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Fig. 1.
where the parameters, Ry = 1 cm, Ry = 2 cm; (b) the

(a) A schematic diagram of thermal cloak,

temperature profile of the thermal cloak when the heat
diffuses from a temperature of 400 K to 300 K.
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Fig. 2. (a) A schematic diagram of thermal concentra-
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tor, where the parameters: Ry = 1 cm, Ry = 1.5 cm,
R3 = 2 cm; (b) the temperature profile of the thermal
concentrator when the heat diffuses from a tempera-
ture of 400 K to 300 K.
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Fig. 3. Temperature distribution for a heat source located
on the top, which diffuses heat in a medium containing
a rotator for different time: (a) t = 0.05 s; (b) ¢ = 0.01
s; () t = 0.1 s. The rotation angle is g = m/2; (d)
the mesh formed by heat flux streamlines and isothermal
lines in the long time regime, ¢t > 0.1 s, illustrates the de-
formation of the transformed thermal space. Parameters:
Ri=1x10"% mand Ry = 3 x 10~* m[*!].

k. fm, BT MRS H, i sk T B
FATHE AT DL X b e e e B il AT
LU R AAFBHIEE T = J LI T det(J,0) =
R(0") gy Iy R(—0"). FCRERRL T

T—l (T_l)ll (T_1)12 (23)

(T3 (T

Horp:
(T~ =1 —2tcos(0)sin(0) + t* cos*(0'),
(T~ )93 = 1+ 2tcos(0) sin(0) + t*sin*("),
(T2 = (T )z
= t%cos(') — t(cos?(0') — sin?(9")),
(24)
HAbt = 0or/(Ry — Ry).

Ka  — MBI T R &% B a3 23, R A SR E
AL BT, B RR T AR W #HRES A (a),
(b) t = 0.005 s; (c), (d) t = 0.1 s. HEFEMENO = 1/2,
TRV TE M AR P R B 5N 1/ %, £E (b) M (d) HE#
e T /2. B HE (a), (c) 5 (b), (d), ATELRIIER: 3
SRR EE AT LT —H—H; SHUER: Ry = 2 x 1074 m;
Ry =3x 1074 mM“l

Fig. 4. Temperature distribution for a heat source located
on the top, which diffuses heat in a medium containing
a rotator for different time: (a), (b) t = 0.005 s; (c), (d)
t = 0.1 s. The rotation angle is g = m/2. The rectan-
gular object has a diffusivity one hundred times smaller
than that of the surrounding medium, and it is rotated
by an angle of m/2 in (b) and (d) when compared to (a)
and (c). The temperature distribution outside the rotator
is the same in both (a) and (b), or in both (c) and (d).
Parameters: R1 =1 x 1074 m and Ro =3 x 10™4 m 411,
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B R AL BE 7 A Un [ R 7 — AN . Tl L
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SR TIE R 2 AT B HA T TRV g

3 AR AR f L e H &

R, AAEPLE BT L I RS A
(0, BROAXS TARR S, NI IR 28 2 B F B 3R T,
AT BRATAE S 2 R 3R 2 AR 2 Hy 2 R 20 it B
R, IXAE B AR A AT REI BN, A
JE I A T BOR SEBLX 2L 7 E A RHE . 52
B, AR R B N EATT S T AR A
WHEMM R T — o D TR, ety
2R DAIE I A 22 b 50 Jo 1Y) EL A% 1A TR R A )
B 8 LEIRF R IR J L AT S5 A SR AU A H AR 3% 17 S A

MBATZ AT T LA Y, AR S RIS 5
FESLEG AR H ME ASE I, SR8 12, R ITUA R
WEst, B SR RR LT B, AR R
T AT 2 A R AR R T R AR A i
UER TG, 3R 2R 18 L SCARAE T A1 B8 P A T oUE
A, — 2 H e R 22 R B R BRI 1 HL S R T
P A2 — A H BN FEAE S5 R R 45 2R AR 4,
[FIRELE SEEL— L8 B AR AR AN AEAE UM R B, 7T LA
AR FB, i 18— BARPDRHK P 5 0 A

(IR #A K B AQ) 7 AR & 2 A T s R A oy S5 R SR Y
PEBR. IXFEAS 2 BT R AT DLR AT % ) 5 4% (4
A, XA S SR PR LT AR S 2 R R AS
I B M EEE ot AN AR 2 93 2525 DR 3 A K.

