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ABSTRACT A novel flexible woven heat sink (FWHS) composed of sintered copper braided belts was
proposed here to meet the heat dissipation requirements of the flexible radiator installed in a narrow space.
The sintering treatment was employed to ameliorate the tensile and bending properties as well as the thermal
conductivity of the FWHS. The thermal resistance network model and the temperature field analysis in
cases of natural convection and forced convection were presented to evaluate the thermal performance of the
FWHS. The results show that the FWHS sintered at 850 °C with the expanded shape at a compressed height
of 55 mm can reduce the temperature of heat source by 17.1% compared to the uncompressed FWHS, which
demonstrates its outstanding advantage of maintaining high efficiency of heat dissipation under compressive
deformation.

INDEX TERMS Flexible woven heat sink, sintered copper braided belts, forced convection, compressive

deformation, heat dissipation.

I. INTRODUCTION

In recent years, electronic devices are gradually developing
towards integration, high power and miniaturization, which
gives rise to the dramatic increase in their power density and
heat flux density [1], [2]. It is worth noting that more than
55% of the failure of diverse electronic devices is caused by
the high working temperature exceeding the limit values [3].
In addition, the extreme working temperature will also lead to
the decreased life expectancy of electronic or photonic prod-
ucts [4]-[7]. Therefore, it is crucial to adopt corresponding
thermal control solutions for solving the severe heat dissipa-
tion problems [8]-[14].

Plate-fin heat sinks [15], [16] is a typical natural convection
heat exchanger that have been widely used owing to its simple
structure, easy processing and high heat transfer efficiency.
However, the conventional finned heat sinks are not suited in
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heat dissipation applications with high heat flux density due
to their limited surface area. Increasing the external area of
the finned radiator is the preferred scheme for better heat dis-
sipation capability, but the entire radiator will become larger
and bulky with more metal consumption. Some researchers
employ porous metal materials such as metal foams and metal
braids to manufacture finned heat sinks with light weight
and small size. Metal foams possess good heat transfer and
heat dissipation capacity as well as permeability due to their
unique skeleton structure [17], [18], which have been applied
to many heat-exchange occasions [19]-[21]. Nevertheless,
the brittleness and insufficient mechanical strength of metal
foams have limited their applications in finned heat sinks.
With the shortcomings of the fixed size, heavy mass and
insufficient heat dissipation capability, the conventional rigid
heat sink cannot be well adapted to the application scenes
with complex structure and small space. Recently, flexible
heat sinks have received much attention. Metal braided mate-
rials are the promising candidate for fabricating flexible heat
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sinks due to their outstanding heat transfer capability, good
adaptability, high flexibility and low production cost, which
have been widely used in industrial filtration, Stirling engine
regenerators and aerospace [22], [23]. In addition, braided
materials also provide good mechanical properties. It is found
that the raw materials of fibers and the matrix, the braiding
structure and braiding angle have a significant influence on
the mechanical properties of braided materials [24], [25].
Carey established a numerical model to analyze the elastic
modulus of two-dimensional braided materials and verified
its validity for stiffness critical applications [26]. However,
there is few research focused on the methods to enhance the
mechanical properties of braided materials.

Moreover, metal wire mesh with porous structures are
also attracting renewed interests for their large potential in
heat transfer. Xu and Wirtz [27] proposed a woven mesh
consisting of plain-weave conductive screens that have a
highly anisotropic thermal conductivity vector, with in-plane
effective thermal conductivities ranging up to 78.5% of
the base material values, which is much higher than other
porous media. Zhao et al. [28] presented a new method-
ology to calculate the volumetric porosity, specific surface
area, and in-plane thermal conductivity for porous structures
made of square-shaped and diamond-shaped wire screens.
Analytical models were developed accordingly and the anal-
ysis demonstrated the good heat transfer ability of the wire
mesh.

