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A meta-material thermal concentrator model was simulated with different operat-
ing modes and different constructions based on sensu-shaped unit. The tempera-
ture and entropy generation rate was obtained by transient calculation. Thermal
concentration ratio was defined with temperature and entropy production rate,
which was used to analyze and evaluate performance. Thermal concentration ra-
tio had the biggest value and thermal concentrator had the best effect at initial
stage of the process. A larger temperature difference or smaller center distance
leaded to better thermal control effect.
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Introduction

Unique performances of meta-material attract wide concerns, and it is significant to
explore its performance. Veselago et al. [1] predicted left-handed materials through transfor-
mation of Maxwell equation. Schurig et al. [2] proposed a concept of transformation optics
and electromagnetic meta-material cloak based on co-ordinate transformation and Maxwell
equation transformation of practical material properties, and the concept was extended to
many fields [3-6].

There were some challenges when optical meta-materials were applied to thermal
field and the development of thermal meta-materials is relatively slow [7]. Fan et al. [8] de-
signed a thermal meta-material to control the direction of the heat flux using transformation
optics in heat diffuse equation. Brun et al. [9] achieved a circular thermal cloak, which ex-
tended transform theory to unsteady heat diffuse equation. Li et al. [10] realized the control of
both current and heat flux, by changing thermal conductivity and electrical conductivity of
materials. Guenneau et al. [11] designed a cylindrical thermal cloak and a thermal concentra-
tor. Schittny et al. [12] created a circular layered material for protection and stealth of the cen-
tral region, using a cyclic permutation of copper and polydimethylsiloxane (PDMS). Han et
al. [13] produced a two-layer thermal cloak by utilizing PDMS and in conel 625 alloy. The
structures of radial layer designed by Lan et al. [14] and sensu-shaped with PDMS and copper
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designed by Han et al. [15] can control both heat flow and current. Nguyen et al. [16] de-
signed an active thermal cloaking device which can pump heat flux. Although several meta-
materials with different microscale structures to control heat transfer were proposed, it is nec-
essary to investigate the mechanism for energy transfer process and performance.

Since Gyftopoulos [17] introduced the concept of entropy, the second law approach
has been applied to various fields. Entropy generation analysis plays a significant role on in-
dustrial production and becomes an evaluation indicator on the process of heat transfer and
flow. In the current paper, a thermal concentrator structure unit with the circumferential ar-
rangement of PDMS and copper was adopted based on a sensu-shaped unit [15], and the per-
formance of was analyzed through entropy generation approach.

Mathematical and physical mode

For the heat conduction process in a 2-D Cartesian co-ordinates, entropy generation
rate [18] of aninfinitesimal element dxdy can be expressed:

1 or q q,
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where S;en is the entropy generation rate, z — the time, 7 — the absolute temperature, ¢ — the
heat flux, c,— the specific heat, and p — the density.
Dividing by xdydz, entropy generation rate becomes:
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where £ is thermal conductivity.
Partial differential equation of heat conduction in 2-D co-ordinates:
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Combining eq. (2) with egs. (3) and (4), entropy generation rate is got:
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In fig. 1(a) (model 1), the thermal concentrator was made of 20 Cu wedges and 20
PDMS wedges which were set in stainless steel substrate [15]. The computational domain was
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a 240 x 200 mm plate, with the high Stainless steel
constant temperature, 7y, and the low :823";,5
constant temperature, 7;. Initial tem-

i Stainless steel
R60 8Copper R60
L
R12 R12
and stainless steel were kc, = 394, |
. 240 .

perature and 71 were set to 273 K.
kppms = 0.15, and &, = 16, respective- 240

200

Thermal conductivities of Cu, PDMS,

(a) (b) )

ly. There were two contrast model: . — .
. . . tainless steel

material of concentrator is Cu totally Stainless steel :CP:B;%S
in fig. 1(b) (model 2) and a plate 2Ly
without concentrator in fig. 1(c) & S 1
(model 3). Different operating condi-
tions were considered to investigate
effect of temperature difference, L 240 .- 240 .
namely Ty = 333 K (AT = 60 K), © @
Ty = 373K (AT = 100 K), and Ty =  Figure 1. Computational model: (a) construction of

413 K ( AT = 140 K) For exploring thermal concentrator and computational domain (model
: 1), (b) model 2, (¢c) model 3, (d) heat concentrator model

the effect of unit distance, it was also with different unit distances (model 4 and model 5)

to discusses different unit distances
with d =4 mm (model 4) and d = 8 mm (model 5) in fig. 1(d).
The thermal concentration ratio, &, based on entropy generation can be defined:
1

£=rm>
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A
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A
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where 4 is the computational domain and 7" — the temperature of the center point (0, 0),
Ty — the temperature of the center point (0, 0) of reference model 3, and — the entropy
generation rate of reference model 3.

