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Introduction

Inspired by the optical invisible cloak, a thermal cloak, which 
can steer the heat flux around an object without disturbing 
the outside temperature distribution, and may be used in 
thermal protection and sensing, has attracted considerable 
attention recently [1–9]. Similar to thermal cloaking, many 
new heat-transfer phenomena are observed based on thermal 
metamaterials, such as thermal harvesting [10], inversing 
[11], rotating [12], illusions [13], lens [14], diode [15], etc. 
These new physical phenomena are not only verified in 
theory, but also observed in experiments in the lab. Almost 
all the experiments are conducted as follows: keeping the 
two ends of a plate at constant high and low temperatures 
to realize heat diffusion from one end to the other spontane-
ously, and using an infrared camera to observe the 2D steady/
transient temperature profiles in the plate. Actually, though 
heat is expected to diffuse along the plate to observe the 2D 
temperature profile, heat convection with the ambient air 
seems unavoidable more or less [16]. After all, the plate is a 
3D object in the real world. Heat dissipation via convection 

decreases the amount of heat via conduction along the plate, 
which will change the desired temperature profile greatly. 
Therefore, proper experimental conditions are of great sig-
nificance to observe the desired thermal cloaking effect in 
2D temperature profiles.

When focusing on the conditions of existing thermal 
cloaking experiments, as listed in table  1, we can find that 
these conditions are different from one another [17–24]. 
Different experimental materials, dimensions and temperature 
conditions can be observed. Deciding whether to consider the 
heat convection is also a matter of preference. A comprehen-
sive suggestion on the proper experimental conditions will 
help researchers/engineers to arrange experiments better to 
successfully observe the desired results.

In this paper, we focused on exploring the proper exper
imental conditions for 2D thermal cloaking demonstrations. 
Mathematical modeling of heat conduction along the plate 
was modeled, and z-plane thickness, boundary conditions, 
heat convection coefficient and thermal conductivity were 
discussed based on the model. Numerical simulations were 
conducted to verify the suggested experimental conditions.
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Consequence of improper conditions

In our previous study [25], we designed a layered structure 
in the copper plate to experimentally observe the carpet 
thermal cloaking effect, as shown in figure 1(a). The com-
posite copper plate was 250 mm long, 100 mm wide and 
2 mm thick. The copper plate was drilled with holes whose 
diameter was 1.5 mm. All the holes were filled with silicone 
(Dow Corning OE6550). The carpet cloak was made by 
alternative layers of copper and silicone. The thickness of 
the alternative layers is 1 mm. The thermal conductivities of 
copper and silicone are 398 and 0.5 W m−1 K−1, respectively. 
The composite copper plate was coated with a thin layer of 
silicone to decrease the convection. In the experiment, two 

feet were added at the left and right boundaries to insert in 
the hot water and cold water respectively. The left one was 

Figure 1.  Two failure experiments for 2D thermal cloaking demonstration: (a) carpet thermal cloak and (b) isotropic thermal cloak.

Figure 2.  Schematic of the heat conduction along a plate.

Table 1.  Review of experimental conditions.

No. Authors Year Background materials
z-plane 
thickness Exp. conditions Considering convection?

