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The concentrating efficiency of a thermal concentrator can be reflected in the ratio of its interior to exterior temperature gradients,
which, however, has an upper limit in existing schemes. Here, we manage to break this upper limit by considering the couplings
of thermal conductivities and improve the concentrating efficiency of thermal concentrators. For this purpose, we first discuss a
monolayer scheme with an isotropic thermal conductivity, which can break the upper limit but is still restricted by its geometric
configuration. To go further, we explore another degree of freedom by considering the monolayer scheme with an anisotropic
thermal conductivity or by adding the second shell with an isotropic thermal conductivity, thereby making the concentrating effi-
ciency completely free from the geometric configuration. Nevertheless, apparent negative thermal conductivities are required, and
we resort to external heat sources realizing the same effect without violating the second law of thermodynamics. Finite-element
simulations are performed to confirm the theoretical predictions, and experimental suggestions are also provided to improve fea-
sibility. These results may have potential applications for thermal camouflage and provide guidance to other diffusive systems
such as static magnetic fields and dc current fields for achieving similar behaviors.
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1 Introduction

The theory of transformation thermotics [1-3] has pro-
moted an advanced control of heat transfer based on ther-
mal metamaterials [4-7]. As a representative example, a
thermal concentrator [8-31] can increase its interior tem-
perature gradient without distorting its exterior one. So
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far, many schemes have been proposed to design ther-
mal concentrators. The initial explorations are based on
the theory of transformation thermotics [8-21] which is a
bridge linking space transformations and material transfor-
mations. Therefore, the effect of thermal concentrating can
be achieved by coating a region (i.e., the core) with a de-
signed shell (i.e., the thermal concentrator). This scheme has
three features: (1) the thermal conductivities inside and out-
side the shell are identical; (2) the shell has an anisotropic
thermal conductivity that is commonly realized by a lay-
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ered structure [22-26]; and (3) both temperature gradient and
heat flux are enhanced in the core. An alternative scheme
is based on the effective medium theory [27-29, 32-34] with
also three features: (1) the thermal conductivity inside the
shell should be smaller than that outside the shell; (2) the
shell requires only a homogeneous and isotropic thermal con-
ductivity; and (3) temperature gradient increases but heat
flux decreases in the core. Recently, topology optimization
has also become a powerful tool to design thermal concen-
trators [30, 31], which largely reduces the requirements for
materials and structures [35-40].

Despite varieties of schemes, the concentrating efficiency
of a thermal concentrator, commonly reflected in the ratio
of its interior to exterior temperature gradients, has an up-
per limit. Specifically, when a circular concentrator with in-
ner radius r. and outer radius r is designed, the upper limit
for the concentrating efficiency is n = rg/r. [8-33], indi-
cating that the isotherms in the shell are completely com-
pressed to the core. To reach the upper limit, the theory
of transformation thermotics requires to design a shell with
an extremely anisotropic thermal conductivity [41-45], and
the effective medium theory needs to fabricate a core with a
near-zero thermal conductivity [27-29]. However, it is still
challenging to break the upper limit for the concentrating
efficiency.

To solve the problem, here we investigate a monolayer
scheme and two extended schemes with the couplings of ther-
mal conductivities. All these three schemes feature the simul-
taneous concentrating of heat flux and temperature gradient
with only homogeneous materials. More importantly, they
also contribute to the much higher concentrating efficiency
than existing schemes, including traditional thermal con-
centrators based on transformation thermotics, the effective
medium theory, topology optimization, etc. Nevertheless,
apparent negative thermal conductivities are required, which
can be effectively realized with external heat energy and have
been applied to design thermal metamaterials [46-50].

2 Monolayer scheme with an isotropic thermal
conductivity

We first discuss a monolayer scheme in the Cartesian coordi-
nate system x; (i = 1, 2, 3 for three dimensions and i = 1, 2
for two dimensions). A confocal core-shell structure is em-
bedded in a background (Figure 1(a)). The semi-axis of the
core (or shell) along the x; axis is denoted as r; (or rg;). The
thermal conductivities of the core, shell, and background are
denoted as «., ks, and ky, respectively. The conversion be-
tween the Cartesian coordinates x; and elliptical (or ellip-
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soidal) coordinates p; is

2

Z Ny (1)

2
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with parameters of j = 1, 2, 3 for three dimensions and
Jj =1, 2 for two dimensions.