3.1 BAYEFIEIIELS: AMNARRSE
3.1.1 ARG

ALK FEA PRI BUIR & AT RL. B S ik
—ANIRE W AL PR AN K R /N BRI R R
KLl A2, HEFOBURLI A BENLE 2% WIE 5. P
KL 1N 2 AT ZRI N ko B kg T3 H P ol
HIr RSV EBINT RN ke, ATLARIR N
K1 — Re K2 — Re
K1 + 2K Ko + 2ke -
X H PPy RN IR 1A 2 B 2, H P+
Py = 1. X7 (25), (WK 1 A2 (48R Tk, J7
FEARAR AL, PR 7 R R SO BRI, SEBm bl
TS LR G B AT R 8 A RO B AR AE
PRI PO 38 kg = 0 RN TTFE AT LAAF 3

3
*K)l(P—PE), P> P,
KE = 2
0, Pl <Pc7
XH P, =1/31F RS HIE.

Pl 07 (25)

(26)

BI5  BIOWS R G SRS ] — iR & R R 1 (£ 68) Al
WORL 2 (W5 €) BENLIZ AR AL, JBURLIK KN JEASAR TR

Fig. 5. Schematic graph showing a model symmetrical mi-
crostructure: a two component composite where particles
1 (in red) and 2 (in blue) are randomly distributed in the
whole system. The size of particles are different, so that

they could fill in the whole composite.

W XL o IR B e 21 22 4 53 2 35 25 5 1.
B — N HS A — DX PR TE 5, A
B N FRIRLZE 53 IR TR B ) H 2 T ke T
TRF:

YptE o, (27)
1
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KR PR MBS, B P= 1

3.1.2 dEaF AR

AV 8 —FH PP H IR &)
WK 6 Frx. X PR -G B 99K RS SR RO £k
FERIURL 1 B ATL 70 A0 75 28 S 4 . J0kE 1 A2 S
G RN ke F ko, PRI FIIR & B A 55
RN H ke, HIRR R

Re — Ko K1 — Ko

=P (28)

Kg+2I€0 1I€1+2H07

BEAE Py 2R BORL 1 AR 7 . AEDTRE (28) T, B
ANFRATTRE LA 2 R, TR R AR BRI AN TS
REA IR A XS AR B GO A R T RE. &1 6
7, (28) SRR R R i B 2 e i s - n A

6 WOMARXT FRES A BOBI : —FiRE W UKL 13
) FIFEE () BENLIS AU, BRI I AR TR

Fig. 6. Schematic graph showing a model non-
symmetrical microstructure: a two component com-
posite where particles 1 (in blue) are randomly dis-
tributed in a host (in green). The size of particles 1

may also be different.

R RO P DAL A 2 ) T B . ATy
FEAN B FH SR T 0 45 449 1 26 5 B8 £

[FREHE, (28) 2UAT LA 25 5y 1o P A 2 73 #E
JTEIN + 1M HREY. Hhad N MIER
FIURLAN — AN JE . B — R ORE A IS 30N ks, R
Vi ko A N + 13 FIR G VISR G R
B RAR:

N
Re =Ko , Ki — ko
ke +2Ko ; (Rfii+2l'€0>’ (29)
XL Py 28 i MOBTRL AR 23 L.

3.2 ETAYEFBLHINARREK

AR AT T4 201 Li 55 BV (0 AR, AR T
GRS B R R B B S AR, A
S T A P AR BV 5 R 58 3R AUL 5 H A
PRAZ PR % ) RS AL AR, AT
R ko BIAEBRIZGURRORLA BAT AE 3 2O & B3
SR, W TR RSV EREREEH
T R AT LS B TR 5C B A R 5 Bh B i
B [60—62]

7 & B G A URLAE TR & 28 5 i b ) FA BT,
—NIMEA RN 6, PR E R BEE K

by = —— (30)
1+ Rpa Km
Ta
H
RBd = 5%%171,2%0(5/:‘15). (31)

7] ‘:‘_;:_2]

(e) ﬂ
']