To further improve the heat transfer performance,
researchers have investigated the effects of sintering on metal
woven materials. Liu et al. [29] studied the heat transfer
characteristics of sintered metal woven wire mesh with dif-
ferent porosity and electrically heated the sintered wire mesh
structure. The results showed that the porosity of the sintered
metal woven wire mesh has a great impact on the Nusselt
number, and the Nusselt number changes synchronously with
the fluid Reynolds number. Li and Peterson [30] conducted
an experimental study on the thermal conductivity of sintered
woven wire mesh. It was indicated that for a single-layer in-
line structure and a multi-layer interlaced structure, the effec-
tive thermal conductivity along the normal direction is 4%
~ 25% and 6.4% ~ 35% of the corresponding solid metal,
respectively. Apart from the intrinsic thermal conductivity
of the base material, the contact state between braided wires
and layers is another important factor affecting the effective
thermal conductivity of the screen.

In this paper, a novel flexible woven heat sink (FWHS) was
fabricated with sintered copper braided belts, which can be
folded and compressed freely. The sintering temperature has
been investigated to obtain superior mechanical properties
and thermal conductivity of the copper braided belts. The
thermal performance of the FWHS are systematically studied
under different input power, as well as varying degrees of
compressive deformation. Meanwhile, the heat dissipation
characteristics of the flexible radiator are also tested under
natural convection and forced convection conditions at vari-
ous wind speeds.
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FIGURE 1. Schematic illustration of the experimental setup and the
thermal resistance network model.

Il. EXPERIMENTS

A. THE CONSTRUCTION OF FWHS

The sintered FWHS designed in this paper is composed
of five folded sintered copper braided belts with a height
of 60 mm, which are arranged in parallel arrays with a
constant spacing of 12 mm on a copper substrate, as shown
in Figure 1. Each copper braided belt has 24 strands, and each
strand contains 12 copper wires with a diameter of 0.15 mm.
The copper wires are wove in two directions with a braiding
angle of 45°, forming a twill weave structure. The initial
length, width and thickness of the copper braided belts are
120 mm, 30 mm and 2 mm, respectively. Each copper braided
beltis folded in half with two layers and welded in the grooves
(a depth of 1 mm) of the copper substrate. The dimensions of
the copper substrate is 80 x 35 x 6 mm and the overall height
of the FWHS is 75 mm.

B. EXPERIMENTAL SETUP
The temperature acquisition module consists of a DC sta-
bilized power supply (SW1800X, 60 V, 5 A) for adjusting
the input power of the heating rods, a computer and a data
acquisition card for monitoring and recording the temperature
variation. The heating block comprises a copper block with
the dimension of 40 x 35 x 10 mm and two heating rods. The
measured values of five K-type thermocouples for acquiring
the transient temperature of the test apparatus are labeled as
T1-TS. The positions of thermocouples (see Figure 1) are
located at the heating rod (T1), the junction between the
copper base and the copper braided belt (T2), and the end
of three braided belts from the middle to the edge (T3, T4,
TS). T1 is determined as the temperature of heat source to
judge the heat dissipation performance of FWHS. Since the
temperature values of T3, T4 and T5 are very close to each
other, the mean value of T3, T4 and TS is defined as Ty, to
represent the temperature at the end of the copper braided
belts. The heating block and the copper base of the FWHS
were wrapped by the adiabatic elastomeric foam to reduce the
thermal loss during the test process. As a contrast, the thermal
performance of the original FWHS using copper braided belts
without any sintering treatment is also tested under the same
conditions.

The experimental uncertainty is mainly the random
errors occurring in the temperature measuring process.
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The accuracy of the K-type thermocouple is 0.1 °C. The
resolution of the data acquisition card (HIOKI-LR8510) is
0.05 °C, and the tolerance of the DC stabilized power supply
is 0.5 W. All tests were carried out at 25 °C.

lll. THERMAL RESISTANCE ANALYSIS

Thermal resistance is an important technical index evalu-
ating the thermal characteristics of electronic devices [31].
Figure 1 displays the thermal resistance network model of
the flexible braided radiator. The total thermal resistance
(Rior) of the FWHS system derives from the heating rod (R;),
the copper substrate (Rpase), as well as the heat conduction
resistance (Rcong) and the convective heat transfer resistance
(Rconv) belonging to the copper braided belts. The theoretical
formulas for calculating the thermal resistance are as follows:

Rcond X Reonv

Riot = R + R + — 1
tot J base Reond + Reome (1
T — T
Reond = SQ—US (2)
1
Rconv = ﬂ (3)

From Eq. (2), Ty is the average temperature at the bottom
(close to the heating block) and T, is the average temperature
at the top (away from the heating block) of the copper braided
belts (°C). Q is the input power of the DC power supply (W).
The conversion coefficient () from the input power to ther-
mal power is about 95%. While in Eq. (3), / is the convective
heat transfer coefficient of air (W-m~2 - K~!) and A is the
surface area of one copper braided belt (m?).

The relationship between the temperature and the total
thermal resistance of the system is as follow:

Tj_Toon'rl‘Rtot 4

where Tj is the temperature of the heating copper block (°C)
and T is the ambient temperature (°C) around the radiator.

IV. RESULTS AND DISCUSSION

A. BASIC CHARACTERISTICS OF THE SINTERED COPPER
BRAIDED BELTS

Different sintering process parameters have a significant
impact on the mechanical and thermal properties of copper
braided belts, and also affect the overall performance of the
assembled flexible braided radiators subsequently [32]-[35].
In this section, the tensile and bending properties, as well
as the thermal conductivity of the sintered copper braided
belts under different sintering temperatures are explored,
so as to determine the optimum preparation parameters of the
FWHS. The thermal insulation time at all sintering temper-
atures is set for 1 h. The dimensions of the test samples are
100 x 30 x 2 mm.

The tensile tests were performed on a universal testing
machine (ZWICK BT1-FRO10TH A50, German). As illus-
trated in Figure 2(a), the copper braided belts were fixed
by the upper and lower clamps with the same clamping
length of 30mm. The upper clamp stretched the samples
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FIGURE 2. (a) The schematic of the tensile test setup. (b)Tensile

stress-strain curves of copper braided belts at different sintering
temperatures.

upwards at a constant rate of 5 mm/min until tensile failure
occurred. Figure 2(b) depicts the tensile stress-strain curves
of copper braided belts sintered at a temperature range of
800 ~ 1000 °C. Except for the curve of the original copper
braided belt without sintering treatment (labeled as “Con-
trast’’), the variation trends in the tensile stress-strain curves
of sintered braided belts at different sintering temperatures
are basically similar. Evidently, all sintered samples can
undergo larger strain than the contrast sample when reach-
ing the maximum tensile stress. As presented in Figure 4(a),
the maximum tensile stress and the corresponding strain of
the contrast sample are 50.77 MPa and 13.7%, while the
maximum tensile stress of the sintered samples is attained at
850 °C with a value of 52.22 MPa and the strain is 22.8%.
This result can be attributed to the formation of sintering
necks during the sintering process, which renders closer con-
tact of copper fibers and thereby enhances the overall bonding
strength of the braided belts. When undergo heat treatment
at higher temperatures, the contact between copper fibers
is stronger [29] and the fabrics become more rigid, which
reduces the tensile toughness.

The bending tests were conducted on a universal electronic
testing machine (Shimadzu AGS, Japan) with the bending
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FIGURE 3. (a) The schematic of the bending test setup. (b) Bending
load-displacement curves of copper braided belts at different sintering
temperatures.

displacement range of 0 ~ 8 mm. As illustrated in Figure 3(a),
the flat copper braided belts were placed on the test setup
without fixed restraint like a simply supported beam. The
indenter initially applied a preloading force of 0.2 N to make
contact with the samples and then gradually pressed down-
ward at a constant rate of 1 mm/min until the displacement
reached 8 mm.