In particular, the coordinate p; (> —rgi) plays the role that
the radius plays in spherical coordinates. For example, the
inner and outer boundaries of the shell can be denoted as
p1 = pc (=0) and p; = ps, respectively. In the presence
of a uniform thermal field along the x; axis, thermal conduc-
tion equation can be expressed in the elliptical (or ellipsoidal)
coordinate system as [51]:

0

O [y 2T ], 80 o1 _
dp1

dpr|  pi+r%dp -

[g (1) 0, 2

with a definition of g (p1) = [] (p1 + rfl.)l/z. For three dimen-
sions, 47mtg (p; = 0) /3 = 47’[}’:] reare3/3 (ordmg (o = ps) /3 =
4mrg rot3/3) represents the volume of the core (or the core
plus the shell). For two dimensions, 7tg (0 = 0) = 77 72
(or tg(p1 = ps) = Tirs1ts2) denotes the area of the core (or
the core plus the shell). The temperature distributions along
the x; axis in the core T;, shell Ty;, and background T}; can

be expressed as [51]:

T = Acixi,
Ty = [Asi + Boidpi (0] xi, 3)
Tvi = [Api + Buithi (p1)] xi,

. .. 01 ) -1
with a definition of ¢; (0;) = fpc [(pl + rci)g(pl)] doi. Adi,
Aqi, Bgi, and By,; can be determined by the continuities of tem-
perature and normal heat flux (see sect. Al of Appendix).
Since the temperature distribution in the background should
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Figure 1  (Color online) (a) Monolayer scheme with an isotropic ther-
mal conductivity. (b) Concentrating efficiency 1 as a function of geometric
configuration rg; /rc1. Lines and points denote theoretical results and simu-
lation results, respectively. The geometric parameters (rci, rc2, 7si, and rg2)
of a thermal concentrator are determined by L.; and rg;/rc; (see eq. (a7) in
sect. Al of Appendix)
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be undistorted, we take By; = 0 and then obtain

Leike + (1 = L) ks + (1 = Lg) (ke — Ks)fk‘
Leike + (1 = L¢j) ks — Lgj (ke — k) f v

with a definition of f = g(pc)/g(ps) = [lrei/rs. The

shape factor (see eqs. (a3) and (a4) in sect. All of Appendix)
L. (or Ly;) reflects the flattening degree of the ellipse. For
two dimensions, the shape factors can be written as L, =
rw2/ (rw1 + ry2) and Ly, = 11/ (rw1 + 1y2), Where w can take
c or s. The further the shape factor is away from 0.5, the more
flattening the ellipse is.

“

Kp =

Therefore, the concentrating efficiency of a thermal con-
centrator can then be defined as the ratio of its interior and
exterior temperature gradients (taking By; = 0),

VT, A Ks

n=o = o L6
VT Ay; Leike + (1 = Lej) ks — Lgi (ke — K5) f
For a two-dimensional circular case with L,; = Ly = 1/2,
eq. (5) can be reduced to
2K
= . (6)
7 Ke + Ks — (Ke — Ks) f

For a three-dimensional spherical case with L,; = Lg; = 1/3,
eq. (5) can be reduced to

3k
- (KC - Ks) f '
We also consider the same thermal conductivities inside

and outside the shell and then obtain two coupling conditions
to satisfy «. = kp,

n= (N

Ke + 2K

Ks = Kc, (8)
1- Lci - (1 - Lsi)f

- Ks = K. )
Lci - Lsif

Eq. (8) leads to a trivial case with k, = ks = k, and 7 = 1.
However, if we apply the coupling condition described by
eq. (9), the concentrating efficiency largely increases,

n=r"=]]rre (10)

L

Clearly, the concentrating efficiency exceeds the upper limit
for existing thermal concentrators n = rg; /7.1, and a smaller
L. yields a larger n (Figure 1(b)). However, the concentrat-
ing efficiency is still restricted by the geometric configura-
tion, so we further consider the following two schemes by
adding another degree of freedom.