1 Narayana and Sato [17] 2012 Agar-water block 50 mm BC.: 0 °C and 41 °C No
Ambient temp: -

2 Schittny et al [18] 2013 Copper plate 2 mm BC.: 25 °C and 80 °C With PDMS coating
Ambient temp: 25 °C

3 Han et al [19] 2013 Sealant 35 mm BC.: 0 °C and 60 °C No
Ambient temp: 25 °C

4 Ma et al [20] 2013 Brass — BC.: 25 °C and 85 °C By vacuum chamber
Ambient temp: -

5 Lan et al [21] 2015 Stainless steel — BC.: 0 °C and 80 °C No
Ambient temp: -

6 Nguyen et al [22] 2015 Carbon steel 5 mm BC.: 0 °C and 60 °C No
Ambient temp: -

7 Han et al [23] 2015 Stainless steel — BC.: 0 °C and 60 °C With PDMS coating
Ambient temp: -

8 Chen and Lei [24] 2015 Nickel steel — BC.: 0 °C and 100 °C With PDMS coating
Ambient temp: -
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put into a tank of boiled water (100 °C) and the right one 
was put into a tank of water at room temperature (25 °C).  
In our other unpublished work, as shown in the supplemen-
tary material (stacks.iop.org/JPhysD/49/415302/mmedia)1, 
we designed a bi-layer structure with homogeneous materials 
to verify the cloaking effect of isotropic thermal cloaks. As 
shown in figure  1(b), the background material was copper 
alloy, the cloaking region is made of copper, and the center 
region consisted of stainless steel. The experimental sample 
was wrapped with transparent adhesive tape to make the 
emissivity consistent, and to decrease the thermal convec-
tion effect. The left boundary was kept at 180 °C with an 
electric heater, while the right boundary was kept at 10 °C 
with a thermoelectric cooler. Both of these experiments were 
conducted at room temperature.

Unfortunately, though some methods have been adopted 
to decrease the heat convection, like coating with silicone 
or wrapping with transparent adhesive tape, poor thermal 
cloaking effect was observed in both experiments. When heat 
reached the centerline, no obvious temperature gradient could 
be observed due to the insufficient insulation against heat con-
vection with the ambient air. From these two failure experi-
ments, we are aware that the proper experimental conditions 
should be well analyzed and the feasible conditions should be 

suggested. Thus we try to find the answers to this question in 
the following sections.

Mathematical modeling

Regardless of whether the experimental purpose is to observe 
thermal cloaking, concentrating or rotating, it is a heat conduc-
tion problem in essence. To simplify the analyses, we just con-
sider the heat conduction along a homogeneous plate, as shown 
in figure 2. Since heat mainly diffuses along the x-axis in the 
plate, and the temperature along the z-axis can be assumed as 
uniform, the present problem can be simplified as a 1D heat con-
duction problem. The governing equation can be expressed as
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where h is the convection coefficient, P the perimeter, Ac the 
uniform cross-sectional area, k is the thermal conductivity 
of the plate, Tf the ambient temperature, L the length of the 
plate along the x-axis, as shown in figure 2. T1 and T2 are the 
temperatures of the two ends of the plate. The solution to 
equation (1) can be obtained as

Figure 3.  Variation of temperature profiles along the plate with different plate thicknesses and ambient temperatures.

1 See supplementary material for details of the isotropic thermal cloak.
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where κ=m hP Ac/( ) . From the notions in figure 2, we can 
easily obtain that P  =  2(W  +  δ) and Ac  =  Wδ. Now we can 
plot the temperature profile by varying the conditions to find 
out which is the best.

Results and discussions

In order to find out the proper experimental conditions for 
2D thermal cloaking observation, we analyzed the effects of 
ambient temperatures, plate thickness, convection coefficient 
and background materials based on the above model and then 
verified with finite-element simulations. In our model, the rect-
angular plate was made of copper with a dimension of 50 mm 
in both length and width. The two boundary temperatures were 
kept as constant at 400 and 300 K, respectively. Other initial 
conditions included: plate thickness of 2 mm, convection coef-
ficient of 5 W m−2 K−1, ambient temperature of 300 K.

The temperature profiles along the x-axis with different 
plate thicknesses and ambient temperatures were shown in 
figure 3. It is seen that aside from the ambient temperature vari-
ations, the thinner plate has faster response in temperature and 
an unstable gradient, while the thicker plate has a more stable 

temperature gradient. To overcome the unobvious temperature 
gradient along the heat conduction, a thicker plate seems pref-
erable. On the other hand, the ambient temperature also makes 
a difference. To make the temperature gradient as uniform as 
possible, the ambient temperature should fall in the scope of 
two boundary temperatures, as shown in figure 3(c). When the 
ambient temperature is close to the low boundary temperature, 
the gradient becomes indistinct in the downstream close to 
the low-temperature boundary, as shown in figure 3(b). This 
is just the case in figure 1. When the ambient temperature is 
close to the high boundary temperature, the gradient becomes 
indistinct in the upstream, as shown in figure 3(d). The worst 
case is when the ambient temperature is less than the low 
boundary temperature, as shown in figure  3(a). Somewhere 
along the plate will even have lower temperature than the low 
boundary temperature due to the existence of convection.