Figure 3(b) presents the bending load-displacement curves
of copper braided belts at different sintering temperatures,
and the relevant bending stress of the samples at the displace-
ment of 8 mm is shown in Figure 4(b). Under the same dis-
placement, the original copper braided belt without sintering
treatment (labeled as “Contrast’”) endures less bending load
than the sintered braided belts and exhibits better flexibility.
Moreover, the bending loads of sintered samples at different
sintering temperatures rise rapidly when the displacement is
below 1 mm, and then become steady as the displacement
continues to increase. When the displacement reaches 8 mm,
the bending load and the corresponding bending stress of
the contrast sample are 3.34 N and 6.51 MPa, while the two
values of sintered samples are 4.30 N, 8.39 MPa (800 °C) and
4.89 N, 9.54 MPa (850 °C), respectively. The bending stress
grows with increasing sintering temperature, which indicates
that the sintering treatment at higher temperature reduces the
flexibility of the copper braided belts. It is primarily because
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tighter and firmer connection between copper fibers may
form at higher temperatures, thereby increasing the overall
stiffness of copper braided belts.

The thermal conductivity of copper braided belts has a
direct impact on thermal control performance of the FWHS.
Therefore, the thermal conductivity was measured by the
thermal conductivity meter (Hotdisk-TPS). The test results
are shown in Figure 4(c). Compared to the contrast sample
without sintering, the thermal conductivity of sintered copper
braided belts is remarkably improved. With the increase of
the sintering temperature, the thermal conductivity of sin-
tered braided belts increases first and then decreases. The
maximum value obtained at 900 °C is 32.10 W/ (m-K) with
an increased percentage as high as 38.7%, in comparison
with 23.15 W/ (m-K) of the contrast sample. Appropriate
heat treatment can promote the stable formation of sinter-
ing necks and improve the bonding degree between copper
fibers, thereby enhancing the thermal conductivity of fabrics.
Instead, excessive sintering temperature may lead to grain
coarsening, aggravated oxidation of the grain boundary or
melting of partial copper fibers, which reduces the thermal
conductivity of copper fabrics.

The variation of microstructures were observed on the
scanning electron microscope (SEM, Hitachi S-3700N,
Japan). As shown in Figure 4(e), the original copper braided
belt without heat treatment has a loose structure, in which the
copper fibers are not in close contact with each other. By con-
trast, in Figure 4(f) the copper braided belt sintered at 850 °C
demonstrates a more compact morphology. Sintering necks
are formed due to the partial melting of copper fibers during
the heating process, The tensile strength, bending stiffness
as well as the thermal conductivity of the braided belts were
therefore enhanced through the tight sintered connection.

In order to improve the tensile strength and maintain
the flexibility of the copper braided belts, and meanwhile
increase the thermal conductivity with relatively low sin-
tering temperature to reduce the production cost, the above
test results are comprehensively considered. The evaluation
formula is introduced here:

f=WExW)/(T xN) &)

where f is the synthetic evaluation factor, F is the tensile
stress, W is the thermal conductivity, T is the sintering
temperature and N is the bending stress. According to the
calculated values in Figure 4(d), f reaches the maximum value
at 850 °C. Therefore, the sintered FWHS adopted in the
following experimental study is fabricated with the copper
braided belts sintered at the optimum temperature of 850 °C.
Besides, the sintering parameters can be determined in other
ways to satisfy the needs of different applications.

B. EFFECTS OF COMPRESSIVE DEFORMATION ON THE
HEAT TRANSFER PERFORMANCE OF FWHS

One significant characteristic of the copper braided belt is the
excellent flexibility, making it easy to be turned, folded and
compressed. Accordingly, the structural forms and external
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FIGURE 4. Basic characteristics of copper braided belts at different sintering temperatures: (a) the maximum tensile stress; (b) the bending
stress at the displacement of 8 mm; (c) the thermal conductivity; (d) the synthetic evaluation factor; SEM images of (e) the original copper
braided belt; (f) the copper braided belt sintered at 850 °C demonstrating the sintering necks.
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FIGURE 5. Diagram of the relationship between the equilibrium
heat-source temperature (T1) and the compressed height of FWHS.