3 Monolayer scheme with an anisotropic ther-
mal conductivity

In this section, we consider a shell with an anisotropic ther-
mal conductivity. Since it is not convenient to unify two and
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three dimensions, we independently discuss them. Neverthe-
less, the conclusion of three dimensions is similar to that of
two dimensions. We first discuss a two-dimensional circular
shell with inner and outer radii of . and rg, respectively (Fig-
ure 2(a)). The thermal conduction equation can be written in
the cylindrical coordinate system (r, 6) as [41]:

10 oT 10 oT
;E’(VKS”E)—%;&_Q(KS%@)_O’ (11)

where kg, and kg are the radial and tangential thermal con-
ductivities of the shell, respectively. The temperature distri-
butions of the core T¢, shell T, and background T} can be
written as [41]:

T.=A.rcosb,

T, = (A + Byr™) cos 6, (12)

Ty = (Abr + Bbr_l) cos 6,

with definitions of dy; = Vkge/Kksr and dx = — VKseo/Ksrr-

Ae, As, B, and By, are four constants to be determined by the
boundary conditions (see sect. A2 of Appendix). By taking
By = 0, we can further derive

dsy (ke
Ke — dsZKsrr - (Kc

— doKsgy) — de (Ke — d1 Ksyr) f(dsl—dsz)/zk
- dsll(srr)f(dsl_dsz)/z srrs

Ky = (13)

with a definition of f = r2/r2. We also define the concentrat-
ing efficiency as:

_ ﬁ _ (dsl - dsZ) Ksrrf(dﬂ_l)/2 (14)
Ap ke = dKsrr = (Ke = dyiKgpy) fl1702)/2
For an isotropic case with dg; = —ds; = 1, eq. (14) can be
simplified as:
2Ksrr
n= ) 15)
Ke + Ksrr — (Ke = Ksrr) f
which has the same form as eq. (6) in sect. 2.
We also obtain two coupling conditions for «. = kp,
dslksrr = K¢, (16)
4 y S 8
i (a) r (b)
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Figure 2 (Color online) (a) Monolayer scheme with an anisotropic thermal
conductivity. (b) «sgg/«c and i as a function of kg-/«c When rg/r. = 2. Lines
and points denote theoretical results and simulation results, respectively.
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dspKerr = Ke. (17)
Egs. (16) and (17) can be unified as:
KsrrKsop = Kg’ (18)

which is plotted with the dotted line in Figure 2(b).
When the thermal conductivities of the core and shell sat-
isfy eq. (18), eq. (14) becomes

n= f_(l_Kc/Ksrr)/Z — (rs/rc)l_Kc/Ksrr‘ , (19)

which is plotted with the dashed-dotted line in Figure 2(b).
When «g,,/k. — 0%, heat flow bypasses the core, resulting
in the uniform temperature in the core and  — 0. Never-
theless, the shell plays a different role when «,,/k. is nega-
tive because there is a circumfluence (see the discussion in
sect. 6) between the core and the shell. As «../k. — 07,
most heat flow goes from the cold end of the core back to
the hot end of the core (through the shell), thereby leading
to n — co. Moreover, we can observe  — rg/r. when
Ksrr/Ke — xo0, which is just the upper limit for existing con-
centrating efficiency (see the solid line in Figure 2(b)). If the
thermal conductivity of the shell is isotropic and nontrivial
ksrr/ke = 1/ds = —1, the concentrating efficiency also ex-
ceeds the upper limit and becomes n = r2/r2, which is in
accordance with the two-dimensional conclusion in sect. 2.
Therefore, the concentrating efficiency can exceed the upper
limit and even approach infinity when &g, /kc — 07. The
two-dimensional conclusion can also be extended to three di-
mensions, which is discussed in sect. A3 of Appendix.

4 Bilayer scheme with isotropic thermal conduc-
tivities

In this section, we consider the second shell whose isotropic
thermal conductivity and semi-axis along the x; axis are de-
noted as «; and ry;, respectively (Figure 3(a)). With the con-
clusion of the monolayer scheme (i.e., eq. (4)), the effective
thermal conductivity of the core and the first shell . can be
calculated by

LciKc + (1 - Lci) Ks + (l - Lsi) (Kc - Ks)f
Kes = Ks.
@ LciKc + (1 - Lci) Ks — Lst (Kc - Ks)f )

(20)

We then treat the core and the first shell as an effective core

with an effective thermal conductivity of «., so we can fur-

ther derive

Kp = LsiKcs + (l - Lsi) Ky + (1 - Lli) (Kcs - Kt)p
Likes + (1 = Lg;) k¢ — Ly (kes — Kl)p

with a definition of p = g(ps) /g (o)) = H rsi/ 1. oy denotes

K 21

the outer boundary of the second shell. Lj; is the shape factor
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of the second shell along the x; axis,

