http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Three-dimensional thermal illusion devices with arbitrary shape

Xingwei Zhang (7K »41H), Xiao He(fiTI5%), Linzhi Wu(Z k&)
Citation:Chin. Phys. B . 2019, 28(6): 064403. doi: 10.1088/1674-1056/28/6/064403
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Contribution of terahertz waves to near-field radiative heat transfer between graphene-based
hyperbolic metamaterials

Qi-Mei Zhao(i#* 5 1), Tong-Biao Wang(¥F [Fl#x), De-Jian Zhang(ikf# ), Wen-Xing Liu(X¥|323%), Tian-Bao Yu(T k=),
Qing-Hua Liao(&i& 1), Nian-Hua Liu(Xll 4 4F)

Chin. Phys. B . 2018, 27(9): 094401. d0i: 10.1088/1674-1056/27/9/094401

Thermal properties of transition-metal dichalcogenide

Xiangjun Liu(X %), Yong-Wei Zhang(ik 7k 1)
Chin. Phys. B . 2018, 27(3): 034402. d0i: 10.1088/1674-1056/27/3/034402

General theories and features of interfacial thermal transport

Hangbo Zhou(&#ti%), Gang Zhang(ikH1)
Chin. Phys. B . 2018, 27(3): 034401. doi: 10.1088/1674-1056/27/3/034401

Two-dimensional thermal illusion device with arbitrary shape based on complementary media

Ge Xia(® i), Wei Kou(%/), Li Yang(#37), Yong-Cheng Du(#t 7k i)
Chin. Phys. B . 2017, 26(10): 104403. doi: 10.1088/1674-1056/26/10/104403

Thermal properties of two-dimensional materials

Gang Zhang(7k[ll), Yong-Wei Zhang(k 7k )
Chin. Phys. B . 2017, 26(3): 034401. dOi: 10.1088/1674-1056/26/3/034401


http://cpb.iphy.ac.cn/EN/abstract/abstract74104.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72713.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72713.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71738.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71701.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70800.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69586.shtml

Chin. Phys. B Vol. 28, No. 6 (2019) 064403

Three-dimensional thermal illusion devices with arbitrary shape*

Xingwei Zhang(7K 4 f%)!, Xiao He(fTl%)!", and Linzhi Wu(RHM&)!2+

I Key Laboratory of Advanced Ship Materials and Mechanics, College of Aerospace and Civil Engineering,
Harbin Engineering University, Harbin 150001, China

2 Center for Composite Materials, Harbin Institute of Technology, Harbin 150001, China

(Received 14 January 2019; revised manuscript received 27 March 2019; published online 29 May 2019)

Since the concept of invisible cloak was proposed by Pendry and Leonhardt in 2006, many researchers have applied
the theory of coordinate transformation to thermodynamics and overcome the complexity of inhomogeneous and anisotropic
of material parameters. However, only two-dimensional (2D) thermal illusion devices are researched recently. According to
this situation, our study focuses on three-dimensional (3D) thermal illusion devices including shrinker (or invisible cloak),
concentrator, amplifier, reshaper, and rotator with arbitrary shape in a general way. In this paper, the corresponding material
parameters of thermal illusion devices mentioned above are derived based on the theory of transformation thermodynamics
and the simulated results agree well with the theoretical derivations. In addition, the conventional invisible cloak just
controls the temperature gradient rather than the temperature value which is more concerned in physical applications. Here,
we find that the temperature value of the cloaked object can be controlled by adjusting the location of the original point of

the coordinate system.

