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Any object with nonzero temperature emits thermal radiation described by the Stefan-Boltzmann law,
and hence, thermal conduction is always accompanied by thermal radiation. Although a transformation
theory has been proposed to control thermal conduction, a transformation theory has not yet been put
forward to manipulate thermal radiation, let alone the thermal coupling between radiation and conduction
(herein called multithermotics). To solve the problem, we establish the theory of transformation multither-
motics to control radiation and conduction simultaneously. As model applications, we also design three
devices with functions of cloaking, concentrating, and rotating. These devices are confirmed by transient
finite-element simulations. As experimental suggestions, we further design transformation media with two
homogeneous and isotropic materials to simplify fabrication. Our results provide general hints to multi-
thermal management, and have potential applications in infrared camouflaging, solar-energy utilizing, etc.
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I. INTRODUCTION

Heat energy is one of the most common forms of energy
in nature. As one of the basic modes of heat transfer,
thermal conduction has attracted wide research interest
whether at the nanoscale [1-5] or at the macroscale [6—8].
Meanwhile, thermal radiation always exists together with
thermal conduction because any object with nonzero tem-
perature emits thermal radiation described by the Stefan-
Boltzmann law. Therefore, the thermal coupling between
radiation and conduction is ubiquitous in nature. In par-
ticular, thermal radiation must be taken into considera-
tion when discussing the heat transfer in aerogels [9—11]
because thermal radiation largely affects the insulation
effect of aerogels at high temperature.

Transformation theory, bridging space transformation
and material transformation, was originally proposed to
control electromagnetic fields [12]. As a fundamental
method, transformation theory has been extended from
electromagnetic waves [12] to matter waves [13], water
waves [14—16], and even to diffusion systems such as ther-
mal conduction [6—8], electrical conduction [17], and fluid
dynamics [18,19].

However, the existing theory of transformation optics
[12] cannot be directly used to handle thermal radia-
tion because the radiative model of participating media
such as aerogels is dealt with the Rosseland diffusion
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approximation [9—11]. Therefore, it is necessary to estab-
lish another transformation theory to handle the thermal
coupling between radiation and conduction (herein called
transformation multithermotics).

For this purpose, we study the Rosseland diffusion
approximation [20], derived from the Stefan-Boltzmann
law, to deal with thermal radiation. Such an approximation
supposes that the mean free path of photons is far smaller
than system size. Therefore, the propagation of thermal
radiation can be regarded as the diffusion of photons. Based
on the approximation, we establish the theory of transfor-
mation multithermotics [Fig. 1(a)]. As model applications,
we further design three devices with functions of cloak-
ing, concentrating, and rotating. Cloaking [Fig. 1(b)] can
protect inside objects from being discovered by infrared
detection; concentrating [Fig. 1(c)] can enhance the inten-
sity of local heat flux; and rotating [Fig. 1(d)] can control
the direction of local heat flux. Since transformation media
are inhomogeneous and anisotropic, we also use layered
structures composed of two homogeneous and isotropic
materials to simplify fabrication.

II. ESTABLISHING THE THEORY OF
TRANSFORMATION MULTITHERMOTICS

We consider a transient process of heat transfer with
the thermal coupling between radiation and conduction.
Radiative flux Juq (= —16/387'n?0 7% - VT) is given
by the Rosseland diffusion approximation [20], where
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FIG.1. Schematic graphs. Color surfaces denote thermal fields.
(a) Ilustration of multithermotics where the wavy arrow, dashed
arrow, and solid arrow represent radiative flux, conductive flux,
and total flux, respectively. (b) Illustration of cloaking, which
can protect inside objects (such as a plane) from being discov-
ered by infrared detection. (c) [llustration of concentrating, which
can help to enhance the utilization efficiency of solar energy. (d)
[lustration of rotating, which can realize the direction control of
local heat flux.

is the Rosseland mean attenuation coefficient, n is rela-
tive refractive index, o is the Stefan-Boltzmann constant
(= 5.67 x 107 Wm™2 K‘4), and 7 denotes temperature.
Conductive flux Jeon (= —k - VT) is determined by the
Fourier law, where « is thermal conductivity. In what fol-
lows, we start form proving the form-invariance of the
dominant equation of multithermotics, and then, derive the
transformation rules, which are the key to transformation
multithermotics.

