Chinese Physical Society
M!l ﬂ Acta Physica Sinica

. Institute of Physics, CAS

B RPEEERAHENAR SR
BAAT Mz RBE AKR

Design and research of columnar thermal cloak with arbitrary shape in inhomogeneous backgrounds
Xia Ge YangLi Kou Wei Du Yong-Cheng
5| F15 2. Citation: Acta Physica Sinica, 66, 114401 (2017) DOI: 10.7498/aps.66.114401

1E 251515 View online:  http://dx.doi.org/10.7498/aps.66.114401
A 4% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/111

el /\i_ﬂ'lﬁﬁi’.fzi

Artlcles you may be interested in

BT AR ) 5 = AR O AR P B W

Design and research of three-dimensional thermal cloak with arbitrary shape based on the transformation
thermodynamics

YE % 4:.2017, 66(10): 104401  http://dx.doi.org/10.7498/aps.66.104401

YN A R R ST X S R R

Influence of grain size on the thermal conduction of nanocrystalline copper
PP 22,2016, 65(10): 104401  http://dx.doi.org/10.7498/aps.65.104401

BET (RAR) BB I “ + 7 I v T AV T B TE S A6 BT 7T

Experimental study on "*+" shaped high conductivity constructal channels based on entransy theory
YE=4.2016, 65(2): 024401  http://dx.doi.org/10.7498/aps.65.024401

IRSL A R SRR (KAR) FERLEI AT A
Analytical solution of the entransy dissipation of heat conduction process in isolated system
PP 2% 2015, 64(24): 244401 http://dx.doi.org/10.7498/aps.64.244401

FT AR PR 4 A RS B

Design of two-dimensional plate directional heat transmission structure based on meta materials
YHA3.2015, 64(22): 224401 http://dx.doi.org/10.7498/aps.64.224401


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.114401
http://dx.doi.org/10.7498/aps.66.114401
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I11
http://wulixb.iphy.ac.cn/CN/abstract/abstract70107.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70107.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70107.shtml
http://dx.doi.org/10.7498/aps.66.104401
http://wulixb.iphy.ac.cn/CN/abstract/abstract67316.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67316.shtml
http://dx.doi.org/10.7498/aps.65.104401
http://wulixb.iphy.ac.cn/CN/abstract/abstract66385.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66385.shtml
http://dx.doi.org/10.7498/aps.65.024401
http://wulixb.iphy.ac.cn/CN/abstract/abstract66172.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66172.shtml
http://dx.doi.org/10.7498/aps.64.244401
http://wulixb.iphy.ac.cn/CN/abstract/abstract65878.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract65878.shtml
http://dx.doi.org/10.7498/aps.64.224401

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114401

{955 B PER R ASHE TR 5t

B Aot

FERT ALK

(TR S TR, 5 430033)

(2016 4E 12 A 13 HkH; 20174 2 A 21 HWEMEHH )

FEARH IR 22 WS L, G AR AR AR T 0™ R AHE T AR JE AR SR AR 19 3 R R AR I 2

AR BAIE M RIE I, TR LI BT AR A

Hom N ARG E, S0 BA R R A

HET, R Resed Ry X, ORGP XIRR B OR R AL, T HLAAS SR BE 37 I BOA BOR, BAIR
Uf BRI MRS B I ROCR. X — ik B B S AL, SO AR SE BRI A, AR oK R F il i
feid R fit 7 —MAIAT I, X H bn AR B A R BoAT S A e XL

KA AT, R SE R, SRR, R

PACS: 44.10.+i, 05.70.—a, 81.05.Xj, 07.05.Tp

1 5 =

WAk, T s T B AR, W24
H IR AR AR AR T R BT A R 2 HOR 4R 1) )
3% 77 1. 2006 4E, Pendry 25 [ M\ 22 5 17 45 75 72
T A NE R, Bt B % a7 PR 2 4
AN AR}, A 45 R I 4% I T 2 e 1) B AR A%
&, WIS B EEEIE R H ). 25, MY
Fofr 75 vk I 81 7 g 1L o o B0 o e e 140 A
1000 [ s AR 1 4 ) L

2012 4, Guenneau % 17 2 18 w1 g >} & () ¥ 11
77, Ik SR o AR A Y 20 )R B % R R
PES BN R h 25 Il B o AT
THE. 20134F, Yang % Bl iT H 4 L AT &%
FORICHE. 2014 4F, BAEES DR HATIEM
BeAlh b, Bt B A R LA R AR I A TR A
HEMGER RIS, JFild Comsol Multiphysics
D7 LIS AIE T A XT Be £ IX IR A # iR 4 1) D e
Li %5 101 i 5 H 4 S8 000 = S B R L S 1 38
S S, FFE R DU o 51 RREAE B RS S
W VAR, — ez B AR ) B AR MA B e S 4 &