Keywords: thermal illusion device, metamaterials, transformation thermaldynamics

PACS: 44.10.+1, 81.05.Xj, 07.05.Tp, 05.70.—a

1. Introduction

Heat energy which is full of mystery attracts researchers
to explore the method of manipulating heat flux. According
to the second law of thermodynamics, heat always flows from
the hotter body to the colder one, which results in colossal
difficulties for us to control heat flux. The hope is rooted
in the concept of coordinate transformation that Pendry pro-
posed in 2006 to design a device which makes object invisible
towards electromagnetic waves.!!! The form-invariance of the
corresponding physical equations/?>! becomes the basic con-
dition of coordinate transformation. Fortunately, many con-
trol equations have been proved to be form-invariant, which
makes it possible to introduce coordinate transformation into
other physical fields, such as microwave, [*! acoustics,>®! elas-
tic waves,!”) mater waves,!®! and heat flux,"°! to design corre-
sponding metastructures with fantastic functionalities. Based
on the previous study, experts began to design thermal metas-
tructures to control heat transfer in 2008. References [10]
and [11] firstly proposed the idea of thermal invisible cloak
and constructed the theory of transformation thermotics in
steady state. With time passing by, Guenneau et al.!'?!
tended transformation thermotics from steady state to tran-

€X-

sient state in 2012 (named transformation thermodynamics),
which made scientific community put more and more atten-
From then on, a series of
novel thermal devices have been theoretically designed and ex-
perimentally realized,!!3-3!) such as thermal cloaks and ther-

tion into the interesting issue.
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mal camouflages,?*?!1 thermal concentrators,[®!3! thermal

rotators,”) and macroscopic thermal diodes,!' ezc., which
open a fascinating door to control heat flux efficiently. In
the process of fabricating metastructures, a sequence of ap-
proaches have been proposed to eliminate the inhomogene-
ity and singularities of the materials, including multilayered
thermal devices based on effective medium theory!!'4?8! and a
bilayer thermal cloak!!3! based on scattering cancellation (or
neutral inclusion theory.?%2%l) Meanwhile, a series of novel
thermal illusion devices have been proposed in recent years.
Reference [21] designed a thermal illusion device which could
transform the thermal scattering signature of an arbitrary ob-
ject to multiple isolated objects, and reference [32] realized a
thermal illusion device which could transform a good thermal
conductor to a poor one through the method of separation vari-
ables. References [33] and [34] designed thermal illusion de-
vices based on the equation of heat conduction. At the process
of designing thermal illusion devices, the method of coordi-
nate transformation has played an important role. Based on co-
ordinate transformation, references [35]{38] reported a series
of thermal illusion devices which could change the signature
of heat source, including the position, the shape, or the quan-
tity of heat source. Reference [27] designed a structure based
on transformation thermotics which aimed at thermal radiation
and was applicable to complex unknown environments.
However, the preceding studies mainly concentrate on
the research of two-dimensional (2D) thermal illusion devices
with arbitrary shape!*’! and seldom discuss three-dimensional
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(3D) cases except Ref. [29] (a spherical thermal cloak was
proposed). It is necessary to extend thermal illusion devices
from 2D to 3D random shape for the practical application of
thermal metastructures. Therefore, this paper gives a general
method to design 3D thermal illusion devices based on coor-
dinate transformation, including thermal shrinker (or invisible
cloak), concentrator, amplifier, reshaper and rotator theoreti-
cally and verifies the theoretical derivations through simula-
tions.

2. Method

To construct the model of 3D thermal illusion devices
with arbitrary shape in spherical coordinate, the inner and
outer boundaries of the thermal illusion devices can be param-

eterized by varying radii®!)

r(0,9) = Ao+ )
(m,n)eN?\{(0,0)}

+By 5 sin (m0+n(p)}, (D

Ay pcos(m6 +ne)

where 0 is the elevation angle and ¢ is the azimuth angle, m
and n are the non-zero positive integer, Ao o, Ay, and B,y , are
arbitrary constants.

According to Fourier’s law, the heat conduction equation
without heat source is described by

oT
pC- =V (kVT), )

where p is the density of medium, C is the specific heat capac-
ity, and x is the thermal conductivity of medium, and equa-
tion (2) keeps its form invariable under different coordinates.
In this premise, multifarious thermal illusion devices can be
designed by using different coordinate transformations to con-
trol heat flux.