If heat transfer is passive, the dominant equation of
multithermotics becomes

pCOT/3t+V - (Jrag + Jeon) = 0, (D

where p and C are the density and heat capacity of
participating media, respectively.

We can check that Eq. (1) keeps its form-invariance
under a space transformation, namely from a curvilinear
space X to a physical space X', which is determined by
the Jacobian transformation matrix A. The proofs are as
follows.

For this purpose, we write down the component form
of Eq. (1). In a curvilinear space with a contravari-
ant basis {g", g', g"}, a covariant basis {g,, g,, g,}, and

corresponding contravariant components {x*, xV, x"}, the
radiative term can be rewritten as
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where @ (=16/387'n%0) can be regarded as radia-
tive coefficient, and g is the determinant of the matrix
with components g; = g, - g,. The Christoffel symbol is
defined as I')), = 0g,/dx" - g*, thus resulting in I')}, =
(BM/E) /+/g. Similarly, the conductive term can also be
rewritten as

1
V.-V = ﬁau (Vgr"3,T). 3)

Then, Eq. (1) can be rewritten into the component form as

VEpCo/T — 3, [ Vg (T + ") 3,T] =0, (4)

which is expressed in the curvilinear space. So far, we
prove the form-invariance of Eq. (1). Then, we should
rewrite it in the physical space to get the transformation
rules of material properties, which is usually written in the

. . / / J
Cartesian coordinate system {x“ , xV, x” },

u/

dox
Co,T — 9,
VepCo; o

axV
|:\/§ (auvT3 +Kuv) ax 8U/T:| —0,
xv
(%)
where dx* /dx" and 9x” /x" are just the components of
the Jacobian transformation matrix A, and g = det 2 A.

We replace space transformation with material transforma-
tion,

oC Au/auvAv/ R Au/KuvAv/
o,T — 0y 4 LT 4 *10,T|=0.
detA |:( detA + detA

(6)
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Therefore, transformation rules can be expressed as

(IOC)/ = IOOCO/ detAa
o = AagA’/det A, @)
k' = AkgAT/ detA,

where pg, Cy, g, and k¢ are, respectively, the density,
heat capacity, radiative coefficient, and thermal conduc-
tivity of the background. A" denotes the transpose of A.
Thermal radiation is dominated by radiative coefficient,
which is composed of two physical quantities, namely the
Rosseland mean attenuation coefficient and relative refrac-
tive index. For the consideration of variables control, we
set the relative refractive indexes of all regions to 1 and
discuss the transformation rule of the Rosseland mean
attenuation coefficient. Certainly, the present theory can
also be applied to other relative refraction indexes as long
as the transformation requirement of radiative coefficient
is satisfied. Then, Eq. (7) can be simplified as

(0C)" = poCo/ det A,
n' = n,
B =ATB A detA,
k' = AkgA"/ det A.

(8)

Equation (7) or (8) is the key to transformation multi-
thermotics. We use Eq. (8) for brevity when performing
finite-element simulations.

II1. USING THE THEORY TO DESIGN
CLOAKING, CONCENTRATING, AND ROTATING

Since transformation multithermotics does not restrict
space dimensions, we discuss a two-dimensional system to
design cloaking, concentrating, and rotating without loss of
generality.

The space transformation of cloaking is to compress a
circular region (r < r|) from the center into a shell (r; <
r < ry), which can be expressed as

¥ =(rp—r)r/rn+r,

0 =0, ©

where r; and r, are the inner and outer radii of the shell,
and 0 < r < r, except for additional statements.