The value of denominator reflected the level of thermal conductivity irreversibility
with thermal concentrator. Larger value meant that the heat concentrator made larger influ-
ence and the function of camouflage and attracting heat was worse. The value of numerator
meant the temperature rise. Thermal concentrator can increase temperature quickly and its at-
tracting heat function was better with larger numerator value. Although the physical meaning
of numerator and denominator were different, they were dimensionless parameters. In view of
this, & could be used to evaluate the function of thermal concentrator comprehensively to ana-
lyze the trend of heat conduction process. In addition, numerical calculation results were got
by ANSYS FLUENT14.0. Mesh was generated by ICEM CFD14.0 with quadrilateral mesh.
The numbers of elements are 188737 (model 1), 191794 (model 2), 39601 (model 3), 231158
(model 4), and 190972 (model 5), respectively.

gen,0

Results and discussion

The temperature distribution of three simulation models was shown in fig. 2. The
combination of PDMS-Cu presented special ability in assembling heat. Model 2 can make the
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center region stay in higher temperature, but it cannot attract heat purposefully. The thermal
concentrator in model 1 can guide heat efficiently, so the temperature of center region rises
quickly and purposefully. Each part of SYSTEM unit was a long and thin radial-shape, with
large difference of the physical parameter of the adjacent pact, so circumferential heat transfer
is small.

B [
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Substrate

Center region

(a-1) t=50s o (b-1) t=50s (c—1) t=50s
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(a=3) t=2000's (b=3) t=2000s (c=3) t=2000s

Figure 2. Temperature distribution of three simulation models: (a) model 1, (b) model 2,
(¢) model 3 (for color image see journal web-site)

The temperature distribution of the thermal concentrator seemed smooth, even the
physical parameter of Cu and PDMS had large difference. Heat was imported to center region
around 200 seconds, and it was balance dafter 2000 seconds in general. For the comparison of
the two models, there is no distortion of isothermal line in model 1, i. e., thermal concentrator
had little effect on external environment, which reflected stealth characteristics.

To compare the heat transfer mechanism of different models, the distribution of en-
tropy generation rate in different times was shown in fig. 3. When heat flux was near Cu ring,
contours began to twist and grow with the progress of time. Near the junction of Cu ring and
stainless steel substrate, dashed oval frame in fig. 3(b-2), entropy generation rate was in a
higher level all the time. Compared to model 2, temperature gradient was large in the center
region of model 1, so entropy generation rate was in a high level. At the same time, in the
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junction of concentrator and substrate, dotted oval frame in fig. 3(a-2), entropy generation rate
also had larger value. Except for regions of the junction of center region and Cu sector of
concentrator, solid oval frame in fig. 3(a-2), temperature distribution was smooth and entropy
generation rate was small inside of thermal concentrator. Thermal concentrator can assure low
dissipation in most areas. In addition, based on the contour of entropy generation rate, thermal
concentrator also showed the function of heat stealth.

0 62.5 125 187.5 250 312.5 375 4375 500

(a-1) t=50s (b-1) t=50s (c-1) t=50s

(a-2) t=500s (b-2) t=500s (c=2) t=500s
(a-3) t=2000s (b-3) t=2000s (c=3) t=2000s

Figure 3. Entropy generation rate distribution of three simulation models: (a) model 1,
(b) model 2, (¢) model 3 (for color image see journal web-site)