A series of thermal devices can be designed through trans-
forming (r,0,¢) to (¥,0’,¢"), where (r,0,¢) and (r,0’,¢’)
represent virtual space and physical space, respectively, and
different transformation equations correspond to different
functional thermal devices. Then different thermal illusion de-
vices can be proposed by deriving material parameters based
on the theory of transformation thermodynamics. Figure 1 il-
lustrates the general mode that constructs a series of illusion
devices in a general way, and the functionalities of thermal il-
lusion devices are different with each other when the surface ¢
is located in different areas shown in Fig. 1.

In Fig. 1, a, b, and c denote the spatial surfaces, regions |
(c<r<borb<r<c)andIl (0 < r < c) denote the virtual
space, and regions III (¢ < r < b) and IV (0 < r < a) denote the
physical space Thermal illusion devices composed by “cloak”
and “core” can be achieved by two steps: transforming ¢ to a
and keeping b unchanged (region I to region III); transform-
ing ¢ to a and keeping the origin point unchanged (region II
to region IV). Region IV is the invisible object and region II
is the corresponding illusion object. At the same time, it is

the shrinker (or invisible cloak), the thermal concentrator, the
thermal amplifier, and the thermal reshaper when surface ¢
(or a point) is located in region IV, in region III, outside re-
gion III, and both in regions III and IV, respectively (the ther-
mal reshaper can make the detected result changed from the
real shape a to the shape c¢). One word to say, thermal illusion
devices can make the thermal signal of region II alter to the
one of region IV.

physicsl
space

concentrator invisible Cloak

or Shrinker

virtual
space

reshaper

amplifier

Fig. 1. Schematic illustration of transformations for thermal illusion de-
vices. The virtual space and the physical space are constituted by regions I,
11, and 111, IV, respectively. a, b, and ¢ denote the spatial curved surfaces.

Keeping 6 and ¢ invariant and transforming r to ' (r and
7" are dependent on 6, @ and 6’, ¢’, respectively) in spherical
coordinate system, the general expression of material parame-
ters to fabricate thermal illusion devices including shrinker (or
invisible cloak), concentrator, amplifier and reshaper can be
derived through the transformation equations
’:rl;_ccler%, 0'=0,9'=¢, (c<r<b), 3)

r/:r%79/:65¢/:(p7 (r<c), (4)

7

where a, b, and c are spatial curved surfaces described by
Eq. (1). Equation (3) transforms region I into region III (that is
to say, transforming c into a and holding b), and equation (4)
transforms region II into region IV (transforming c into a and
holding the original point). The transformation equations (3)
and (4) can keep the material parameters continuous at bound-
aries and eliminate the interference on the gradient of the tem-
perature field. It is noteworthy that for the invisible cloak, c is
zero and only equation (3) is necessary.

According to Egs. (3) and (4), the corresponding Jacobian
matrixes are accurately derived as

Ay Apg Az Bi1 B2 Bi3
Ji=| 0 An 0 [, Job=| 0 Bxn 0 |, O
0 0 A33 0 0 BSS
where
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A — ar _b-a Ay — ar _ r—b dy(c—b)+by(a—c)+cy(b—a) by(a—c)
"Tor b= P 190 b-a r(b—c) r(b—c)’
doe or B 1 r’_b.a:p(c—b)+b/q)(a—c)+cip(b7a) b/(P(a*C)
BT rsin0de  sin \b—a r(b—c) r(b—c) )’
roo’ v rsin@'dep’ ¥ b—c  c—a
A = — = — = — = — =7 bi 9 = 9/
27590 7 rsin0¢ = T T ’
ar a or'  dgc—cpa ar ayC—Cpa
Bu= ar ¢’ Bz = 90 2 Bis = rsin@d @ = (Zsind
roe’ v Fsin@'dg’ ¥ c
B = = = — = — = /= 9 = 0/
2790 1 rsin@d @ PR ’
af af ‘where
andfé:%,fé;:%,fza,b,c. | | | |
According to Ref. [31] and Eq. (5), the material parame- KL = (Kh sin @ + Ki, Sin 26 + K5 cos? 6) cos? @
ters of regions III and I'V can be derived as —Kiysin2¢sin 6 + iy sin” @,
o JeIT - (pc)l K')’;y = (Ki | sin” @ + K{z sin20 + Kéz cos? 6 — K§3) sin @ cos ¢
B detJ; ’ (€)™ = detJ;’ © . +Ki3cos2¢51n6, ,
Il +T v Ky, = ((Kil — ki) sin B cos 6 + ki, c0s26) cos ¢
v _ %, (po)Y = (S)C?I 7 7 —Kj3cosOsin@,
etJ> etJy