The space transformation of concentrating is firstly to
compress a lager circular region (r < r,) into a small
one (r < ry). Secondly, the small shell (r,, <7 <r) is
stretched into a large one (r; < r < r;). The two steps can

be concluded as

¥ =rr/r, forr<ry,

V=[r—r)r+ @1 —rw)rnl/ (= rw)
(10)
forr, <r<mr,
0 =80,
where 7, determined the concentrating ratio.
The space transformation of rotating is to rotate the core
(r < rp) with angle 6, and rotate the shell (r; < 7 < r;) as
¥ =r,
0 =0+06,
0" =0+400(r—r2)/(r1—r)

forr < ryq,

an

forr, <r <nr,

where 6 is the rotation angle.
The Jacobian transformation matrix of Egs. (9)—(11) can
be calculated by

= (12)

( ar Jor

o | (r30)
Y30’ /or > ’

r'a6'/ (ra0)

IV. CONFIRMING THE THEORY WITH
TRANSIENT FINITE-ELEMENT SIMULATIONS

We further perform transient finite-element simula-
tions with COMSOL Multiphysics [21]. In the template of
“Heat Transfer with Radiation in Participating Media,”
the Rosseland mean attenuation coefficient is isotropic
by default. Therefore, we should rewrite the heat-transfer
equation with tensorial parameters in the interface with
general partial differential equations.

Then, we choose three different temperature intervals to
present the influence of thermal radiation. (I) 300320 K:
in this temperature interval, radiative flux is far smaller
than conductive flux (Jr,q < Jeon) due to the low temper-
ature. (II) 300-1000 K: in this temperature interval, as the
temperature rises, thermal radiation starts influencing the
temperature profile due to Jyq ~ Jeon. (III) 3003000 K:
in this temperature interval, the temperature is already very
high, and hence, thermal radiation becomes the dominant
effect because of Jyaq > Jcon. Here, 3000 K is reasonable
because carbon aerogels are reported to have tolerance up
to high temperature of 3073 K [22]. We set the temper-
ature intervals to the left and right boundaries, and the
upper and lower boundaries are insulated. The initial tem-
perature is set at 300 K. It takes about 100, 50, and 5
min for the three temperature intervals to reach steady
states, respectively. The transient finite-element simula-
tions of cloaking, concentrating, and rotating are presented
in Figs. 2—4, respectively.

The cloaking parameters are set as required by Eq. (9).
We also set the boundary at » = r; to be insulated. One pur-
pose is to make the cloaking effect clear because any object
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FIG. 2.
sent isotherms,
distributions. The size is

Simulations of cloaking. White lines repre-
and rainbow surfaces denote temperature
10x 10 cm?, r =24 ocm,

=36 cm, and the background parameters are
pOCO 10° Jm>3K™', my=1, B,=100 m~', and
ko =1 Wm~' K~! throughout this work. The shell parameters
are A = diag {(r2 — r1)/r2, [(r2 — r) /2][F /(¥ = D]},
(0C) = [r2/(r2 = PP [ =) /] x 10° Jm> K,
n =1, B =diag[r/(¢ —r),( —r)/r] x100 m™', and
k' = diag[(* —r)/r,r /(¥ —r))] Wm™' K. The evolutions
over time are demonstrated in (a)+d), (e}+(h), and (i)~(1), with
three different temperature intervals.

can be placed in the white regions presented in Fig. 2.
The other purpose is to avoid the errors resulting form the
singular parameters of cloaking. The evolutions of tem-
perature profiles over time with three different temperature
intervals are presented in Figs. 2(a)-2(d), Figs. 2(e)}-2(h),
and Figs. 2(1)-2(l), respectively. We can find that the tem-
perature profiles of the background are never distorted over
time, indicating the excellent cloaking performance.

The concentrating parameters are set as required
by Eq. (10). Figures 3(a)-3(d), Figs. 3(e)-3(h), and
Figs. 3(1)-3(1) show the evolutions of temperature profiles
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FIG. 3. Simulations of concentrating. Background
parameters are unchanged. The shell parameters are A =
diag {(r, —r))/(r2 = 1), (r2 = r) ¥/ [(r2 — ) ¥ — (r1 — ¥'m)
rlh (pC) = [(ra —rm)*r —(r2 = ra) (r1 — ra) P2 [ (2 — 1) *F]
x 10 Im3 K™, n' =1, B’ = diag{(r, — 17 /[(r2 — 1) —
(r1 = ra)ra), [ = 1)t = (1 = 1)12) /(72 = )71} 100 m~",
and k' = dlag{[(r2 — )V — (1 — ra)r2]/[(r2 — }"m)?'/], (r2 —7m)
¥ /[ — r)¥ — (11 — ry)r2]} Wm~! K=" with r,, = 3.2 cm.

over time with three preset temperature intervals, respec-
tively. Clearly, the isotherms in the center are concentrated,
and meanwhile, those in the background are not distorted,
which validate the concentrating effect.