K7 XUZBRE AR KA BT B b B B A RO A IR 37 P RE R R B TR P, AR BRI (K9 A UL A A2 i 8 R 2% 1 7 2k

(95 BRI L, LUK R AT AN R AR A A R 434 (36

Fig. 7. Schematic diagram of a designed bi-functional cloak with both thermal cloaking andelectrical cloaking. The

[36]

nonspherical nanoparticles are decorated along the radius of the cloak with various shape aspects and volume fractions .
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T TR B e, A2 S RTINS PR ORL Y B3 L
FERURL )21 A%. R BOAE AT AT Tae B ey Ao
WA} 163,640 8 BT b ) A B E AROU SR F A A L
g, 258 RPRE LA K, 72 (30) &R AT
FUARAY, 3K — Ut AT UG AL EE 1 11 B o B

FH T 99 K FORE [ 2 TH #0BH, BNV AR R 055
TR T DL BEIR 25

Ko — Kot

m )

Rt + Fr,t(“;n - Rr,t)

+(1-P) i = Pt =0, (32
Rt + Fr,t(’% - ’ir,t) o

(32) b, PREARERIRGURBURL KRR 2. 1 An
Ty 73 Sl 2 U A6 AR 1AL RIT) R AR UL T LA AR R 1.

1.5 T T T T T
10 .
05 | .
—e— Radial conductivity (x,)
—m— Tangential conductivity (k) ]
O PP /A I SR S SR S NN S T SR S [N S S ST S N S St 1

2 4 6 8 10
Position R/ R

8 fEFRH KRR 72 SR S R MM R K,
ZHON Ryt Ry = 1: 10030

Fig. 8. The normalized values of the effective electri-
cal and thermal conductivities at different positions in
the cloaking shell. Parameters: R; : Ro = 1: 10 [36],

N T RESETE MR T RE (32) IS A5 B 1., AT P YA
&R, ATEFESE K, = nikok! = naky, X H
na Flng 2 U R . I R WA 40 K R 56 0k &
B pi, MR T T B 0 20T JER 2 A 728 46 2 ) (1) LU AL
—FE. AR IR (30), AT BLKEIEAR BRI o B LR
RN TAER, KRB 7 — B 1/3% X,
XAREIREY TP 2 — A mRER, H e
“ANERE R R e <b=a. H—H, ERFET
L R0 T HGRHPRE Ly TR, By = a/c 1),
v ysect /Ay

I(vy) = N1 (v — 1)3/27 (33)
1 |vysec™! 1
L) =3 Zv—1>§//z_7—1]’ (34)

X UARE iRl R R & I + 21, = 11990, %}
TH A, By = 1N RRPEBERITEN, B4, Hk
il VF B8 5 A4S 58 2 1 S FETR A W0 R 35 2% B 90 K Sk T

W AT CA E TR 1. 45T oRoE I 8 g AR A
TR 2 R RURL A TR AR AR 73K, At mT BLEEAT
FRN B 35 JE o AT S B 4% 1) S 1k AR 229 50 A
SR FEE ST R THERSKSE R - Ry =1:10
I, B THE S R0E I R AN B R AR,

T REH 2 BRAR BRI TR, I T
Ry : Ry = 1 : 3MMEOL. FIHIAS [F AR A 44 AR
TP B ARER R BTRL, T LU AT BEFRIL A & AR
B4 E R & ARG A (WL 9).

1.30+ (a) loss
40.36
1.25
- . Jo34 ~
AN
1.20+
40.32
—@— Volume fraction (p) o\\
—— Aspect rati
spect ratio (v) . 030
1150 10 1.5 20 25 30
0.38 (b) 40.38

0.36 | M Jo3s

—&— Volume fraction (p)
—@— Radial geometrical shape factor (I7)
—m— Tangential geometrical shape factor (1)

0.32+ ._.—‘./.__.___.__—-—‘I—"—_'——H lo.32

~ 034f 1034 ~

0.30 - 40.30
1.0 15 2.0 2.5 3,0
20F ' ' ' '(C) {20
15+ 41.5
¢ 1.0} —@— Radial conductivity (k) —41.0

—— Tangential conductivity (k)
—o
—o—o—

05} o—® Jos

./.,0/

././0/’/
0 A% : -

1.0 15 2.0 2.5 3.0
Position R/R;

B9 “ZHIRy : Ry = 1: 30, iR HRMEE R —
AN R/R1 MR (a) AEBRIG AN AKITRLIZ IR A LE AT A FH
AHIR R (b) DK IBURLAR 17 AT 1a] 1 LT 0K B 2
HRB IR FR; () B i S5 P& 1y g (36]

Fig. 9. The calculated results of parameters for a
cloak with R1 : R = 1 : 3 as functions of R/R;.