shapes of the FWHS can be adjusted expediently to adapt
to the complex working environment. Figure 5 reveals the
relationship between the equilibrium heat-source temperature
(T1) and the compressed height of the flexible radiator in
two cases of compressive deformation. In the legend, ““orig-
inal” and “‘sintered” refer to the original FWHS and the
sintered FWHS, while “closed” and ‘“‘expanded’ refer to the
compressed states of copper braided belts with closed and
expanded shapes, respectively. The bottom plate and upper
pressing plate are made of high-temperature resistant bakelite
material with very low thermal conductivity and hollowed out
to reduce their influence on convection heat transfer of the
radiator. The compressed height can be changed by adjusting
the position of the upper nuts on the screws. The overall
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height of FWHS was gradually compressed from an initial
height of 75 mm to 45 mm. The input power is 25 W.

It can be observed that T1 of both the original and sintered
FWHS increase continuously in the closed compression state.
When the compressed height is changed from 75 mm to
45 mm, T1 of the closed sintered FWHS rises from 115.8 °C
to 125.4 °C with a growth rate of 8.3%. In contrast, T1 of
the closed original FWHS is 3 ~ 5 °C higher than that of
the closed sintered FWHS at any compressed height. For the
compressed FWHS with closed shape, the spacing between
adjacent copper braided belts changes little when the defor-
mation is small. The situation of thermal boundary layers
is similar to that of the uncompressed state, and thus small
deformation of the closed compressed braided belts have little
effect on the convective heat transfer of the radiator.

In another aspect, T1 of both the original and sintered
FWHS in the expanded compression state decline sharply at
first and then rise slightly. When the compressed height is
changed from 75 mm to 55 mm, the expansion of copper
braided belts greatly increases the heat dissipation area, caus-
ing T1 of the expanded sintered FWHS decline from 115.8 °C
t0 96.1 °C with a percentage of 17.1%. However, when com-
pressed from 55 mm to 45 mm, T1 of the expanded sintered
FWHS rises slightly from 96.1 °C to 100.7 °C. By compar-
ison, T1 of the expanded original FWHS is 3 ~ 6 °C higher
than that of the expanded sintered FWHS at any compressed
height. As the deformation degree of the radiator further
increases, the spacing between adjacent copper braided belts
decreases and the belts even come into contact with each
other, which decreases heat dissipation area. Furthermore,
the thermal boundary layers of the braided belts interfere with
each other, resulting in the decreased convective heat transfer
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FIGURE 6. The plots of the equilibrium temperature (T1, T ;) and total
thermal resistance of the original FWHS and sintered FWHS at different
power levels.

capacity of FWHS. Thereby, the effect of heat accumulation
increases the overall equilibrium temperature of the radiator.

It is concluded that the sintered FWHS shows better heat
dissipation performance than the original FWHS in both
two compressive deformation states, which benefits from the
improved thermal conductivity of sintered copper braided
belts. More importantly, the external shapes of the FWHS
has a significant influence on the thermal performance. The
equilibrium temperature of heat source decrease when the
FWHS is under compressive deformation with expanded
shape, which confirms that the braided radiator still has good
heat dissipation capacity in a proper compression state. This
outstanding feature of the flexible braided radiator offers
obvious advantages in heat dissipation application of elec-
tronic devices within limited space.