The rotating parameters are set as required by Eq. (11).
We set the rotation angle to be 8y = /6 to realize the
direction control of local heat flux. Figures 4(a)-4(d),
Figs. 4(e)—4(h), and Figs. 4(i)—4(l) illustrate the evolutions
of temperature profiles over time with different tempera-
ture intervals. In the regions » < 7, the high temperature
appears at the left-top corner, indicating that the direction
of heat flux is changed. Therefore, the rotating effect is
achieved.
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FIG. 4. Simulations of rotating. The background parameters
are unchanged. The shell parameters are A = {(1, 0), [6o7'/
(r —r2), 11}, (pC) =10° Jm>3 K™, n' =1, B’ = ({[6r/
(rn—r)P+ 1L (=60r) / (=)}, [(=60r)/(r1 — 1r2),1]) X
100m™", and &' = ([ 1,607/ (r1 — r2)], {607 / (r1 — r2), [607 /
(r1 — )P+ 1) Wm™' K~ with 6, = /6.

V. EXPERIMENTAL SUGGESTIONS WITH
HOMOGENEOUS AND ISOTROPIC MATERIALS

The parameters derived from transformation multither-
motics are anisotropic (for all functions) and divergent
(for only cloaking), which are difficult to obtain directly.
With the physical image of series-parallel connection, we
can imagine that layered structures have different prop-
erties along the directions of series connection and par-
allel connection. Therefore, we can resort to the layered
structure [23—31] composed of two isotropic and homoge-
neous materials to effectively realize anisotropy. In other
words, the effective parameters of layered structures are the
approximation of the theoretical parameters, which are still
anisotropic. Two general principles of structural effects
are: (I) the more layers, the better; and (II) the bigger
difference of both thermal conductivities and the Rosse-
land mean attenuation coefficients between material A and

Layered structures

—_
Q
'

()

Material Al

'Material B| 320 T(K) 3001000 T(K) 3003000 T(K) 300
FIG. 5. Simulations of three devices with two homoge-

neous and isotropic materials. Material A: 8, =800 m™!
and k4 = 0.125 Wm™' K~!; material B: 8z = 12.5 m~! and
k=8 Wm 'K™'. (a) 12 layers with each layer having
1 mm thickness. (e) 120 layers with each layer having
3° flare angle. (i) 90 layers with the helical line deter-
mined by x = r} exp(s) cos(ks), y = ri exp(s) sin(ks), where s €

[0, In (rp/r1)], and k = 1.6. (b)H(d), ()—(h), and (j)}«1) show the
steady results of (a), (e), and (i) with three different temperature
intervals, respectively.

material B, the better. Material parameters are chosen to
be around the order of aerogels. A recent study reported
that the thermal conductivity of ceramic aerogels can be
as low as 0.0024 Wm~!K~! [32]. Therefore, the mate-
rial foundation is well established. The layered structures
of cloaking, concentrating, and rotating are demonstrated
in Figs. 5(a), 5(e), and 5(i), respectively. The correspond-
ing steady results are shown in Figs. 5(b)}-5(d), 5(f)-5(h),
and 5()-5(1) with three different temperature intervals,
respectively. These results indicate the good performance
of designed structures.

VI. DISCUSSION AND CONCLUSION

Transformation multithermotics is exact and robust with
other conditions such as complex shapes and nonuniform
thermal fields. Physically speaking, this is because we only
transform space or material, which does not restrict other
conditions.

The present establishment of transformation multither-
motics benefits from the diffusive behavior of photons
in optically thick media. Therefore, thermal radiation in
this work is essentially a far-field effect. Certainly, it is
also promising to extend transformation multithermotics to
other radiative models [33], such as considering heat flux
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due to photons or other heat carriers both in near fields and
far fields [34-42].