_ 8 ) 2 -1
=5 (01 +72) s (o1)] " dpr. (22)
We can also express the concentrating efficiency as:
Aci s
n -k (23)

:A_b,'_/ll-i-/lz+/13’

where A;, A5, and A5 take the form of

Ay = [Leike + (1 = L¢;) k]

X [Lgiks + (1 = Lg) ke — Ly (ks — &) p] ,
Ay = =Ly (ke — k5) [(1 = Lsi) ks + Lsiki] fp,
A3 = Lg (1 = Lg) (ke — ks) (ks — ko) f-

(24)

As a more general model, the bilayer scheme can also be
reduced to the monolayer scheme in sect. 2 at two certain
conditions. When «. = ks, eq. (23) can be simplified as:

Kt
= . 25
1= Taks + (1= L)k — Ly (6 — k) p =
When «; = «, eq. (23) becomes
a (26)

n= .
Leike + (1 = Lej) ke — Ly (ke — k) fp

Obviously, eqgs. (25) and (26) have similar forms as eq. (5) in
sect. 2.
We can also derive two coupling conditions for k. = kp,

M (s, k) = K, 27)
N (K, K¢) = K. (28)

M and N are two analytical functions. Therefore, one «; cor-
responds to two kg for satisfying x. = kp, i.e., ks = m (k)
being a continuous function (see the dotted line in the upper
inset of Figure 3(b)) and «; = n (k) being a quasi-hyperbolic
function (see the dotted line in the lower inset of Figure 3(b)).
We do not express the concrete forms of m and n because they
are too complicated.

. 4T
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Figure 3  (Color online) (a) Bilayer scheme with isotropic thermal con-
ductivities. (b) ks/«. and n as a function of x/k. when rg/re; = 1.2,
ri/rer = 1.4, and L,y = 1/3. Lines and points denote theoretical results

and simulation results, respectively.
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When eq. (27) is satisfied, the upper limit of n = ry /7
can be broken, but the concentrating efficiency can still not
tend to infinity (see the dashed-dotted line in the upper in-
set of Figure 3(b)). Moreover, eq. (27) contains two special
cases that can be reduced to the conclusion in sect. 2. One
features a concentrating efficiency of 5 = f~! with the same
thermal conductivities of the second shell and core,

1- Lci - (1 _Lsi)f

- Lo LS Ks = Ky = Kc. 29)

The other features a concentrating efficiency of 7 = p~! with
the same thermal conductivities of the first shell and core,

I1-Li—(-Ly)p
 Li-Lup

Fortunately, eq. (28) can lead to an infinite efficiency.
ki /k. = 07 and k/k. — 0%, respectively, yield n — oo and

1 — —oo, and the thermal conductivity of the first shell satis-
fies

_I_Lci_(l_Lsi)fKNK
Li+(1—-Ly)f = ¢

K = K. (30)

Ks =

(3D

Meanwhile, «/k. — Foo can also lead to  — o0, and the
thermal conductivity of the first shell satisfies

—;KS X Ke. (32)

Moreover, eq. (28) also contains a special case that can be
reduced to the conclusion in sect. 2. That is, the concentrat-
ing efficiency of 7 = (fp)~' occurs when the two shells have
the same thermal conductivities,

1-Li;—(1~-Lyfp

K. = — K
‘ L — Lufp ’ 33)
1L —(1-Ly) fp
L —Lyfp v

There is another case for 7 = (fp)~"! if the thermal conduc-
tivities of the two shells satisfy

1 _Lci_(l _Lsi)f
- K

K. = )

¢ Lci - Lsif ) (34)
_ 1-Li-d —Lu')PK
Li—Lip

Conductivity coupling occurs layer by layer in this case. The
core is coupled with the first shell described by eq. (9). Then,
they are treated as an effective core with an effective thermal
conductivity of .. The effective core is then coupled with
the second shell described by the similar form of eq. (9).
Another unique feature of eq. (28) is the concentrating ef-
ficiency of n < 0 when the thermal conductivity of the second
shell satisfies
1- Lg + Llip

T Ly-(-Lpp %5)

Kt
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or

Lsi - Lti p

0<i < —= 8 ¢,
" La+(-Lyp ¢

(36)
indicating that the temperature gradient in the core changes
its direction.