C. EFFECTS OF INPUT POWER ON THE HEAT TRANSFER
PERFORMANCE OF FWHS

In order to explore the influence of different input powers on
the heat transfer performance of FWHS, the input power is
gradually increased from 10 W to 30 W with an increment
of 5 W per time. Figure 6 exhibits the plots of the equilibrium
temperature (T1, Ty,) and total thermal resistance of the
original FWHS and the sintered FWHS at different power
levels. For the two flexible radiators, both the temperature
of heat source (T1) and the average temperature at the end
of copper braided belts (Ty,) increase almost linearly with
the increase of input power. When the input power is 10 W,
the temperature gap between T1 and Ty, of the original
FWHS is 7.2 °C, while the difference enlarges to 23.8 °C at
30 W. As for the sintered FWHS, T1 is 2 ~ 3 °C and Ty, is
8 ~ 10 °C lower than that of the original FWHS at all
power levels, respectively. Consequently, the sintered FWHS
exhibits better heat dissipation capability than the origi-
nal FWHS. It is also noteworthy that the temperature gaps
between T1 and Ty, of both the original FWHS and the
sintered FWHS only increase slightly as the power increases,
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FIGURE 7. Infrared images of the sintered FWHS at thermal equilibrium
(input power of 25 W) with (a) original vertical shape and (b) expanded
shape by compressive deformation.
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FIGURE 8. The heat-source temperature (T1) curves of the compressed
sintered FWHS affected by forced air cooling.

which proves that they still maintain good thermal conduc-
tivity at higher input power. Nevertheless, the insufficient
heat transfer capacity in natural convective state limits the
overall heat dissipation performance of the flexible radiators,
resulting in the higher temperature difference between T1 and
Tm, and also the higher overall temperature.

The thermal resistance of FWHS under different input
power is further analyzed. As presented in Figure 6, the total
thermal resistance of the two radiators decreases with the
increase of input power. Since the input power increases,
the heat dissipation effect of the copper braided belts is
enhanced, which leads to the gradual decline in total thermal
resistance of the radiators. Besides, the gap of thermal resis-
tance between the original FWHS and the sintered FWHS
diminishes as the power increases. On account of a more
compact fabric structure, the volume porosity of the sintered
copper braided belts decreases, which improves the thermal
conductivity, as validated by Liu et al. [29]. This results in
lower total thermal resistance of the sintered FWHS than that
of the original FWHS. Regarding lower input power, heat
conduction plays a major role in heat transfer with relatively
low overall temperature of radiators. However, as the input
power increases, the overall temperature of both the original
FWHS and the sintered FWHS continues to rise. Owing to
a larger contact surface area with air of the looser fabric
structure, the convective heat transfer capacity of the original
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FIGURE 9. Equilibrium temperature profiles (T1, T;) of the compressed FWHS under different wind speeds: (a) original FWHS and

(b) sintered FWHS.

FWHS is higher than that of the sintered FWHS. Therefore,
the gap of thermal resistance between the original FWHS and
the sintered FWHS gradually decrease. Specifically, the total
thermal resistance of the original FWHS and the sintered
FWHS are 4.43 °C/W and 4.16 °C/W at the input power
of 10 W. When the input power is up to 30 W, the total
thermal resistance of the original FWHS and the sintered
FWHS decrease to 3.85 °C/W and 3.83 °C/W, respectively.
This can be ascribed to the constant heat transfer surface area
of copper braided belts of the two radiators, which limits the
convective heat transfer between the braided belts and the
surrounding air flow. Hence, there is no obvious difference
in the thermal resistance between the original FWHS and the
sintered FWHS at high input power.

Figure 7 displays the infrared images of two sintered
FWHS that have reached thermal equilibrium at the input
power of 25 W. According to the temperature field of the
two heating blocks and radiators, it is clear that the heat
transferred from heat source is evenly distributed on the
copper substrates and copper braided belts under the function
of convective heat transfer with the surrounding air flow.
More importantly, the overall temperature of the sintered
FWHS with expanded shape by compressive deformation is
evidently lower than that of the sintered FWHS with orig-
inal vertical shape, which is consistent with the results in
Figure 6.

D. EFFECTS OF WIND SPEED ON THE HEAT TRANSFER
PERFORMANCE OF FWHS

Forced convective heat transfer is a common cooling tech-
nique that uses a fan or pump to drive the air or working
fluid to flow through the heating surface and then take away
the heat. Compared with the natural convection, forced con-
vection can dramatically improve the efficiency of convec-
tive heat transfer by 10 times nearly [36]. Therefore, simple
forced air cooling by a DC-powered fan is employed here to
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investigate the effects of wind speed on the forced convective
heat transfer performance of FWHS. The input power is set
at25 W.