In summary, we establish the theory of transformation
multithermotics with the Rosseland diffusion approxima-
tion, and designed three devices with functions of cloak-
ing, concentrating, and rotating with transformation media.
We also simplify the fabrication of transformation media
with layered structures, which require only two homoge-
nous and isotropic materials. The proposed theory and
devices indicate the exotic manipulations of multither-
motics. These results have applications in thermal camou-
flaging [43—49], solar-energy utilizing [50-53], etc. This
work also provides hints to nonlinear thermotics [54,55]
because thermal radiation is featured by 73 temperature
dependence, which is an excellent candidate of thermally
responsive metamaterials [56,57].

ACKNOWLEDGMENTS

We acknowledge the financial support by the National
Natural Science Foundation of China under Grant No.
11725521.

[1] B. W. Li, L. Wang, and G. Casati, Thermal Diode: Rectifi-
cation of Heat Flux, Phys. Rev. Lett. 93, 184301 (2004).

[2] J. Ren, P. Hanggi, and B. W. Li, Berry-Phase-Induced Heat
Pumping and its Impact on the Fluctuation Theorem, Phys.
Rev. Lett. 104, 170601 (2010).

[3] J. Ren, S. Liu, and B. W. Li, Geometric Heat Flux for Clas-
sical Thermal Transport in Interacting Open Systems, Phys.
Rev. Lett. 108, 210603 (2012).

[4] N. B. Li, J. Ren, L. Wang, G. Zhang, P. Hanggi, and B. W.
Li, Colloquium: Phononics: Manipulating heat flow with
electronic analogs and beyond, Rev. Mod. Phys. 84, 1045
(2012).

[5] H. Bao, J. Chen, X. K. Gu, and B. Y. Cao, A review of
simulation methods in micro/nanoscale heat conduction, ES
Energy Environ. 1, 16 (2018).

[6] C.Z.Fan,Y. Gao, and J. P. Huang, Shaped graded materials
with an apparent negative thermal conductivity, Appl. Phys.
Lett. 92, 251907 (2008).

[7] T. Y. Chen, C. N. Weng, and J. S. Chen, Cloak for curvi-
linearly anisotropic media in conduction, Appl. Phys. Lett.
93, 114103 (2008).

[8] Y. Li, X. Y. Shen, Z. H. Wu, J. Y. Huang, Y. X. Chen, Y.
S. Ni, and J. P. Huang, Temperature-Dependent Transfor-
mation Thermotics: From Switchable Thermal Cloaks to
Macroscopic Thermal Diodes, Phys. Rev. Lett. 115, 195503
(2015).

[9] X. Lu, M. C. Arduini-Schuster, J. Kuhn, O. Nilsson, J.
Fricke, and R. W. Pekala, Thermal conductivity of mono-
lithic organic aerogels, Science 255, 971 (1992).

[10] U. Heinemann, R. Caps, and J. Fricke, Radiation
conduction interaction: An investigation on silica aerogels,
Int. J. Heat Mass Transfer 39, 2115 (1996).

[11] H. Maleki, Recent advances in aerogels for environmental
remediation applications: A review, Chem. Eng. J. 300, 98
(2016).

[12] J. B. Pendry, D. Schurig, and D. R. Smith, Controlling
electromagnetic fields, Science 312, 1780 (20006).

[13] S. Zhang, D. A. Genov, C. Sun, and X. Zhang, Cloaking of
Matter Waves, Phys. Rev. Lett. 100, 123002 (2008).

[14] Z. Y. Wang, C. Y. Li, R. Zatianina, P. Zhang, and Y. Q.
Zhang, Carpet cloak for water waves, Phys. Rev. E 96,
053107 (2017).

[15] C.Y.Li, L. Xu,L.L. Zhu, S. Y. Zou, Q. H. Liu, Z. Y. Wang,
and H. Y. Chen, Concentrators for Water Waves, Phys. Rev.
Lett. 121, 104501 (2018).

[16] S.Y. Zou, Y. D. Xu, R. Zatianina, C. Y. Li, X. Liang, L. L.
Zhu, Y. Q. Zhang, G. H. Liu, Q. H. Liu, H. Y. Chen, and Z.
Y. Wang, Broadband Waveguide Cloak for Water Waves,
Phys. Rev. Lett. 123, 074501 (2019).

[17] F. Yang, Z. L. Mei, T. Y. Jin, and T. J. Cui, DC Electric
Invisibility Cloak, Phys. Rev. Lett. 109, 053902 (2012).