where k!, pi, C', and (pC)' (i =1, 11, Ill,and IV) are the ther-
mal conductivity, the density, the specific heat capacity, and
the product of p’ and C' in the region i, respectively, and the
superscript “T” denotes transposed matrix. In view of the real
situation that usually the parameters of the cloaked object (re-
gion IV) are known rather than the one of the illusion object
(region II), equation (7) can be converted into

k= I 6V IS Tdet s, (pO)" = (pC)VdetJr.  (8)

Equations (6) and (8) are the general expressions of mate-
rial parameters for arbitrary 3D thermal illusion devices men-
tioned above. After that, we also proposed an arbitrary 3D
rotator (Fig. 1) by transforming ¢ to ¢’ and keeping r and 6
invariant, and the transformation equations can be chosen as

r/:rv 6/:97 (P/:(p+(p0g7 (a<r<b), 9

r=r, 0=0, ¢ =¢0+¢, (r<b), (10)

where ¢ is the degree of rotation of heat flux. The corre-
sponding material parameters of the core and cloak can be
derived by Eq. (6) where the Jacobian matrixes should be
changed.

For facility of simulations based on the finite element
method, the material parameters in the Cartesian coordinate
system are derived by the following Jacobian matrix:

cos @sin@ cos@cosf —sin@
sin@sin® cos@sing cos¢ |,
cos @ —sinf 0

J= (11)
where 0 and @ are the elevation angle and azimuth angle, and
the corresponding thermal conductivity can be expressed as

il

ki Kl

X ay Tz
Ki= JiiJT = Kyy K';‘,Z ,i=1IL 100,  (12)
sym KL,

i
Ky}' -

(K{ | sin” 6 + Ki, sin26 + K5, cos? 9) sin? @

+Kj38in2¢sin 0 + K34 cos’ @,

ki, = ((x{, — kb,) sin 6 cos 6 + ki, c0s26) sin @
+kj3cos0cos @,

i 2 i o i oin2
K}, = Kj; cos~ 8 — ki, sin20 + K3, sin“ 0,

and the subscript “r”” means Cartesian coordinate system

3. Simulation

Since the necessary material parameters for designing the
thermal illusion devices have been given above, the simula-
tions conducted in the finite element software COMSOL Mul-
tiphysics will be introduced hereafter to display and verify the
theoretical results mentioned above. To decrease the load of
calculation and without loss of generality, it is enough to an-
alyze arbitrary thermal illusion devices built with surfaces of
revolution, i.e., generated by rotating a curve about the z-axis.
In this paper, we discuss the design of axially invariant 3D
devices with an arbitrary cross-section described by variable
radii r (6) that gives an angle dependent distance from the ori-
gin. According to Eq. (1), the radii can be simplified as

M
r(6) =Ao+ Y {Ancosm + B, sinmb}, (13)

m=1
where M can be a small integer. For the generalization, the
boundaries of the shrinker (or invisible cloak), concentrator,
amplifier, reshaper, and rotator have been designed by differ-
ent equations described by Eq. (13), that is to say, the deriva-
tion is effective for arbitrary shapes.

