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Heat Transfer Capacity of Lotus-Type Porous Copper Heat Sink*

Hiroshi CHIBA™*, Tetsuro OGUSHI**, Hideo NAKAJIMA** and Teruyuki IKEDA***

Lotus-type porous copper is a form of copper that includes many straight pores, which
are produced by the precipitation of supersaturated gas dissolved in the molten metal during
solidification. The lotus-type porous copper is attractive as a heat sink because a higher
heat transfer capacity is obtained as the pore diameter decreases. We investigate a fin model
for predicting the heat transfer capacity of the lotus-type porous copper. Its heat transfer
capacity is verified to be predictable via the straight fin model, in which heat conduction in
the porous metal and the heat transfer to the fluid in the pores are taken into consideration by
comparison with a numerical analysis. We both experimentally and analytically determine
the heat transfer capacities of three types of heat sink: with conventional groove fins, with
groove fins that have a smaller fin gap (micro-channels) and with lotus-type porous copper
fins. The conventional groove fins have a fin gap of 3 mm and a fin thickness of 1 mm, the
micro-channels have a fin gap of 0.5 mm and a fin thickness of 0.5 mm, and the lotus-type
porous copper fins have pores with a diameter of 0.3 mm and a porosity of 0.39. The lotus-
type porous copper fins were found to have a heat transfer capacity 4 times greater than the
conventional groove fins and 1.3 times greater than the micro-channel heat sink under the

same pumping power.
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1. Introduction

In recent years, heat dissipation rates in power de-
vices and high frequency electronic devices have been in-
creasing, and as a result, heat sinks with high heat transfer
performance are required to cool these devices. Heat sinks
utilizing micro-channels with channel diameters of sev-
eral tens of microns are expected to have excellent cool-
ing performance because a higher heat transfer capacity is
obtained with smaller channel diameters.

Heat transfer performance of micro-channel con-
structed in silicon wafers has also been studied”. To en-
hance the cooling performance of heat sinks with micro-
channels, Wei and Joshi® investigated three-dimensional
stacked micro-channel heat sinks. Porous materials are
considered preferable for three-dimensional micro chan-
nels, highlighted by Bastawros’® study on cellular metal
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as a heat transfer medium. Among porous materials
such as sintered porous metal, cellular metal and fibrous
composite, lotus-type porous metal with straight pores is
preferable for heat sinks due to the small pressure drop of
cooling water flowing through the pores.

In this work, we investigate the use of lotus-type
porous copper in micro-channel heat sinks. An outer view
of the lotus-type porous copper is shown in Fig. 1. The
lotus-type porous copper is made of copper with many
straight pores that are formed by precipitation of supersat-
urated gas dissolved in the melted copper during solidifi-
cation. Such lotus-type porous metals can be fabricated by
the Czochralski, casting and zone melting methods®. The
main features of lotus-type porous metals are as follows;

1.0"mm/d1v

Fig. 1 Outer view of lotus-type porous copper
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(1) the pores are straight, (2) the pore size and porosity are
controllable, and (3) the porous metals with pores whose
diameter is as small as ten microns can be produced.

For the design of heat sinks using the lotus-type
porous coppet, it is necessary to introduce the fin model of
the lotus copper. So, it is crucial to know the effective ther-
mal conductivity of the lotus copper, considering the pore
effect on heat flow. Behrens® investigated the effective
thermal conductivities of composite materials analytically
and proposed a simple equation for predicting the effective
thermal conductivity. Han and Conser® have conducted a
numerical investigation into the effective thermal conduc-
tivities of fibrous composites.

In the previous work, we applied Behrens’ analytical
equation to the effective thermal conductivity of the lotus
copper perpendicular to the pore axis and compared with
these results the experimental data, in which the porosity
changed. The experimental data on the thermal conduc-
tivity of lotus copper perpendicular to the pore axis ke,
showed good agreement with the Behrens equation”.

In the present work, we investigate a straight fin
model for predicting the heat transfer capacity of lotus
copper. This model takes into consideration the heat con-
duction in the porous metal and the heat transfer to the
fluid in the pores. We compare results produced with the
model with the numerical analysis in a case where the
spacing between pores and the heat transfer coefficient in
the pores are changed.

Furthermore we examine the heat transfer capacity of
three types of heat sinks: one with conventional groove
fins, one with a smaller groove fins (micro-channels), and
one using lotus-type porous copper. The conventional
groove fin has a fin gap of 3mm and a fin thickness of
1 mm, which the micro-channels have a fin gap of 0.5 mm
and a fin thickness of 0.5 mm. The lotus-type porous cop-
per fins have pores with an average diameter of 0.3 mm
and a porosity of 0.39.