[18] Y. A. Urzhumov and D. R. Smith, Fluid Flow Control
with Transformation Media, Phys. Rev. Lett. 107, 074501
(2011).

[19] J. Park, J. R. Youn, and Y. S. Song, Hydrodynamic Meta-
material Cloak for Drag-Free Flow, Phys. Rev. Lett. 123,
074502 (2019).

[20] S. Rosseland, Theoretical Astrophysics (Oxford Univ.
Press, Clarendon, London and New York, 1936).

[21] http://www.comsol.com/.

[22] Y. Hanzawa, H. Hatori, N. Yoshizawa, and Y. Yamada,
Structural changes in carbon aerogels with high tempera-
ture treatment, Carbon 40, 575 (2002).

[23] S. Narayana and Y. Sato, Heat Flux Manipulation with
Engineered Thermal Materials, Phys. Rev. Lett. 108,
214303 (2012).

[24] H. Y. Xu, X. H. Shi, F. Gao, H. D. Sun, and B. L. Zhang,
Ultrathin Three-Dimensional Thermal Cloak, Phys. Rev.
Lett. 112, 054301 (2014).

[25] T. C. Han, X. Bai, D. L. Gao, J. T. L. Thong, B. W. Li,
and C. W. Qiu, Experimental Demonstration of a Bilayer
Thermal Cloak, Phys. Rev. Lett. 112, 054302 (2014).

[26] Y. G. Ma, Y. C. Liu, M. Raza, Y. D. Wang, and S. L.
He, Experimental Demonstration of a Multiphysics Cloak:
Manipulating Heat Flux and Electric Current Simultane-
ously, Phys. Rev. Lett. 113, 205501 (2014).

[27] T. C. Han, X. Bai, J. T. L. Thong, B. W. Li, and C. W. Qiu,
Full control and manipulation of heat signatures: Cloak-
ing, camouflage and thermal metamaterials, Adv. Mater. 26,
1731 (2014).

[28] T. Y. Chen, C. N. Weng, and Y. L. Tsai, Materials with
constant anisotropic conductivity as a thermal cloak or
concentrator, J. Appl. Phys. 117, 054904 (2015).

[29] T. C. Han, P. Yang, Y. Li, D. Y. Lei, B. W. Li, K. Hip-
palgaonkar, and C. W. Qiu, Full-parameter omnidirectional
thermal metadevices of anisotropic geometry, Adv. Mater.
30, 1804019 (2018).

[30] Y.Li,K.J. Zhu, Y. G. Peng, W. Li, T. Z. Yang, H. X. Xu, H.
Chen, X. F. Zhu, S. H. Fan, and C. W. Qiu, Thermal meta-
device in analogue of zero-index photonics, Nat. Mater. 18,
48 (2019).

[31] L. J. Xu, S. Yang, and J. P. Huang, Passive Metashells
with Adaptive Thermal Conductivities: Chameleonlike

024063-6


https://doi.org/10.1103/PhysRevLett.93.184301
https://doi.org/10.1103/PhysRevLett.104.170601
https://doi.org/10.1103/PhysRevLett.108.210603
https://doi.org/10.1103/RevModPhys.84.1045
https://doi.org/10.30919/esee8c149
https://doi.org/10.1063/1.2951600
https://doi.org/10.1063/1.2988181
https://doi.org/10.1103/PhysRevLett.115.195503
https://doi.org/10.1126/science.255.5047.971
https://doi.org/10.1016/0017-9310(95)00313-4
https://doi.org/10.1016/j.cej.2016.04.098
https://doi.org/10.1126/science.1125907
https://doi.org/10.1103/PhysRevLett.100.123002
https://doi.org/10.1103/PhysRevE.96.053107
https://doi.org/10.1103/PhysRevLett.121.104501
https://doi.org/10.1103/PhysRevLett.123.074501
https://doi.org/10.1103/PhysRevLett.109.053902
https://doi.org/10.1103/PhysRevLett.107.074501
https://doi.org/10.1103/PhysRevLett.123.074502
http://www.comsol.com/
https://doi.org/10.1016/S0008-6223(01)00150-6
https://doi.org/10.1103/PhysRevLett.108.214303
https://doi.org/10.1103/PhysRevLett.112.054301
https://doi.org/10.1103/PhysRevLett.112.054302
https://doi.org/10.1103/PhysRevLett.113.205501
https://doi.org/10.1002/adma.201304448
https://doi.org/10.1063/1.4907219
https://doi.org/10.1002/adma.201804019
https://doi.org/10.1038/s41563-018-0239-6

TRANSFORMATION MULTITHERMOTICS: CONTROLLING...