In the process of simulation, the background region is a
cuboid, the left and right boundary conditions of the cuboid
are 600 K and 300 K, respectively, the other boundary condi-
tions are insulation, and the isothermal lines are denoted by the
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white lines in the simulation results. For the cases of thermal
invisible cloak, concentrator, and rotator, the parameters have
been set as k' = 0.025 W - (mK) ™', p' = 1.293 kg - m~3 and
C'=1.4KkJ-(kg-K) " in Eq. (6), and given 'V = 0.025 W -
(mK)™', pvV =1.293 kg-m 3, and C"Y = 1.4 kJ - (kg-K) '
in Eq. (8). And for the thermal amplifier and reshaper, the
parameters have been set as k' = 400 W - (mK) ™', p! =
8960 kg-m~3 and C! = 385 kJ - (kg-K) ™" (copper) in Eq. (6),
where the superscripts I and IV denote the material parameters
of the background and the cloaked object, respectively.

The shape of the simulated thermal invisible cloak is dis-
played in Fig. 2, where figure 2(a) is the basic profile of the
cross-section in xz plane and figure 2(b) is the schematic il-
lustration of the simulated sample. To keep the geometrical
continuity at the joint of the slant line and the arc, the slant
line is tangent to the arc, and the invisible cloak is divided into
three sections (1, 2, and 3 ) by two lines through the original
point (the dotted line in Fig. 2(a)). The corresponding material
parameters of each section can be derived based on Eqgs. (6)
and (12), where ¢ = 0.

Without loss of generality, a rotational solid similar to the
top of a missile has been embedded into an isotropic homo-
geneous cuboid background material. Parameters of the cloak
(a < r < b in Fig. 2) are derived by Egs. (6) and (12), and
the interior material (cloaked object) of the cloak is the same

t=4x10° s

as the background one. The simulation results at the time
t =4000 s, r = 10000 s and steady state are shown in Fig. 3 and
for comparison the corresponding results of a reference sam-
ple without a cloak are shown in Figs. 3(al)-3(a3) and 3(bl)—
3(b3). Comparing these results in Fig. 3, it is easy to find that
the heat gradient is zero in the cloaked region when the con-
tours of the temperature field detour around the cloaked object
perfectly without disturbing the temperature field in the back-
ground, which looks like that nothing is there, just as same
as the reference sample. Benefiting from the invisible cloak,
not only a uniform temperature value can be achieved in the
cloaked region, but also no disturbance is introduced into the
background material.

—0.25 {

Fig. 2. The geometry model of a 3D arbitrary invisible cloak. Panel (a)
is the basic profile of the invisible cloak with boundaries a and b.
Panel (b) is the schematic illustration of the simulated sample.

(

steady state 300

Fig. 3. The simulation results of a thermal invisible cloak. Panels (al)—(a3) and (b1)—(b3) are the 2D and 3D simulation results of the
reference sample without a cloak, respectively. Panels (c1)—(c3) and (d1)—(d3) are the corresponding 2D and 3D simulated results of the

situation with an invisible cloak, respectively.
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In addition, another interesting phenomenon shows that
the temperature of the cloaked object will vary with the lo-
cation of the original point of the coordinate system and the
temperature value in the core is equal to the temperature value
in the z = 0 plane. In order to explore the problem of con-
trolling the temperature value rather than the thermal gradient,
the location of the original point in Fig. 2 has been set at the
top, the middle, and the bottom of the cloaked object and the
corresponding steady-state simulated results are displayed in
Fig. 4. Figures 4(b1)-4(b3) and 4(c1)—4(c3) are the 2D and
3D steady-state temperature distributions of the simulated re-
sults with different original points, respectively, the same col-
ors denote the same temperature values, and the black lines
in Figs. 4(b1)—4(b3) denote the z = 0 planes. As illustrated
in Fig. 4, the corresponding temperature values of the cloaked