Figure 8 shows the heat-source temperature (T1) curves
of the compressed sintered FWHS affected by forced air
cooling. According to Figure 5, T1 of the expanded sin-
tered FWHS reaches the minimum at the compressed height
of 55 mm. Thereby, considering the best heat dissipation
performance, the overall height of the FWHS under com-
pressive deformation is fixed at 55 mm to study the effect
of forced air cooling. There is extremely distinct difference
in the curves. With the assistance of forced air cooling (the
wind speed of 2 m/s), T1 of the expanded sintered FWHS at
thermal equilibrium can be reduced to 49.4 °C, while T1 is
as high as 95.9 °C in natural convection (the wind speed
of 0 m/s). In addition, T1 of the closed sintered FWHS at
thermal equilibrium decreases to 56.6 °C with forced air cool-
ing, compared to 114.7 °C in natural convection. Moreover,
it only takes about 420 s for the heat source of the expanded
sintered FWHS to reach thermal equilibrium at the wind
speed of 2.0 m/s, which is about 560 s shorter than that in
natural convection, demonstrating the prominent efficiency
of forced convective heat transfer.

It is easy to understand that the opening angle at the
fold in half of the braided belts can also has an influence
on the heat dissipation performance of the flexible radia-
tor. Chen et al. [37] studied the structural parameters of a
flexible braided radiator and found that the optimum open-
ing angle of braided belts ranged from 25° to 40°. In this
section, the equilibrium temperature (T1, Ty,) of FWHS
in compressed states with closed and expanded shapes are
further compared under different wind speeds. Concerning
better thermal performance, both the original FWHS and
the sintered FWHS were tested under the compressed height
of 45 mm, and the corresponding opening angle of the copper
braided belts was close to 30° at this height.
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As illustrated in Figure 9(a), when the wind speed is 0 m/s,
T1 and Ty, of the expanded original FWHS are 3.0 °C and
5.0 °C lower than that of the closed original FWHS, respec-
tively. This can be ascribed to the stronger thermal radiation to
ambient air by a larger contact area of the expanded FWHS.
At the wind speed of 0.5 m/s, T1 and Ty, of the expanded
original FWHS are 12.0 °C and 11.0 °C lower than that of
the closed one. Such great difference is due to the enhanced
convective heat transfer capability of copper braided belts
under the action of forced air cooling. The temperature gaps
decrease to 8.0 °C (T1) and 10.0 °C (Ty,) between the closed
and the expanded original FWHS when the wind speed is
up to 1.0 m/s. As the wind speed increases to 1.5 m/s and
2.0 m/s, the temperature gaps further narrow to 4.0 °C (T1)
and 3.0 °C (Ty,). This phenomenon is mainly because the
advantage of thermal radiation relying on the contact area of
radiators is no longer obvious at high wind speed, while the
forced air cooling plays a dominant role in convective heat
transfer.

V. CONCLUSION

A novel flexible radiator has been fabricated to satisfy the
heat dissipation demands of electronic devices with high
power density and compact inner space. The FWHS is com-
posed of sintered copper braided belts which possess a twill
weave structure and are fixed on a copper substrate. The opti-
mal sintering temperature is selected as 850 °C for the copper
braided belts to improve the mechanical and thermal conduc-
tivity. The thermal performance of the FWHS under com-
pressive deformation and forced convection heat transfer is
investigated. Results show that the sintered FWHS has better
heat dissipation performance than the original FWHS owing
to the higher thermal conductivity. The equilibrium time
and temperature of the FWHS are significantly decreased
with the assistance of forced air cooling. More importantly,
the FWHS sintered at 850 °C with the expanded shape at a
compressed height of 55 mm can reduce the temperature of
heat source by 17.1% compared to the uncompressed FWHS,
which demonstrates its outstanding advantage of maintaining
high efficiency of heat dissipation under compressive defor-
mation. It is believed that the FWHS with great flexibility and
adjustability provides a new idea for cooling designs.
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