DOTI: 10.7498/aps.66.114401

T T KB AR S A SE G IeE 110 g B B A
ST DR AL TT 1A, B R A B
ARG R
BARMERCHEN S HAE R ML I UE BT
KERHETT, HEX LT TR R R — 5
st RITRARBIR), T SLbR S S BAEAAEAZA)
B BN b T IR s AR
JEE 1) b 98 0 R 2 AN AR [R] 1), T LR B R o 4 A
1, Rk 38 S ) 3 A R S bR AR R W AR Y,
TSR U B E AR B A RSB AR R
JEANTE] 38 A (ankl E ATV 1) 1 B bR IE BB 5 2K
B, W FFEEUTNEARTE =T RHRE B,
MR T #O7 R B XA A S i AL bR AL 4 11
7k, HEREERAY ST R U EE = MR
TEARBCHER SRR L@ AR R IA S, B AR
JCHF Comsol Multiphysics #EAT 15 B I AIE.

2 ZHEPCSHERITHE R T

FAAL ST — SR W) A PN B PR T R M v
s X3 e R X 4 A i e A P 7 A 44 071,

* [ 5 HRBEAFRE S (U 5:11504426) A1 E B FiT 34 (S 1010502020202) 7 B #TRE.

T BfE/EE. E-mail: yanglil23123@126.com
© 2017 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

114401-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.114401
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114401

XA RIERE LT, RSt SN — e
A AL R

V- (\VT) =0, (1)

Ao, TRIRXIIREE, N RN TR, VR
RESE.
5T Maxwell 77 F2 AR #6252 2540, MR A2
IS, TR () BRI, Sk
J7 FRAEAR R (A A IR A
V- (N'V'T) =0, (2)
A, TN Gy ) 2 TR ) A AE AR 4 A [ v ) IR P
MG EREL, VR A S (8] 6 P A, AR
2% 18] 5 R 2 [ A Jo ) S R R B o< &2 o 119
L ANAT 3)
det (A)’
A, A J9HE AT L AR i 23 7] 5 Ji 2 1A) 2 A] e AT L
HilE, AT 2 A B EERE, det(A) A FERAT I
iR (=W N R Y v O N e e S S N i
FEARFR 22 R B AT LG AR Ry 120
ror’ 10r" o'
or r o0 0z
20" 106 00
ar o0 .|
07 10z 07
Lor 180 0z -

R(0")[r" — Ra(60")]
M =

dR(6")
a0’

AR E ARG Z, B A AL 5o )
Hr' = Ri(0)Fr = Ra(6), N T LIS LRI
Xk sE KT, 20 < r < Ry(0) X K 4
FIR(0) < v < Ro(0) X I, 159315 X 15
< Ry(0)). X' > Ro(0) RFFAAE. Kk
AR Ty R

Ro(0) — Ra(0)

r = T@r + R1(0), (ha)
0 =0, (5b)
2=z (5¢)

2 (5) AN (3) A (4) R, s S5 46 2 18] 1
TREREON Ao, 152

[’I”/ _ R1(9/>]2 +M2

r_
>\’I‘7‘ - [7", . R1 (9’)]7“’ >\07 (68“)
M
/ _ / _
)\'f'e - )\91" - T/ . Rl(el) )\07 (6b)
Npp = — "y (6¢)
00 = 1 — Ry ()"
, = Ri(#) Ry(#) 2
Azz - r Rz(e,) — Rl (9,) )‘07 (6d)
>‘;‘z = A{z’r = /\/02 = )‘/26’ = 0? (66)
v
dR (0
— R0l — Rae) )

Ry(0")(R2(0") — Ra(607))
AR AAAR 28 N AR I R B B R H R R AR BR R T 1) 2 R EL, BARER O R AR

cos® —sinf’ 0
XN = |sin@ cost 0
0 0 1
¥ (6) AN (7) X, 152

)‘;’r )‘;"9 )"/r‘z
Xor Agg Mo, | |sin@ cos@ 0| - (7)
N ALy AL, 0 0 1

{[r' — R1(0")]2 + M2} cos? 0’ — 2M 1"’ sin @’ cos 0 + ' 2 sin® ¢’

T
cosf® —sinf’ 0

N, = A i

TT [T’ — Rl(el)]T/ v ( a)
M 2 0 — si 2 9 R2 0" — 2" R+ (6’ M2 ing o'
N, = x = Mrl(cost ' = sin® ') & [RE(0) — 20'Ra(¢/) + M?]sinf costl (8b)
[ = Ra(67)]r