(al) N (a2) N
0.095 0.345

object are 478.7 K, 443.2 K, and 420.8 K when the origin point
is located in the top, the middle, and the bottom of the cloaked
object, and equal the temperature values of the z = 0 plane. In
other words, the local temperature value can be expanded to a
space through coordinate transformation in the process of heat
conduction. This phenomenon is attributed to the process of
coordinate transformation. To design the invisible cloak, one
point (the green point in Fig. 1) should be extended to a space,
such that the heat flow passes through this space just like go-
ing through the green point (that is to say, without any distur-
bances introduced in). Therefore, the temperature value of the
whole core is the same as the one of the isothermal surface
which the green point (Fig. 1) was located in. Consequently,
the temperature of the core will change with the location of the
green point (the original point here).

(a3) A
0.495

middle

xT

2+
by

bottom

600 K

Fig. 4. Controlling of the temperature of the cloaked object by adjusting the location of the original point. Panels (al)—(a3) are different
locations of the original points. Panels (b1)—(b3) and (c1)—(c3) are the 2D and 3D steady state temperature distributions of the simulated

results with different original points, respectively.

To further demonstrate the validity and generality of the
derivations in this paper, the simulation of a thermal concen-
trator (with boundaries a, b, and ¢) has been carried out as
well. The simulated configuration and results of the thermal
concentrator are illustrated in Figs. 5 and 6 respectively. For
comparison, both the concentrator and a reference sample have
been studied. Then, the parameters of the core (r < a) and the
cloak (a < r < b) can be derived by Egs. (6) and (8), respec-
tively. Figure 6 shows the simulation results (in the yz plane)
both in transient (the first two columns) and steady state (the
last column). Comparing the simulation results of the concen-
trator (Figs. 6(c1)-6(c3) and 6(d1)-6(d3)) and the one of ref-
erence sample (Figs. 6(al)-6(a3) and 6(b1)-6(b3)), it is clear
that the concentrator can absorb heat flux without disturbing

the heat flux in the background material both in transient and
steady state, which may be used to harvest energy in the future.

I3

(a) (b)

3.5

—-3.5

Fig. 5. The simulated configuration of a concentrator. Panel (a) is the
basic profile of the concentrator. Panel (b) is the schematic illustration
of the simulated sample.
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IIIIIIHH

(b2)

t=3%x10%s

steady state 300

Fig. 6. The simulation results of a thermal concentrator. Panels (al)—(a3) and (b1)—(b3) are the 2D and 3D simulation results of the refer-
ence sample without a concentrator, respectively. Panels (c1)—(c3) and (d1)—(d3) are the 2D and 3D simulation results of the concentrator

worked sample, respectively.

Meanwhile, a thermal amplifier has been constructed by
the same method. The basic simulation model and results are
illustrated in Figs. 7 and 8. In Fig. 7, the region r < a denotes
the actual object, and the region a < r < b denotes the am-
plifier. It should be noted that the region b < r < ¢ is virtual,
and the r = ¢ boundary only denotes the shape of the illusion
object. To design the thermal amplifier, the parameters of
cloak can be derived by Eqs. (3), (6), and (12). Figures 8(al),

@ f

Fig. 7. The geometry model of a 3D arbitrary thermal amplifier.
Panel (a) is the basic profile of the cross-section in xz plane of the am-
plifier. Panel (b) is the schematic illustration of the simulated sample,
and the cuboid denotes the background material (copper).

8(b1) and 8(a2), 8(b2) are the simulation results of actual ob-
ject and amplifier, respectively, figures 8(a3) and 8(b3) are the
simulation results of illusion object, and figures 8(al)-8(a3)
are the distributions of temperature field in yz plane. It is clear
that the thermal signature of the amplified object is the same
as the one of illusion object, and bigger than the one of actual
object. That is to say, the thermal amplifier amplifies the ther-
mal signature of actual object. This can make the detectors get

the inaccurate thermal signature.