Then we can draw a brief conclusion for these three
schemes. The monolayer scheme with an isotropic thermal
conductivity can break the upper limit but is still restricted by
its geometric configuration. To be free from geometric con-
figurations, we further consider the monolayer scheme with
an anisotropic thermal conductivity and the bilayer scheme
with isotropic thermal conductivities. For the former, the ef-
ficiency can tend to infinity with «s,,./kc — 0. For the lat-
ter, the efficiency can also reach infinity when k¢ /x. — 0~
or ki/k. — —oo. Moreover, the latter features n < 0 if the
coupling condition is appropriately chosen.

5 Finite-element simulations of thermal concen-
trators

We also perform finite-element simulations to confirm the
theories with COMSOL Multiphysics (http://www.comsol.
com/). From a practical perspective, although interfacial
thermal resistance exists widely [52-54], its effect at the
macroscopic scale is not dominant so it is reasonable to
ignore it. Without loss of generality, we consider a two-
dimensional case with size 10 cmx10 cm and set the thermal
conductivities of the core and background as 1 W m™' K-,
The left boundaries are set at 313 K, the right boundaries
are set at 273 K, and both the upper and lower boundaries
are adiabatic. To quantitatively compare the concentrating
efficiency of different thermal concentrators, we introduce a
dimensionless temperature of 7* = 100(T — Ty)/Ty and a
dimensionless position of x* = x/w, where Ty and w denote
the central temperature and half-length of the system, respec-
tively.

Thermal concentrating aims to increase the temperature
gradient in the core without distorting that in the background.
In order to confirm egs. (5), (8), and (9) and demonstrate the
expected case shown in Figure 1, we design three structures
with different shape factors, and the corresponding results are
presented in Figure 4(a)-(c). The temperature profiles outside
the shells are undistorted as if there was not core-shell struc-
tures in the center. Meanwhile, the isotherms in the cores
are concentrated as expected. According to the Fourier law
J = —«VT, heat fluxes are also enhanced in the cores due to
the larger temperature gradients. The dimensionless temper-
atures are plotted as a function of dimensionless position in
Figure 4(d).
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By considering the monolayer scheme with an anisotropic
thermal conductivity, we confirm the theoretical prediction of
egs. (14) and (17). Then, we design three structures with dif-
ferent thermal conductivities of the shells (Figure 5(a)-(c)).
Similar to Figure 4, the temperature profiles in Figure 5(a)-
(c) prove the effect of thermal concentrating. Also, we draw
the temperature distribution of a thermal concentrator (Fig-
ure 5(d)) designed by transformation theory for comparison.
Figure 5(e) displays the temperature distribution along the
central horizontal axis. As presented in Figure 2(b), the tem-
perature gradient in the core increases with the increment

Max

Figure 4 (Color online) (a)-(c) Simulations of the monolayer scheme with
an isotropic thermal conductivity. (d) 7" as a function of x*. Parameters: (a)
Lc; = 0.4 and ks/k. = —0.58; (b) Ly = 0.5 and «s/k. = —1; (¢) Ly = 0.6
and kg /k. = —1.87; and (a)-(c) rg1 /re1 = 1.5 and k¢ = kp.

Max

Min

-10 -05 00 05 1.0

Figure 5 (Color online) (a)-(c) Simulations of the monolayer scheme with
an anisotropic thermal conductivity. (d) Temperature distribution of the ex-
isting scheme based on transformation theory and n — rg/r.. (e) T* as
a function of x*. Parameters: (a) kgr/kc = —0.5; (b) kgpr/kc = —1; (€)
Ksrr[Ke = =25 (d) kspr/Ke = (r +100)/r; and (a)-(d) rs/rc = 2 and ke = Kp.
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of /K., leading to the improvement of concentrating effi-
ciency. Thus, we can control «g,./k. — 0~ for an extreme
concentrating efficiency.