(a) The shape aspect ratio and volume fraction of the

nonspherical nanoparticles; (b) the radial and tangen-
tial part of geometrical shape factors, and the volume
fraction of the nonspherical nanoparticles; (c) the nor-
malized values of the effective electrical and thermal

conductivities [36].
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fEr T WARINFAE R 8, X — DI/ T2 b
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il AT PR B0 38 3 R 09 B A R A 2 18— A
BTSSRI AMRIE ? R HEM. &
TR BUAE 58 26 (3 3 gk 8 LR S 142 R AU 1)

-2 -1 0 1 2

z/m

P A AE — DN EEE A OC R, HLTPUR R
H— BB AR B 77, s (17) AT Bk
Ml kp =1, HO < k), =1/kp < (b—a) /a, It
Ak b a 3l R TS S AR B AME R N AR, AT A
kL, =1/Kkp = C, Ak C R —AEE, Bl e xR
0<C < (b—a)/a, WRIEIXJL A AL 35598
KBRS B & R B SR, B 10 @R 1 YRR
SRR A, K E 10 () B T —1 5%
LM e, 1R 10 (b)—(d) MJER T CHLO.1,
0.2 F10.3 I (51 BTAEE S AL W Fr R, RIS 2 5
JoT R AR B AR M B TR o, 1 SR IR X
WOF BT BRGNP R AR B, X BRI R
a4 T 24, 1 BB AT DUFH 56 56 v BE B K — R 2
BB S ROR.

FERE 10 hRATAT AR H, 2 C IR/, P
B o 75 A S AR B — MRS AR I X . 244,
TE CAR K HITE L, P AT Ae 2 1E N\ BIFE 5 X4 A
. HIEZH C AR — N RE I E. ]
P IR D0 BT 24 5040 1) R RS By AR B i L T R
AR B CHBIMA. T KL A TR B
Frok#k tHIXAME. B e AR R 48 L e 3 T7 12

10 MERSRAELGTIRES M (a) BENBERSE (b) &1, =0.1, &), = 10; (c) &/, =0.2, Ky, = 5;
(d) K, = 0.3, ), = 3.3; FLEREHRL; ZHN R1 =1 m, Ry =2 m 12
Fig. 10. Temperature profile for a thermal cloak: (a) Ideal conductivity; (b) !, = 0.1 and kp, = 10;

(c) n;, = 0.2 and n’g, = 5; (d) n;, = 0.3 and ng, = 3.3. Isothermal lines are represented in green.

Parameters: R1 =1 m and Ro =2 m (2]
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— ] T T 1

Stainless
steel

z/m z/m

E11 PEEERERESA (a) C = 0.25; (b) ZZMEHAE KL (a) TR T A, (o) ZEEMPIECRE; (d) C =0.1; (e) 4
I (d) BT SR () FkRER (e) FIT M E 2R B RN, PURLMERLREOMSEANLESHRR, ZH8 Rl =1 m,
Ry =2m [42]

Fig. 11. Temperature profile for a thermal cloak: (a) C = 0.25; (b) the multilayered composition realization for the cloak in
(a); (c) a close-up view of the multilayered cloak in (b), showing the constitutive materials available in nature; (d) C' = 0.1;
(e) the multilayered composition realization for the cloak in (d); (f) a close-up view of the multilayered cloak in (e) showing
the constitutive materials. Thermal flux and isothermal lines are represented in yellow and green, respectively. Parameters:
Ri=1mand Ry =2 m [42],

(b)

315 K

273 K
Material B ety
BI12  (a) 10 S 1 0 58 B S A PR e 3 o 8 Tl 58 5 1)
OHFRI; (b) —TK % B RRERIHITE I 39 13 LRSI S I B rh 45 3 (A s S AR AT IR SR AR IR
Fig. 12. (a) A sketch to show how to fabricate an JE Sy A4 L (39
anisotropic thermal cloak; (b) cross-sectional schematic Fig. 13. Experimentally measured temperature map
graph of a multilayered thermal concentrator (391, for the reported thermal cloak and concentrator (391