Furthermore, a thermal reshaper constructed by Eqgs. (3),
(6), and (12) is illustrated in Fig. 9, and the region r < a de-
notes the actual object, the region a < r < b denotes the re-
shaper, and the boundary r = ¢ denotes the shape of the illusion
object. The materials of actual object and background are the
same as the case of thermal amplifier. The 2D and 3D simula-
tion results are displayed in Fig. 10. As illustrated in Fig. 10,
figures 10(al), 10(b1) and 10(a2), 10(b2) are the simulation re-
sults of actual object and reshaper, respectively, figures 10(a3)

and 10(b3) are the simulation results of illusion object, and fig-
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ures 10(al)—-10(a3) are the distributions of temperature field in
xz plane . Under the action of thermal reshaper, the thermal

distribution of actual object is the same as the one of illusion

object. In other words, the thermal signature of actual object

J

in Figs. 10(al) and 10(b1) has been changed to the one of il-
lusion object in Figs. 10(a3) and 10(b3). The detectors will
observe the inaccurate shape when the thermal reshaper works

actual object amplifier

illusion object

Fig. 8. The simulation results of a thermal amplifier. Panels (al)—(a3) are the 2D simulation results in the yz plane (x = 0), and panels (b1)—

(b3) are the 3D simulation results.

(b)

G

Fig. 9. The simulated configuration of a reshaper. Panel (a) is the basic
profile of the cross section of the reshaper. Panel (b) is the reshaper that
has been placed into a cuboid.

At last, a thermal rotator (with boundaries @ and b) can

o

(b2)

reshaper

actual object

i

be designed by the general method mentioned above through
the transformation Eqs. (9) and (10), and the corresponding
material parameters of the cloak (a < r < b) and core (r < a)
are derived by Egs. (6) and (8), respectively. The schematic
diagram and the simulation results of the rotator are illustrated
in Figs. 11 and 12. Comparing the distributions of the temper-
ature of the rotator and the reference sample in the xy plane at
z=12.5 and z = 0 (Fig. 12), it is obvious that the thermal ro-
tator rotates the parallel isothermal lines into /3 degree and
without disturbing the distribution of the thermal field in the
It should be noted that the degree of
rotation can be changed discretionarily, and in this case, the

background material.

degree is set as /3.

400

=

300

illusion object

Fig. 10. The simulation results of thermal reshaper. Panels (al)—(a3) and (b1)-(b3) are the 2D and 3D simulation results in the xz plane (y = 0),

respectively.
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Fig. 11. The simulated configuration of a rotator. Panel (a) is the ba-
sic profile of the cross section of the rotator. Panel (b) is the schematic
illustration of the simulated sample.

500

400

300

z=2.5 plane

z=0 plane

Fig. 12. The distribution of temperature in different cut planes (rotator).
The two columns represent the temperature contours at z = 2.5 and z = 0,
respectively. Panels (al), (a2), (bl), and (b2) are the simulation results of
the reference sample without a rotator. Panels (cl), (c2), (d1), and (d2) are
the simulation results of the rotator worked sample.

4. Conclusion

This paper proposes a general way to fabricate 3D ther-
mal illusion devices with arbitrary cross section including ther-
mal shrinker (or invisible cloak), concentrator, amplifier, re-
shaper, and rotator based on the theory of transformation ther-
modynamics. All the thermal illusion devices motioned above
have been successfully simulated to verify the validity and effi-
ciency of the theoretical derivations by finite element method.
Simultaneously, the influence of the location of the coordi-
nate origin on the temperature value of the cloaked object has
been discussed. It is found that the temperature value of the
cloaked object can be manipulated by adjusting the location of
the origin point, and this phenomenon should be used to de-
sign the metamaterials with the function of guiding heat flux

from higher temperature (or lower temperature) to lower tem-
perature (or higher temperature) autonomously without forc-
ing energy source on the cloak. This phenomenon is not only
limited to the thermodynamics, but also it can be generalized
into other physical fields, which can be used to control the in-
ternal signal rather than eliminating the external disturbance
only.
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