PHYS. REV. APPLIED 13, 024063 (2020)

Behavior and its Origin, Phys. Rev. Appl. 11, 054071
(2019).

[32] X. Xu et al., Double-negative-index ceramic aerogels for
thermal superinsulation, Science 363, 723 (2019).

[33] J. R. Howell, M. P. Menguc, and R. Siegel, Thermal Radia-
tion Heat Transfer (CRC Press, Boca Raton, London, New
York, 2016), 6th ed.

[34] P. Ben-Abdallah and S. A. Bichs, Near-Field Thermal
Transistor, Phys. Rev. Lett. 112, 044301 (2014).

[35] V. Kubytskyi, S. A. Biehs, and P. Ben-Abdallah, Radia-
tive Bistability and Thermal Memory, Phys. Rev. Lett. 113,
074301 (2014).

[36] S. A. Dyakov, J. Dai, and M. Yan, Thermal radiation
dynamics in two parallel plates: The role of near field, Phys.
Rev. B 90, 045414 (2014).

[37] S. A. Dyakov, J. Dai, M. Yan, and M. Qiu, Near field ther-
mal memory based on radiative phase bistability of VO,, J.
Phys. D: Appl. Phys. 48, 305104 (2015).

[38] Z. Y. Li, Optics and photonics at nanoscale: Principles and
perspectives, EPL 110, 1 (2015).

[39] R. Messina, W. L. Jin, and A. W. Rodriguez, Exact formu-
las for radiative heat transfer between planar bodies under
arbitrary temperature profiles: Modified asymptotics and
sign-flip transitions, Phys. Rev. B 94, 205438 (2016).

[40] V. Fernandez-Hurtado, F. J. Garcia-Vidal, S. F. Fan, and J.
C. Cuevas, Enhancing Near-Field Radiative Heat Transfer
with Si-Based Metasurfaces, Phys. Rev. Lett. 118, 203901
(2017).

[41] M. Ghashami, H. Y. Geng, T. Kim, N. Iacopino, S. K. Cho,
and K. Park, Precision Measurement of Phonon-Polaritonic
Near-Field Energy Transfer between Macroscale Planar
Structures under Large Thermal Gradients, Phys. Rev. Lett.
120, 175901 (2018).

[42] G. T. Papadakis, B. Zhao, S. Buddhiraju, and S. H. Fan,
Gate-tunable near-field heat transfer, ACS Photonics 6, 709
(2019).

[43] T. Z. Yang, X. Bai, D. L. Gao, L. Z. Wu, B. W. Li, I.
T. L. Thong, and C. W. Qiu, Invisible sensors: Simultane-
ous sensing and camouflaging in multiphysical fields, Adv.
Mater. 27, 7752 (2015).

[44] Y. Li, X. Bai, T. Z. Yang, H. Luo, and C. W. Qiu, Structured
thermal surface for radiative camouflage, Nat. Commun. 9,
273 (2018).

[45] R. Hu, S. L. Zhou, Y. Li, D. Y. Lei, X. B. Luo, and C. W.
Qiu, Ilusion thermotics, Adv. Mater. 30, 1707237 (2018).

[46] S. L. Zhou, R. Hu, and X. B. Luo, Thermal illusion with
twinborn-like heat signatures, Int. J. Heat Mass Transfer
127, 607 (2018).

[47] R. Hu, S. Y. Huang, M. Wang, X. L. Luo, J. Shiomi, and
C. W. Qiu, Encrypted thermal printing with regionalization
transformation, Adv. Mater. 31, 1807849 (2019).

[48] L. J. Xu, S. Yang, and J. P. Huang, Thermal Transparency
Induced by Periodic Interparticle Interaction, Phys. Rev.
Appl. 11, 034056 (2019).