BEAL, IR ZH A F AR [ PR A A RHE FORERSCEL. AR 1 4Nt FEBR S, JFINE 1
PR IR B HEAT (LI 12 (b)) il 7 — AR 38, PRERRE A, K13 P AREREEA
FEBLUE AR, AN T S48 AR 4 (A2 [ HE B, AP AR 48 A GRS 4 B T RN X, 2 B
WA A LR B EAZM2EZMA, B RE B B IR i I R, ST SR e (R 1)
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14 PIRTE B NZ R S5 B B A B AE Mt 1m) A5 0, 1%
SER R 20 )2 & 1 A HLIR — B2 Ak 1E (a)
t = 0.001s, (b) t = 0.005s, (c) t =0.02s, LLK(d)
t = 0.05 s I {0 B o, B R B 2 AR R SR
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Fig. 14. Diffusion of heat from the left toward a mul-
tilayered cloak, which consists of 20 homogeneous lay-
ers of equal thickness, at time (a) ¢ = 0.001 s, (b)
t = 0.005 s, (c) t =0.02 s, and (d) ¢ = 0.05 s. The
mesh is formed by heat flux streamlines and isother-
mal lines. Parameters: Ry = 1.5 x 1074 m and
Ry =3x107* m B8,
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Fig. 15. (a)—(c) The experiment installation of Schittny’s group. They fill PDMS into the hole drilled in a copper

plate and a infrared camera is used to measure the heat distribution of the device; (d) the experiment results of

unsteady state heat flow cloak and a copper case as reference are presented

[40]
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Fig. 16. Schematic illustration of the 3D bilayer ther-

mal cloak with naturally available materials 1671,
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Fig. 17. Simulated and measured temperature distribu-
tions for the steady state. (a), (b) The reference structure
of the object inside; (c), (d) the reference structure of in-
ner layer; (e), (f) the proposed bilayer cloak witha = 6,
b = 9.5, and ¢ = 12 mm; (g), (h) the proposed bilayer
thermal cloak in the presence of a point heat source, emit-
ting cylindrical heat fronts. Isothermal lines are also rep-

resented with white color in the panel [67].
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Fig. 18. A sketch showing the thermal contact resistance: (a) There exist thermal contact resistances

between the solid-solid interfaces, where the temperature distribution is not continuous; (b) the

interfaces are filled with soft matters, and the temperature distribution there holds continuity.
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Fig. 19. Schematic graph depicting a thermal cloak
between radius R1 and R2. The red lines with arrows
denote the flow of heat: the cloak does not disturb the
heat flow at a region with a radius larger than Ry; the

heat flux cannot enter a central region with a radius

smaller than Ry (68,
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68]

Fig. 20. Switchable thermal cloaks obtained by two-dimensional finite-element simulations: (a), (¢) Switch on for

the temperature above 340 K and (b), (d) switch off for the temperature below 320 K. The color surface denotes

the distribution of temperature, where isothermal lines are indicated; heat diffuses from left to right; the upper

and lower boundaries are the thermal insulation; (a) and (b) show the results of thermal conductivities calculated

according to Eq. (56); (c) and (d) show the results of ten alternating layers of two sublayers, with x1(T")and x2(T)
given by Eq. (57) (EMT). In (a)—(d), an object with thermal conductivity 0.01 W/mK is set in the central regionwith
radius R;. Parameters: ko = 0.1 W/mK, kp = 10 W/mK, R; =1 cm and Rz = 2 cm, and 7. = 330 K [68],
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Fig. 21. (a) Sketch of a thermal diode, which is the rectangular area enclosed by the solid black lines. The blurred

area outside is a reference and actually does not exist in the design. I, II, and III represent three regions, respectively.