;A = Ru(0)? + M?}sin® 0’ + 2Mr' sin 0’ cos 0’ + 12 cos? ¢’

Ayy = / Ny’ A0, (8<)

[r" — Ry (8")]r

v 8d

= v Ro(6") — R (0) 0

114401-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114401

3 ERTHTEFTHLENTHA

TSR RN AR TH, W 1R,
HE, AR EANT R B NEA AR, FHAR
B RA A, Noy oo A, PHRSTIRZ TR 43 5 1
NN = di, da,- - dn 1, WIZZ AT ) B2 )

N-1
Mo(@) =M+ Y (Ans1 = An)sen(z — dn),  (9)
n=1

Aéﬁw /\gcy 0 N-1
No= X, X, 0 {M + 3 (a1 — A
0 0 A, o
BA =A== Ay I, WEATUEIELS

I, I ER B A ST [9] R KL

di| do| . dy

N

ll

Mo A

1 N EEF PR R AR R = K
Fig. 1. The schematic of designing space in thermal

cloak with N layers background.
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Fig. 2. (color online) The schematic of thermal cloak with three layers background: (a), (b) Temperature

profile; (c), (d) heat transfer and isotherms.
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mitted in = positive direction): (a), (b) Temperature profile; (c), (d) heat transfer and isotherms.
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ring is discretized into N-layer fan-shaped subring along the radial direction and each fan-shaped subring is

discretized into two-layer alternative structure of homogeneous isotropic layers A and B.

114401-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114401

ZR LR, B TT LAE AN ST T 5T 5K
BLxE H b B B AR AR L, BRI iE
SRR 2%, Ht, e B R S h ik i d@
(R4 ReHAE 36 TR BN — R RN . & 5
N, B, IR T, R ESR I I HZ 5 F
M A FBIRE, B3R B P A Al - ) A
AN FHERAT Y, WA X n] DUL A iliX 2
EN AV EINDE =9 I v 3 L& S g D2 N S S i
6] NS850, WEE— AN AR 28O 0 S5
KA 25 =20, T8 —/ Nl SR A
P, WA SO A % 1] R R R0 58 A A B 52 2 HE
FURMGIL L, e A, B IR RHE FEARSE, AR5
B P AT AR AT

Ax = Ao + 1/ Mo (Mo — A7), (19a)
As = Noo = Ny — N (190)

XA AT DUB I IX M x N AS/IN 43 ) 86 1) ] 14 A4
BIR A G T DK, SEBLRS H AR 0 B A AR
PR

5 & W

FRAR AL I 2 (P A B R R A S
T 5 SO AR AN 518 S A DL, G I AR AR AR e (1)
Jiik, ARSI E RN 4R R A E
SR AEMEREA. EHE L FIHART
A4 Comsol Multiphysics HEAT 45 B UG E, 45 R
B 7 v v G B R 0 F e By A i
PRI AUE Dy fe.

B2 E = TG ER I RS T o E
BhRE L M RN TN AR BE AR
AT, X T #CHE RS R AR A 2+
3B, R T AR NS R D S DR R AR
BIRE, 12 AR SO TE 7V .

S

(1]

[16]

114401-7

Pendry J B, Schurig D, Smith D R 2006 Science 312
1780

Chen H'Y, Chan C T 2007 Appl. Phys. Lett. 91 183518
Zhang S, Genov D A, Sun C, Zhang X 2008 Phys. Rev.
Lett. 100 123002

Farhat M, Guenneau S, Enoch S 2009 Phys. Rev. Lett.
103 024301

Fan C Z, Gao Y, Huang J P 2008 Appl. Phys. Lett. 92
251907

Hu R, Wei X L, Hu J Y, Luo X B 2014 Sci. Rep. 4 3600
Guenneau S, Amra C, Veynante D 2012 Opt. Express
20 8207

Yang T Z, Huang L J, Chen F, Xu W K 2013
J. Phys. D: Appl. Phys. 46 305102

Mao F C, Li T H, Huang M, Yang J J, Chen J C 2014
Acta Phys. Sin. 63 014401 (in Chinese) [B#HHE, ZE4E,
Hehh, M, RIRE 2014 YHE IR 63 014401]

Li T H, Zhu D L, Mao F C, Huang M, Yang J J,Li S B
2016 Front. Phys. 11 11503

Narayana S, Sato Y 2012 Phys. Rev. Lett. 108 214303
Schittny R, Kadic M, Guenneau S, Wegener M 2013
Phys. Rev. Lett. 110 195901