For the bilayer scheme with isotropic thermal conductiv-
ities, two coupling conditions (i.e., egs. (27) and (28)) are
available. Similar to the structures in Figures 4 and 5, those
in Figure 6 also ensure that isotherms outside the shells are
straight and those in the cores are denser, thereby realizing
the effect of thermal concentrating. With the coupling con-
dition of eq. (27), the efficiency changes continuously with
ki/k. (Figure 3(b)). We further design a structure to display
the concentrating efficiency when «/x. — 0~ (Figure 6(a)).
The coupling condition of eq. (28) can lead to an infinite ef-
ficiency. That is,  — +co when «/«. — 0~ (Figure 6(b))
or k/k. — —oo (Figure 6(c)), and n —» —oo for k/k. — 0F
(see Figure 6(d)) or «;/k. — +oo (Figure 6(e)). As shown in
Figure 6(f), the effect of thermal concentrating can be quan-
titatively observed.

6 Experimental suggestions

The coupling conditions require apparent negative thermal
conductivities [46-50], which cannot happen spontaneously
in experiments. To achieve the equivalent effect, we can re-
sort to external heat sources (Figure 7(a)). According to the
thermal uniqueness theorem [55, 56], as long as we realize
the same boundary temperature distributions by adding ex-
ternal heat sources at the inner and outer boundaries of the
shell, we can obtain the same temperature profiles. Since
the central temperature gradient and heat flux in Figure 7(c)
are almost the same as those in Figure 7(b), we prove that
an apparent negative thermal conductivity can be effectively

-10 -05 00 05 10
X*

Figure 6 (Color online) (a)-(e) Simulations of the bilayer scheme with
isotropic thermal conductivities. (f) 7* as a function of x*. Parameters: (a)
ks/ke = 0.0826 and ki /k. = —0.05; (b) ks/kc = —1.14 and «/k. = —0.05;
(©) ks/ke = —0.175 and k/k. = —10; (d) ks/kc. = —0.122 and «/k. = 15;
(e) ks/kc. = —2.83 and «¢/«k. = 0.05; and (a)-(e) rs1/re1 = 1.2, ray/re; = 1.4,
Ley = 1/3, and k¢ = kp.
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(b)

Apparent negative conductivity

()

Figure 7 (Color online) Experimental suggestions. (a) Schematic diagram
for realizing apparent negative conductivity. (b) Without temperature con-
trol. (c) Continuous temperature control. (d) Discrete point heat sources
whose temperatures are shown in Tables 1 and 2. The core and background
in (d) are a brass plate (109 W m~! K1) drilled with 2116 air circles with
a radius of 0.1 cm. The shell is drilled with 282 air ellipses with a major
(or minor) semi-axis of 0.35 cm (or 0.02 cm). Other parameters: (b) and (d)
ks = diag(23, 92) W m~! K71 (c) ks = diag(—23, —=92) W m~! K~!; and
(b)-(d)re =1lcm,rg=2cm, k. = kp =46 W m~! K~!. The black lines and
blue arrows in (b)-(d) denote isotherms and heat fluxes, respectively.

achieved by means of adding external heat sources. Then
we design a structure as a feasible experimental suggestion
(Figure 7(d)). We add a series of point heat sources at the
inner and outer boundaries of the shell (Figure 7(d)). The
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detailed temperatures are presented in Tables 1 and 2, which
can be experimentally controlled by adjusting the voltages of
heaters and coolers according to egs. (1) and (2) in ref. [55].
The required thermal conductivity can be realized by punch-
ing air holes on a brass plate (109 W m~! K=!), whose left
and right edges are put into hot (313 K) and cold (273 K)
sinks, respectively. To achieve the thermal conductivities of
the core and background in Figure 7(b), 2116 air circles are
drilled on the brass, leading to an effective thermal conduc-
tivity of 46 W m~! K~! (calculated by eq. (11) in ref. [57]).
The shell region is composed of 282 air ellipses, leading to
an effective thermal conductivity of diag(23, 92) W m~! K~!
(calculated by eq. (11) in ref. [57]). By comparing the tem-
perature distributions in Figure 7(b)-(d), we can confirm that
the scheme in Figure 7(d) can realize the effect of Figure 7(b)
in experiments.

