR RBE A 5 B bR, ARG T a0
K 1(b) Frs i 2 AR St SN AT A
16 150 pihy £ 5 000} B 2 A T AR, PRI, DA 0, oy
F, TEM AR Z ot SR HESMIE I SR 43 Bedtiak . xf
TR HZ B, 3Ly SRR K B Ry 5
Al LR O AR K B R FRR B Bh 4k OD K B
PG LR, 15328040 4K

Rosin(y+61) = Rcos[0 — (n /2—7)]. (2)

T, KM AEN AR R TR

\/ P 2ab > 5 ’ 0<9<917

in“f + b 0

R a s1.n cos 3)
Ry sin (v + 61) 0, <0< by

cos [0 — (m/2 — )]’

Kb, a, b 5 HEMG IR P A, Ry FRos R B
Ui AR AR ACTE, 6, 1 0y 23 501 A AR B i TR g
MR, ~ R 5 KT T e A
FEF 7 A A 4 AR FEUNT p5 AR
o Ry — Ry

2

r+ Ry, 0 = 0, (4)

(d) APl

1000 K

1000 K

/ e
M -
F o

E @) APl

B1 LA S AR R

HSub

(a) 12575 AT R TR SV (b) Sk B~ ALY, (o) S A8 (d) SRS AA 15

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.
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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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