Here, the arrows indicate the direction of heat flow; the length of the arrows represents the amount of heat flux: the

heat flux transferred from right to left (upper panel, the insulating case) is much smaller than that from left to right
(lower panel, the conducting case); (b) heat current J versus temperature bias AT} (c), (d) thermal diode obtained

by two-dimensional finite-element simulations: (c) the insulating case and (d) the conducting case. The color surface

denotes the distribution of temperature; the white arrows represent the direction of heat flow; the length of the

white arrows indicates the amount of heat flux; the upper and lower boundaries are the thermal insulation. Thermal
conductivities are calculated according to Eq. (3); an object with thermal conductivity 10 W/mK is set in the central

region with radius Ri. Parameters: ko =1 W/mK, R; = 3.6 cm, Ry =4 cm, and T = 330 K [68]
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Fig. 22. (a), (b) Scheme of experimental demonstration of the macroscopic thermal diode: (a) insulating case and
(b) conducting case. Both the copper-made concentric layered structure and the central copper plate (both displayed
in orange) are placed on an EPS plate which, for the sake of clarity, is not shown. The left and right sides of the
diode are stuck in water to promote constant temperature boundary conditions. (a) When cold water is filled in the
left container (light blue) and hot water in the right container (pale red), the bimetallic strips of SMA and copper
(white) warp up and the device blocks heat from right to left. (b) When the two containers swap their locations, the
bimetallic strips (white) flatten and the device conducts heat from left to right. (c), (d) Experimentally measured

temperature distribution of the device: (c) insulating case and (d) conducting case (03],

N T BENE SR Al R A TR, AT R
KT ABIEF . AT ie, PR SR
A LU S R AR AR B R TR
L0 U P AR W U AR AR S B T 2R R
R Z R B 2. ORI A I R AT DAAE — LR
SE MRS AR $R 2. SRT, AR ADRHE # A h AT
RE 2B B AR W 2 B BRI AANE. R G £ 8 A4 4

R RN (GBI AR G R HEAT 45 8 25 M R
SCHUB AU DI RE), ATl B A 1E 2 W B 3
FMRER SEBLE TR, THEm AN 454 -
AR 22 RARER SR B TR R A B P J5 A 4 A2 SR R 5l
TFRE SRR, MR B 2R, 3419 LTS 72
I FEAR AL I 7 2 AR R A R AR . SRIS A2,
BATRIARICAZ A 45 SMA 7] LUFR BE3RAT A8 ZE 114

178103-21


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 17 (2016) 178103

FEARZEAL. A0 22 s, & 56 AR AN AR 2R
IR Z B A T AR RY) . AR
PR, SMA Rk & R AL, XA AL AT LLAKE)
FONGAE SMA _E AR A 4538 508 Wi T 540 Fr (1%,
TR b S AR I IR 2 T DA S5 ROt 7 11 2 =) A A
ARMANAR. UL, AR OGN AD R T LR
REE SRS 1 R PERERRSEBL. TR, RO 22 WA
TR ITRIARR B AR — AR o), PRl — PO R
(oA RE AT DUE I AR R 07 iR SEBL. s ie 45 R AE
K 22 R, EAIEDLT, LT REEA A
A AH S AE ] 22 (d) B b I DA AR R )
FI AR L. [RIR E 73 A1 R AT 1), DR AR A e L
SEE, BATAT LA 2 33 A R, i BB K
(s DL A LK.

g b, — AN BERATE R 0 2 R A
R, — AR AR IR IR
KBTI ARH 2 VR, L R
MUK KFHBE TR T REEH i E FHIAR. B
U, R PR, PR AT 5% ) AV R SRy i BT AR R 1k
RS R RE, TT LA i AT RR 2] BL 2 1A AR
M AR ATRL. AR R BRI R S H Y
F, AR S AR R B BT S B B ARSI — AR 3 T g
AR B R L FE U PR L ) T A A
.

4.3 JERRFSIELMTHIED

AT IR AN A R MR, AHE T
FaaS AL 2RO T EA R B R 0 R 2k
FaASs B AU, 25 & BITC IR A n 4] S E
SERE, T DAAS 2 I B pE 505 R

Opc(T)T
e V- [k(T)-VT], (58)

K p R EEE, c RIWARE, w(T) KT E
JERTRIKE. KR po(T) A —AEBARIFIN
RS EAORH). I TR (58) 7E Hh 2k Ah bR
Gi(ati = 1,2, n) Fm JR R AR, ] L7
BT E ARG R RS — 2
- Jr(T)JT
R(T) = de(t (37) '
Ty AN T W B R A A RL A 1 SR R B
L T2 1 S AR 7 L F e b e v bR PR AT 51 K
15145

(59)

pe(T)
det (J)°

pe(T) = (60)

X —BRAMAFAE p Al e R B /DH — AR AL
B II BRI, X ORI N 1 TR S ST
MERE. 2 JaFRAIT 2 e — P i B A D7 V2R AL FR X A
I 7.