7 Conclusion

To sum up, we break the upper limit for the concentrating
efficiency of existing thermal concentrators by using cou-
pling conditions of thermal conductivities. We first explore
a monolayer scheme with an isotropic thermal conductivity,
which can break the upper limit but is still limited by its
geometric configuration. Then we consider a shell with an
anisotropic thermal conductivity or add the second shell with
an isotropic thermal conductivity as another degree of free-
dom, which renders the concentrating efficiency free from
geometric configurations. Apparent negative thermal con-
ductivities are required in these three schemes, which can
be effectively realized by external energy or thermoelectric
materials. Since negative permeability [58-60] and negative

Table 1 Temperatures of the point heat sources at the outer boundary of the shell in Figure 7(d)

Source Temp. (K) Source Temp. (K) Source Temp. (K) Source Temp. (K)
1 293.00 7 282.30 13 293.00 19 303.70
2 290.24 8 282.69 14 295.76 20 303.30
3 287.68 9 283.78 15 298.32 21 302.22
4 285.45 10 285.45 16 300.55 22 300.55
5 283.78 11 287.68 17 302.22 23 298.32
6 282.69 12 290.24 18 303.30 24 295.76

Table 2 Temperatures of the point heat sources at the inner boundary of the shell in Figure 7(d)

Source Temp. (K) Source Temp. (K) Source Temp. (K) Source Temp. (K)
1 293.00 7 250.34 13 293.00 19 335.67
2 281.96 8 251.79 14 304.04 20 334.21
3 271.67 9 256.05 15 314.33 21 329.95
4 259.83 10 259.83 16 323.17 22 323.17
5 256.05 11 271.67 17 329.95 23 314.33
6 251.79 12 281.96 18 334.21 24 304.04




P. Zhuang, et al.

electric conductivity [61] have been, respectively, revealed in
static magnetic fields and dc current fields, it is promising to
extend our results to these diffusive fields due to the similar
equation forms (i.e., the Laplace equation). Moreover, the
present theory is applicable not only for thermal concentra-
tors with > 1 but also for thermal invisible sensors with
n = 1[62,63] and thermal cloaks with n = 0 (perfect cloak-
ing) [64,65] or 1 < 1 (imperfect cloaking) [66,67]. Whether
for concentrating, sensing, or cloaking, a typical feature is
the undistorted background temperature distribution, so these
schemes may provide insights into thermal camouflage [68]
and illusion [69, 70] for misleading infrared detection. It
is also promising to extend the related mechanisms towards
multi-function and micro/nano-scale in the future.
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Appendix

A1l The relationship between undetermined coefficients

in eq. (3)

According to the continuities of temperature and normal heat
flux, we have

Teilpy=p. = Tsilp,=p. »

Tsilp,=p, = Tvilp,=p, »

‘e OT; e T , (al)
9p1 Ly =p, 9p1 1y =p,

Ks aTSi = Kb% .
(9,01 P1=Ps apl P1=Ps

With eq. (3), we can express eq. (al) as:

Aci = Asi + Boitpi (pc) ,
Asi + Bsighi (ps) = Api + Buidhi (ps) ,
KeAci = Ks [Asi + 2Bsi/g (o) + Bsigi (pe)] s (a2)
Ks [Asi + 2B/ g (ps) + Bsidi (ps)]
= kb [Abi + 2Bbi/8 (0s) + Brigi (ps)] -
To express ¢; (o.) and ¢; (os) in a physical form, we define

L; (or Ly;) as the shape factor of the inner (or outer) boundary
of the shell along the x; axis,

g(ﬂc)f [
8(Ps)f[

with definitions of g (p.) = H rei and g (ps) = H rsi. With

egs. (a3) and (a4), we can further obtain

2)8(on] dor. (a3)

2)g 0] dor, (a4)

6100 = [ [lor+72)e o0l dor =0, (@5)

Pe
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$i (ps) = ( f = f w) [(o1 +72) g o0)] " doy
Pe Ps

=2L:i/g(pc) —2Lgi/g (ps) . (a6)

The shape factors satisfy Z L. =1and Z Ly = 1. For two

dimensions, the shape factoré can be furthe; reducedto L.; =
roaf/ (re + 1), Lo = re1/ (ren +12), La = 1o/ (ra + 1),
and Ly = rg/(rs) + 7). According to the variables of
R = rg/ro and L. in Figure 1(b), we can determine the
geometric parameters (.1, ¥c2, ¥s1, and ryp) of a thermal con-
centrator, with the following relationships:

ro= 2,
c2 1— Lcl cl»
rs1 = Rrey, (a7)

oo «/RZ(l— L)’ + 2L — 1
rSZ_ S - Ll rcl’
C

where the core-shell structure is confocal and ¢ is the half

; 2_ 2 _ 2 1-2Ley 2
focal length, i.e., ¢ =7, — 1, = R

A2 The relationship between undetermined coefficients
in eq. (12)