Xu HY, Shi X H, Gao F, Sun H D, Zhang B 2014 Phys.
Rev. Lett. 112 054301

Han T C, Bai X, Gao D L, Thong J T L, Li B W, Qiu
C W 2014 Adv. Mater. 26 1731

Ma Y G, Liu Y C, Raza M, Wang Y D, He S L 2014
Phys. Rev. Lett. 112 054301

Ma Y G, Lan L, Jiang W, Sun F, He S L 2013 NPG
Asia Mater. 5 €73

Yu C M 1983 Heat Conduction (Beijing: Higher Educa-
tion Press) pl (in Chinese) [fif &% 1983 # &5 (dbxt
A HRAL) 31

Yang S M, Tao W Q 2006 Heat Transfer (the Fourth
Edition) (Beijing: Higher Education Press) p43 (in Chi-
nese) [BtH#, FISCE: 2006 fE#% (BEIMR) (bR =%
HH HhRAL) 5 43 1]

Sun L K, Yu Z F, Huang J 2015 Acta Phys. Sin. 64
084401 (in Chinese) [fMRZE, T, B 2015 PPREAEAR
64 084401]

Shen X Y, Huang J P 2016 Acta Phys. Sin. 65 178103
(in Chinese) [JLFllk, F5F 2016 #)F%4k 65 178103
Yuan X B, Lin G C, Wang Y S 2016 Mod. Phys. Lett.
B 30 1650256


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1126/science.1125907
http://dx.doi.org/10.1126/science.1125907
http://dx.doi.org/10.1063/1.2803315
http://dx.doi.org/10.1103/PhysRevLett.100.123002
http://dx.doi.org/10.1103/PhysRevLett.100.123002
http://dx.doi.org/10.1103/PhysRevLett.103.024301
http://dx.doi.org/10.1103/PhysRevLett.103.024301
http://dx.doi.org/10.1063/1.2951600
http://dx.doi.org/10.1063/1.2951600
http://dx.doi.org/10.1364/OE.20.008207
http://dx.doi.org/10.1364/OE.20.008207
http://dx.doi.org/10.1103/PhysRevLett.108.214303
http://dx.doi.org/10.1103/PhysRevLett.110.195901
http://dx.doi.org/10.1103/PhysRevLett.110.195901
http://dx.doi.org/10.1103/PhysRevLett.112.054301
http://dx.doi.org/10.1103/PhysRevLett.112.054301
http://dx.doi.org/10.1002/adma.201304448
http://dx.doi.org/10.1103/PhysRevLett.112.054301
http://dx.doi.org/10.1103/PhysRevLett.112.054301
http://dx.doi.org/10.1038/am.2013.60
http://dx.doi.org/10.1038/am.2013.60
http://dx.doi.org/10.7498/aps.64.084401
http://dx.doi.org/10.7498/aps.64.084401
http://dx.doi.org/10.7498/aps.65.178103
http://dx.doi.org/10.1142/S0217984916502560
http://dx.doi.org/10.1142/S0217984916502560

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 11 (2017) 114401

Design and research of columnar thermal cloak with
arbitrary shape in inhomogeneous backgrounds”

Xia Ge Yang Li' Kou Wei Du Yong-Cheng

(School of Power Engineering, Naval University of Engineering, Wuhan 430033, China)

( Received 13 December 2016; revised manuscript received 21 February 2017 )

Abstract

Recently, thermal metamaterials have attracted more and more attention, and they have been used to manipulate
the flow of heat flux. As a typical case, the thermal cloak can conceal the heat signature of an object. To the best of
our knowledge, most of researches on cloak have focused on the case in which the background is a single homogeneous
medium. However, cloaking in the layered and gradually changing backgrounds is very common in our real life such as
hiding the buried mines in several soil backgrounds. In this paper, on the basis of transformation thermodynamics, a
general expression of the thermal conductivity for two-dimensional thermal cloak with arbitrary shape in the layered and
gradually changing backgrounds is derived by the coordinate transformation method. According to the expression, we
design the thermal cloak in different inhomogeneous backgrounds. Results of full wave simulation show that heat flux
can travel around the protection area and eventually return to their original path. The temperature profile inside the
thermal cloak keeps unchanged, and the temperature field outside the thermal cloak is not distorted, which proves that
the cloak has a thermal protection and thermal stealth function. In the end, we propose a useful method of utilizing
homogeneous isotropic materials to construct a thermal device according to the equivalent medium theory. The method
is closer to the practical application of the project because of considering the complex backgrounds. At the same time,
this technology provides a feasible method to control heat transfer in the future and has great significance for thermal

stealth and thermal protection.

Keywords: transformation thermodynamics, inhomogeneous background, thermal conductivity,

temperature control
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