1E Fa A& HE e 1t FA b R B B 58 b R(T) AT LA
FKRH

T (T)koJ(T)T
det [j(T)} '

FE (61) 1 J(T) 515 15 HA 5% 1 AL b A2 et 7
B HE b LU R, T kg A — A 1 A8 AN A4S0 it 7
OGRSk, ] AR
paT) = —H2—
det [J(T)}
o po A co 43 il A2 i FEE AH DR 1) o 228 P55 0 b AR 2
BT hmpRa s, ol DG — MEAFRRE TR
TR HGERIAEL. AT DA AR A%
o) | S N | S5 e S e o

()

(61)

R3

e A=

‘ 4 \
FA v
' S

r o LRy

on

Rs

off

23 HFRARERMNREE  (a) M (b) AR IE
EIBEIFF A MR A EFT AR AR, Ry Al R fR3R
PRI S (69)

Fig. 23. Schematic graphs of a switchable thermal con-
centrator when the concentrating effect is switched (a)
on or (b) off. The red lines with arrows represent the
flow of heat. R; and R3 denote the interior radius
and exterior radius, respectively. Ry and r’ are also
indicated (691,
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Fig. 24. Results of the finite-element simulations for the switchable concentrator. All the physical quantities adopted are
nondimensionalized, as listed in the text. Heat conducts from left to right throughout the time and the temperatures on two
lateral boundaries are fixed. Upper and lower boundaries are thermally insulated. The critical temperature Tc is set to be
1. (a)—(d) The device functions as a concentrator at temperature below 0.9 and (e)—(h) the device is turned to be the same
as the background when the temperature is higher than 1.1. The temperature distribution is denoted by the rainbow color
surfaces, while the isothermal lines are indicated by the white lines. We take the snapshots of temperature distributions at
time (a), (e) t = 2; (b), (f) t = 6; (), (g) t = 10; and (d), (h) t = 14[69],
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Abstract

Heat transportation is one of the most ubiquitous phenomenon in the mother nature. Manipulating heat flow
at will is of tremendous value in industry, civil life and even military. It would be a common sense that in different
materials thermal properties are different. According to this knowledge people may design thermal materials to control
heat conduction. One of the most common and successful example is blanket, which has been invented for thousands of
years to keep us warm in cold days and keep icecream cool in summer. However, those great inventions are not powerful
enough to manipulate heat flow at will. So there are still a lot of demands for designing the so-called metamaterials
which have special properties that should not exist in nature.

In 2006, Leonhardt and Pendry’s research group (Pendry, Schurig and Smith) independently proposed a type of
optical metamaterial which is also called invisible cloak. This device is well known for bending light around an object
to make it invisible. Such a significant progress soon enlightened a lot of scientists in different aspects since it offers a
powerful approach to design metamaterials. The principle of invisible cloak, which is concluded as transformation optics
has been applied to light waves, acoustic, seismic, elastic waves, hydrodynamics and even matter waves as they all satisfy
with wave equation.

Although the conduction equation which governs the process of heat conduction is totally different from wave
equation, from 2008 to 2012, Fan’s group and Guenneau’s group established the theoretical system of transformation
thermotics. Since then, many thermal metamaterials with novel thermal properties have been figured out. Therefore, a
boom in transformation thermotics and thermal metamaterials has begun.

In this article, we will introduce some most recent achievements in this field, including novel thermal devices,
simplified experimental method, macro thermal diode based on temperature dependent transformation thermotics, and
the important role that soft matters play in the experimental confirmations of thermal metamaterials.

These works pave the developments in transformation mapping theory and can surely inspire more designs of thermal
metamaterials. What is more, some approaches proposed in this article provide more flexibility in controlling heat flow,
and it may also be useful in other fields that are sensitive to temperature gradient, such as the Seebeck effect and many

other domains where transformation theory is valid.
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