The system (Figure 2(a)) has the corresponding boundary
conditions,

Teli—y, =
Ty, =

Tlr=, ,

Tb|r=rs 5
oT. oT,
KCE e = KSVVE
oT, 0Ty

Ksrr —— Ko —F—
or l=r, or

(a8)

Ir=rg

The substitution of eq. (12) into eq. (a8) yields

Acre = Asrg’l + Bsrglsz’

Ag™ + Bor® = Aprg + Byr !,

KeAe = Koy (d 1A S+ do B,

Kgrr (dslA rs“_ + dg By }”ds7 I) = Kp (Ab - Bbrs‘z) .

(29)

A3 Three-dimensional monolayer scheme with an

anisotropic thermal conductivity

The tensorial thermal conductivity of the shell can be ex-
pressed in the spherical coordinate system (r, 6, ¢) as ks =
diag (Km, K500, K5¢¢). For simplicity, we assume a axial sym-
metry with kg9 = Ks4g. Therefore, thermal conduction is in-
dependent of ¢, which is dominated by

19 rx 6T+ ! 2sinHK 6—T—O
2or\" " or) " rsingae 00 T

(al0)
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The temperature distributions in the core T, , shell T, and
background T} can be written as:

T. = A.rcosé,
T, = (Asrh“ + Bsrhsz)cos 0, (all)

T, = (Abr + Bbr_2) cos 6,

with definitions of hg; = (—1 + V1 + 8kggy /KS,,) /2 and hyp =
(—1 - V1l+ 8K599/Kw) /2. By substituting eq. (all) into the

boundary conditions of eq. (a8), we can obtain

— /lg] h-z
Acre = Agre™ + Bgr?,
hy ho -2
Agrs™ + Bers® = Aprg + Bypry -,
hg—1 ho—1
KAc = Ky (hslAsrc T+ thBsrcg7 ) s

Ksrr (hslAS}"g“_l + hszBsrgsz_l) = Kp (Ab — ZBbI"S_3) .

(al2)

We can calculate A, As, B, and B, with eq. (al2). By taking
By, = 0, we can further derive

hsl (Kc - h52K5rr) - h82 (KC - hSIKSrr) f(hsl_hsz)/3
(ke = hs1Kgrr) f(h517ll’2)/3

Kb = Ksrrs (313)

Ke = hsaKspr —
with a definition of f = r2/r2. The concentrating efficiency

18

Ac _ (hg; — hy) Ksrrf(hsl—l)/3
(Kc - hs]Ksrr) f(hg*/’t,-z)/:; '

= (al4)
Ab Ke — thKsrr -
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For an isotropic case with i, = 1 and hy, = -2, eq. (al4)
can be simplified as:

3Ksrr

Ke + 2Ksrr - (Kc - Ksrr)f7

n (als)

which has the same form as eq. (7) in sect. 2.
We can also derive two coupling conditions for . = kp,

hsiKsrr = Ke, (al6)
hspKrr = Ke. (al7)
Egs. (al6) and (al7) can also be unified as:

2srrKspg — KeKsrr = Ko (alB)

When eq. (al8) is satisfied, eq. (al4) can be reduced to

n= f*(I*KC/Kw)B — (rs/rC)I*KC/Ksrr , (al9)

which has the same form as two dimensions (i.e., eq. (19)).
Therefore, the minimum value n — 0 occurs with kg /k. —
0", and the maximum value 7 — oo occurs with kg /k. — 07.
Moreover, we can find  — rg/r. when kg.,/k. — +oco. If
we consider an isotropic and nontrivial shell with «g.,/«. =
1/hyy = —1/2, the concentrating efficiency becomes n =
r3/r?, which also agrees with the three-dimensional conclu-
sion in sect. 2.



	Breaking efficiency limit of thermal concentrators by conductivity couplings
	Introduction
	Monolayer scheme with an isotropic thermal conductivity
	Monolayer scheme with an anisotropic thermal conductivity
	Bilayer scheme with isotropic thermal conductivities
	Finite-element simulations of thermal concentrators
	Experimental suggestions
	Conclusion
	
	 The relationship between undetermined coefficients in eq. ([equation][3][]3)
	 The relationship between undetermined coefficients in eq. ([equation][12][]12)
	 Three-dimensional monolayer scheme with an anisotropic thermal conductivity