[49] J.X.Li, Y.Li, T.L. Li, W. Y. Wang, L. Q. Li, and C. W. Qiu,
Doublet Thermal Metadevice, Phys. Rev. Appl. 11, 044021
(2019).

[50] Y. Tian and C. Y. Zhao, A review of solar collectors and
thermal energy storage in solar thermal applications, Appl.
Energy 104, 538 (2013).

[51] A. P. Raman, M. A. Anoma, L. X. Zhu, E. Rephaeli, and
S. H. Fan, Passive radiative cooling below ambient air
temperature under direct sunlight, Nature 515, 540 (2014).

[52] Y. Zhai, Y. G. Ma, S. N. David, D. L. Zhao, R. N. Lou,
G. Tan, R. G. Yang, and X. B. Yin, Scalable-manufactured
randomized glass-polymer hybrid metamaterial for daytime
radiative cooling, Science 355, 1062 (2017).

[53] F. Zhao, X. Y. Zhou, Y. Shi, X. Qian, M. Alexander, X.
P. Zhao, S. Mendez, R. G. Yang, L. T. Qu, and G. H.
Yu, Highly efficient solar vapour generation via hierar-
chically nanostructured gels, Nat. Nanotechnol. 13, 489
(2018).

[54] G. L. Dai, J. Shang, R. Z. Wang, and J. P. Huang, Non-
linear thermotics: Nonlinearity enhancement and harmonic
generation in thermal metasurfaces, Eur. Phys. J. B 91, 59
(2018).

[55] S. Yang, L. J. Xu, and J. P. Huang, Metathermotics: Non-
linear thermal responses of core-shell metamaterials, Phys.
Rev. E 99, 042144 (2019).

[56] K. L. Nguyen, O. Merchiers, and P. O. Chapuis,
Temperature-dependent and optimized thermal emission by
spheres, Appl. Phys. Lett. 112, 111906 (2018).

[57] S. Kang, J. Cha, K. Seo, S. Kim, Y. Cha, H. Lee, J. Park,
and W. Choi, Temperature-responsive thermal metamate-
rials enabled by modular design of thermally tunable unit
cells, Int. J. Heat Mass Transfer 130, 469 (2019).

024063-7


https://doi.org/10.1103/PhysRevApplied.11.054071
https://doi.org/10.1126/science.aav7304
https://doi.org/10.1103/PhysRevLett.112.044301
https://doi.org/10.1103/PhysRevLett.113.074301
https://doi.org/10.1103/PhysRevB.90.045414
https://doi.org/10.1088/0022-3727/48/30/305104
https://doi.org/10.1209/0295-5075/110/14001
https://doi.org/10.1103/PhysRevB.94.205438
https://doi.org/10.1103/PhysRevLett.118.203901
https://doi.org/10.1103/PhysRevLett.120.175901
https://doi.org/10.1021/acsphotonics.8b01585
https://doi.org/10.1002/adma.201502513
https://doi.org/10.1038/s41467-017-02678-8
https://doi.org/10.1002/adma.201707237
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.034
https://doi.org/10.1002/adma.201807849
https://doi.org/10.1103/PhysRevApplied.11.034056
https://doi.org/10.1103/PhysRevApplied.11.044021
https://doi.org/10.1016/j.apenergy.2012.11.051
https://doi.org/10.1038/nature13883
https://doi.org/10.1126/science.aai7899
https://doi.org/10.1038/s41565-018-0097-z
https://doi.org/10.1140/epjb/e2018-80596-8
https://doi.org/10.1103/PhysRevE.99.042144
https://doi.org/10.1063/1.5010426
https://doi.org/10.1016/j.ijheatmasstransfer.2018.10.127

	I. INTRODUCTION
	II. ESTABLISHING THE THEORY OF TRANSFORMATION MULTITHERMOTICS
	III. USING THE THEORY TO DESIGN CLOAKING, CONCENTRATING, AND ROTATING
	IV. CONFIRMING THE THEORY WITH TRANSIENT FINITE-ELEMENT SIMULATIONS
	V. EXPERIMENTAL SUGGESTIONS WITH HOMOGENEOUS AND ISOTROPIC MATERIALS
	VI. DISCUSSION AND CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