Figures 4 and 5 showed the changing curve of temperature and entropy production
rate on the three points with time, respectively. Figure 4(a) showed a quick temperature rise
on the left side of concentrator interior, the value keeps a higher level all the time with the
stable value of nearly 318 K. In addition, Cu model was the lowest and the stable value was
only about 300 K. In this view, thermal concentrator can introduce heat within the structure
rapidly. Model 2 showed that proximity of Cu ring and the center region had a similar tem-
perature, so the temperature had the lowest level in fig. 4(a) and the highest level in fig. 4(c).
The temperature rise rate of the center point was to represent the ability of attracting heat.
Center point in model 1 with concentrator had the highest rise rate. Figure 4(c) showed that
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the cold side of the concentrator had lower temperature and the difference with plate model
was nearly 5 K, and the concentrator also had good heat dissipation performance near a cold
source.
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Figure 4. The temperature of three points: (a) A (-36, 0), (b) B (0, 0), (c) C (36, 0)
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Figure 5. The entropy generation rate of three points: (a) A (-36, 0), (b) B (0, 0), (¢) C (36, 0)

Entropy generation rate was gradually stable over time. At point A in plate model,
entropy generation rate had an apace rise, and then decline. An extreme value appeared
around 1000 seconds. In model 1, entropy generation rate of points A and C was almost near
zero, and there was no irreversible loss inside. However, in the point B of the center region of
substrate, entropy generation rate had an apace rise and a slight decline and then, it stayed in
higher lever, nearly 200 W/Km® at last. There was large value of entropy generation rate in
center region and most of the irreversible loss had concentrated in that region.

Differences between calculation model and contrast model by the integral on whole
calculation domain were discussed based on entropy generation rate. Combining the rise of
temperature of point B, ¢ was put forward to evaluate the thermal performance of the thermal
concentrator. fig. 6(a) showed the comparison of ¢ in model 1 and model 2. In model 1, & was
at higher level. In initial time, the rise of entropy generation rate leaded to a sharp decrease of
&. A minimum appeared when heat was transferred to the cold side at around 1000 seconds.
An extreme value appeared after a rise at around 3000 seconds and its value was about 0.2.
Then heat conduction process tended to become stable and ¢ declined slightly to be stable. At
the beginning, the thermal performance of thermal concentrator was best, and then it declined
fast, with small rise.

From fig. 6(b), the trend of ¢ of time with different temperature difference was simi-
lar. The time of extreme points had no change with temperature difference. When AT = 140
K, ¢ had large value at initial time for large temperature rise at the center point. The difference
of ¢ between AT = 60 K and AT = 100 K was similar to the difference between AT = 100 K
and AT = 140 K. The increase of ¢ showed linear correlation with the increase of temperature
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Figure 6. Heat concentration ratio: (a) ¢ of model 1 and model 2, (b) ¢ with different temperature
difference, (c) ¢ with different center distances

difference. Figure 6(c) showed ¢ with different center distance. They showed similar trend with
time and the time of extreme points had nuances. The smaller center distance, d, the greater ¢
was. When d = 8 mm (model 5), the change of ¢ became gentler and there was almost no maxi-
mum around 3000 seconds. At 3000 seconds, the values of ¢ different center distance were 0.2,
0.14, and 0.1, respectively. The initial increase of center distance had significant effect of ¢. In
addition, when d = 0 mm (model 1), ¢ had the biggest value.

Conclusions

In the current paper, a thermal concentrator was investigated through numerical
simulation. According to aspects of temperature and entropy generation rate, thermal concen-
tration ratio was defined and used for evaluating concentration effect. The thermal concentra-
tor made of Cu wedges and PDMS wedges can achieve the function to control heat flux,
which makes fast temperature rise at central region. Energy dissipation was low in most area
of the concentrator, focusing on the center region and the junction of stainless steel and Cu
sector of concentrator. Thermal concentration ratio of the concentrator was the largest at ini-
tial stage of heat conduction process. In addition, larger temperature difference or smaller cen-
ter distance present better thermal control effect.
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Nomenclature
A — computational domain, [—] Greek symbols
: -1
2" B ii?tcilf}sct:;?:s[-l[lr(fm]l( ] & — thermal concentration ratio, [—]
- > _ : -3
k — thermal conductivity, [WK 'm™"] f B ﬂf:::lt[}; ’] tkgm™]
q., —heat flux, (W] ’
S gen — €NErOpy generation rate, [WK 'm ] Subscripts
T — temperature, [K] H — hich
t  —time, [s] L loi
x,y  —co-ordinate component, [m]
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