The temperature profiles along the x-axis with different 
plate thicknesses and convection coefficients were shown in 
figure 4. Similarly, to realize a uniform temperature gradient, 
thicker plates are preferable. As for the convection coefficient, 
a larger convection coefficient is unfavorable which leads to 
temperature gradient variation. A zero convection coefficient, 
corresponding to totally insulated, has a completely uniform 
gradient, which is the ideal case for such 2D thermal cloaking 
demonstration. That is why we should decrease the convec-
tion as much as possible to present better observations. The 

Figure 4.  Variation of temperature profiles along the plate with different plate thicknesses and a convection coefficient at 300 K.
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related methods include coating a layer of low-κ materials 
(like silicone, polydimethylsiloxane (PDMS), etc), wrapping 
with plastic tape, putting in a vacuum chamber, etc. Even 
when the convection coefficient is not zero, a thicker plate 
seems to possess a better temperature gradient.

The temperature profiles along the x-axis with different plate 
thicknesses and background materials were shown in figure 5. 
Three background materials were considered, i.e. carbon 
steel (49.8 W m−1 K−1), aluminum alloy (160 W m−1 K−1)  
and copper (398 W m−1 K−1). It is seen from figure  5 that 
when compared with carbon steel and aluminum alloy, the 
copper plate has more a uniform temperature gradient. Thus, 
background materials with higher thermal conductivity are 
suggested to be adopted in such experiments. Of course, the 
main experimental purpose is to observe the thermal cloaking 
effect, therefore the background materials should also con-
sider the materials of the thermal cloak. On the premise of 
maintaining the thermal cloaking effect, the background 
materials should possess higher thermal conductivity.

Although the mathematical model is simplified as 1D based 
on some assumptions, it is still useful in exploring the proper 
conditions. From figures  3–5, we can see that regardless of 
whether the plate thickness is increased, the convection coef-
ficient is decreased, or the thermal conductivity of the plate is 
enhanced, the essence is to enhance the heat convey ability of 
conduction against convection. Certainly, the zero convection 
coefficient is ideal for such experiments, but it is hard to realize. 
Alternatives are to enhance the conduction ability by increasing 
the plate thickness or thermal conductivity, or to decrease the 
convection ability by coating with a thin layer of low thermal 
conductivity materials or putting in a vacuum chamber. This is 
the basic rule that directs the design of such experiments.

To validate our designs, we employed the COMSOL 
Multiphysics software to simulate the heat diffusion process 
in a 100 mm  ×  50 mm rectangular plane with the isotropic 
thermal cloak in figure 1(b). The left and right boundaries were 
kept at constant temperatures (180 °C and 10 °C), which were 
the same as those in the experiments. Other boundaries were 
insulated. The inner radius (R1) of the annular thermal cloak 
was 10 mm and the outer radius was 12.75 mm. In figure 6(a), 
the plate thickness was 1 mm, which was the same as that 
in the experiment. From figure 6(a), we can see that it was 

difficult to continue conducting heat when heat reached the 
centerline, which was very similar to the experimental result 
in figure  1(b). Without changing any of the other boundary 
conditions, we changed the plate thickness from 1 to 10 mm 
in figure 6(b); the temperature gradient became much more 
obvious after the centerline. Since temperature changes along 
the length of the composite plate, we are unable to evaluate the 
amount of heat convection or radiation by applying Newton’s 
law or Stefan–Boltzmann’s law directly. One feasible solu-
tion is to calculate the heat convection or thermal radiation 
via integrating the convection or radiation all over the plate 
surfaces. By evaluation, we found that at such experimental 
temperatures, radiation is much less than convection. The 
comparison verified that investigation of the proper conditions 
could benefit from our above analyses and allow better exper
imental demonstration.

Figure 5.  Variation of temperature profiles along the plate with different plate thicknesses and background materials.

Figure 6.  Comparison of temperature profiles with different 
thicknesses of (a) 1 mm and (b) 10 mm.
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Conclusions

In this study, we focused on exploring the proper exper
imental conditions for 2D thermal cloaking demonstration. 
From reviewing the literature, we found that improper exper
imental conditions may lead to the failure of experimental 
observation of the thermal cloaking effect. A simple math-
ematical model was established and based on the model, the 
experimental conditions were specifically discussed. Some 
methods to enhance the experimental success were pro-
posed, including increasing the plate thickness and thermal 
conductivity, or decreasing the convection coefficient. With 
finite element simulations, we verified the above analyses. 
Investigation of proper experimental conditions for the 2D 
thermal cloaking effect is verified to benefit from the present 
analyses.
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