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HIGHLIGHTS

o Thermal magnification was achieved by using effective thermal conductivity.

¢ The magnification device only needs isotropic and homogeneous materials that are easy to obtain in nature.

¢ The proposed method proves more flexible for multilayered materials and simpler for non-spherical objects under non-uniform thermal
fields.

o The method can also be extended to other fields and applications governed by Laplace equation.

ARTICLE INFO ABSTRACT

Article history: A thermal magnification device is proposed by using effective thermal conductivity. Different from
Received 7 January 2018 transformation optics method, the magnification design is realized analytically by enforcing
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equality of effective thermal conductivity on the magnification device and the reference case in
specified domains. The validity of theoretical analysis is checked by numerical simulation results,
which demonstrates the magnifying effects of the proposed design. The device only needs
isotropic and homogeneous materials that are easy to obtain in nature. It is also shown that the
obtained magnifying conditions are the same as those derived by separation of variables. But the
proposed method proves more flexible for multilayered materials and simpler for non-spherical
objects under non-uniform thermal fields. It can also be extended to other fields and applications
governed by Laplace equation.
©2018 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Transformation optics theory was first proposed by Pendry
and Leonhardt [1, 2] in the field of achieving invisibility of elec-
tromagnetic waves. Since then transformation optics aroused
extensive interests and there had been significant progress in
theoretical and experimental approaches in many fields, includ-
ing acoustics [3-5], magnetic field [6-8], elastic wave [9, 10], mat-
ter waves [11, 12] and thermodynamics [13-16]. Among the vari-
ous applications, the most famous work was the invisible cloak
which bent the light around the concealed area and made an ob-
ject invisible to the observer. Later the concept of cloaking was
extended. Lai et al. [17] proposed the concept of illusion optics
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which made an object of arbitrary shape and material properties
appear exactly like another object of some other shape and ma-
terial makeup. Then, the illusion device was experimentally
demonstrated [18-21]. An invisible gateway was first experiment-
ally realized by using a transmission-line medium [18]. Later on,
dc illusion devices [19], radar ghost illusion devices [20], and
acoustic illusion devices [21] were respectively proposed and
verified experimentally by similar methods.

The illusion devices were designed to make a target image
misleading due to physiological illusion or a specific visual trick,
while a magnification device could change the original object in-
to a larger one to a detector. The magnification device was in-
deed an application of illusion optics [22-25]. The first magnific-
ation device known as a super scatter was proposed by Yang et
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al. [22] based on the concept of complementary media. Such a
device could enhance the electromagnetic wave scattering cross
section of an object so that it behaved like a scatter bigger than
the scale of the device. However, the device was realized by a
negative refractive material shell that was difficult to implement
experimentally [26, 27]. Xu et al. [28] first verified the super scat-
ter by experiments where only anisotropic and inhomogeneous
media with positive components were required. In his experi-
ment, combination of compact electric and magnetic resonance
particles was used to fulfill anisotropic and inhomogeneous ma-
terials requirements.

It has been proved that the anisotropic and inhomogeneous
materials required by transformation optics method were diffi-
cult even impossible to realize exactly in practical. Many works
[29-34] have been done in designing magnification devices with
isotropic and homogeneous materials based on the method of
separation of variables. This letter proposed a magnification
designing method with the concept of effective thermal conduct-
ivity. The results of the proposed method showed good agree-
ment with the works by Mei et al. [33, 34]. Compared with Mei’s
works, the method in this letter was simpler and more effective
without solving Laplace equation. For non-spherical objects and
non-uniform thermal fields, the proposed method showed more
flexibility and convenience. In addition, separation of variables
would be more complicated for multiple conducting layer ma-
terials, while more layers offered more adjustable design vari-
ables such as the thickness and conductivity of each layer. The
proposed method could be applied not only to thermodynamics
but also to other fields governed by Laplace equation.

An intuitive schematic diagram was illustrated in Fig. 1 to
show the working principle of the magnification device. Without
losing generality, the original object was supposed to be a round
one with radius R; and thermal conductivity o;. When embed-
ded in the background medium, the original object was detec-
ted. However, if the object was wrapped by a designed coating
layer with thickness R, — R; and conductivity o,, it will be
wrongly identified as another one with different size and con-
ductivity to the observers. In fact, the wrapped object will not be
detected as an object with radius R, but as an enlarged one with
radius R3 and conductivity o;. In this case, the original object
was magnified to the observers, and a kind of illusion was thus
obtained. To quantitatively demonstrate the magnifying effect,
the magnifying factor was defined as 7= R3/R; [33, 34].

In Mei's works [33, 34], the method of separation of variables
was used, and theoretical temperature distribution was ob-
tained. By enforcing equality of temperatures on the same
boundary r = Rj, the external temperature distribution r > R3
became identical. In this letter, the method of effective thermal
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Fig. 1. The working principle of a thermal magnification device.

conductivity was employed to achieve the magnifying effect. In
the following, Hashin-Shtrikman formula [35, 36] was intro-
duced and then applied to the design of thermal magnification
device. The effective thermal conductivity of the isotropic mul-
tilayered spheres could be estimated by
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where f; was the volume fraction of the /th layer in [-layer sphere
(see in Fig. 2), ¢! and o' respectively represented the effective
thermal conductivity of the [-layer sphere and the thermal
conductivity of the /th layer.
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Fig. 2. The cross-section configuration of a multilayered sphere.

For multilayered spheres, f; was obtained by

1o (2)

When Eq. (1) was extended to cylindrical objects, f; was
achieved by

fo1o e 3)

It was shown in Fig. 1 that temperature distribution in the re-
gion r > R3 should be identical for the coated object and the ref-
erence case. Thus, the effective thermal conductivity of the do-
main r < R3 for the coated object should be same to the en-
larged case. The magnification condition for the three-layered
sphere could be obtained by

(7*3 =01 (4)

It should be noted that the device was a coated sphere
(I = 2). The 3th layer, which was part of the background medi-
um, was indeed virtual and self-defined. The three layers re-
ferred to the original object r < R;, the coating layer
R, < r < R, and the matrix layer R, < r < R3. In Egs. (1) and
(4), the conductivity o, and the radius r, of the coating layer
were the unknown parameters to be determined. When the con-
ductivity o, was predefined, the radius r, will be the design vari-
able, and vice versa. In the following, a cylindrical magnification
device with predefined r, was considered. Substituting Egs. (1)
and (3) into Eq. (4), the thermal conductivity of the coating layer
was achieved by following mathematical formulas:
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