2. Nomenclature

A, : base plate area of heat sink [m?]
A, : cross-sectional area of fin [m?]
De : hydraulic diameter [m]
dp : average diameter of pores [m]
Jq  fin gap [m]
h : heat transfer coefficient [W/(m? - K)]
Hp : fin height [m]
h; : heat transfer coefficient based on A, [W/(m?-K)]
ke, : effective thermal conductivity perpendicular to
pore axis [W/(m-K)]
k; : liquid thermal conductivity [W/(m-K)]
ks : material thermal conductivity [W/(m-K)]
L : length of groove fin along flow direction [m]
Nuy, : Nusselt number defined by fin gap
Nuy, : Nusselt number defined by average diameter of
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pores
P : peripheral length of straight fin [m]
Pr : Prandtl number
AP : pressure drop of heat sink [Pa]
QO : heat flow [W]
g : heat flux [W/m?]
Re, : Reynolds number defined by hydraulic diameter
Re, : Reynolds number defined by fin gap
Re,, : Reynolds number defined by average diameter of
pores
S s : total surface area of pores [m?]
T}, : temperature of copper base plate [K]
T; : inlet temperature of cooling water [K]
T, : outlet temperature of cooling water [K]
T, : surrounding temperature [K]
AT : temperature difference [K]
U : flow rate [m3/s]
u : velocity [m/s]
Ax : heat flow distance [m]
Greek symbol
£ : porosity
n : fin efficiency

3. Analysis of Fin Efficiency

3.1 Straight fin model

In order to predict the heat transfer capacity of the lo-
tus copper, it is necessary to consider the heat conduction
in the porous metal and the heat transfer to the fluid in the
pores. The heat transfer capacity of the heat conducting
body to transfer heat to the surroundings from its surface
is generally expressed by a fin model. By contrast, in the
lotus-type porous copper heat sink, heat is input from the
top surface and flows downward by heat conduction, with
the heat transferred to the fluid in the pores along the way
as shown in Fig. 2 (a). The lotus copper fin, is modeled as
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(a) Lotus copper fin
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(b) Straight fin model

Fig. 2 Analytical lotus fin model
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straight fin as shown in Fig.2 (b). The heat transfer rate
Q under temperature difference AT between the top sur-
face of the fin and the fluid in the pores is calculated from
Eq. (D),

O=h-S¢n-AT (1)

where 7 is fin efficiency, S ; is the total surface area of the
pores and £ is the heat transfer coefficient in the pores.
In the straight fin, the fin efficiency is expressed as the
following:
_ tanh(m- Hy) )
m-Hy

B h-¢-Py
"=\ A )

where Hy is the fin height, kg, is the effective thermal
conductivity perpendicular to the pore axis and Py is the
peripheral length of the fin. Furthermore A, is the cross-
sectional area of the fin, while ¢ is the ratio between the
total surface area of the lotus copper S  and the total sur-
face area of the straight fin P¢-H, which can be expressed
as the following,
Sy
o P e H f
3.2 Numerical analysis

In order to verify the efficiency of the straight fin
model, we conducted a numerical analysis to predict the
fin effectiveness, The numerical model of the lotus copper
is shown in Fig. 3.
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Fig.3 Numerical model to predict fin efficiency
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The mean temperature AT between the top surface of
the fin model and the surrounding temperature 75 in the
pores were calculated using the finite differential method
under the following boundary conditions; uniform heat in-
put Q at the top surface, uniform heat transfer coefficient
h in the pores, and a constant surrounding temperature 7.

In the calculation, the spacing of pores (x,y) and
h were changed under the conditions of pore diameter
dp of 200 um and a material thermal conductivity k; of
400 W/(m-K).

A comparison of the fin efficiency 1 between the nu-
merical results and results from Eq. (2) is shown in Fig. 4.
Equation (2) showed good agreement with the numerical
simulation; therefore the fin efficiency of the lotus fin 5
was verified to be predictable by Eq. (2) derived from the
straight fin model.

3.3 Investigated heat sinks

We examine the heat transfer capacity of the three
types of heat sink- with conventional groove fins, groove
fins with smaller fin gaps (micro-channel) and lotus-type
porous copper. The configuration and the specifications
of the conventional groove fins and micro-channels are
shown in Fig. 5 and Table 1. The conventional groove fins
have a fin gap of 3mm and a fin thickness of 1 mm. The
micro-channels have a fin gap of 0.5 mm and a fin thick-
ness also of 0.5 mm. The heat transfer capacity of the con-

Numerical results
--------- Analytical prediction

09 |
08 [
07 | =
06 |
05 |
04 | Tl
03 | I
02 |
01 |

fin efficiency ns
v

m-H;

Fig.4 Comparison of fin efficiency between numerical results
and analytical prediction from Eq. (2)

fa t Flow direction

|/ 30 mm \J

20 mm

Fig.5 Conventional groove fins and micro-channels

Table 1 Specifications of conventional groove fins and micro-
channels
...Fin gap Fin tichkness | Fin Height
fg_(mm) ft (mm) Hf (mm) Investigation
Conventional groove fins 3 1 9 Calc.
Micro—channels 0.5 0.5 9 Calc. & measured
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Lotus type porous copper fin
(dp = 0.3mm, & =0.39)
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Fig. 6 Lotus-type porous copper heat sink

ventional groove fins is a calculated one only.

Figure 6 shows the configuration of the lotus-type
porous copper heat sink, which features three lotus copper
fins with lengths of 3 mm along the flow direction. The
lotus-type porous copper fins have pores with a mean di-
ameter of 0.3 mm and a porosity of 0.39.

3.4 Heat-transfer capacity and pressure drop of
heat sinks experimental method

Figure 7 shows the experimental apparatus for mea-
suring the heat transfer capacity of heat sink. Cooling wa-
ter was circulated through a filter and the test duct in which
the heat sink is located. The circulator has a pump and wa-
ter cooling equipment. The heat sink itself consists of fins
that are brazed on one side of a copper base plate. The
heating block with a heater is soldered onto the other side
of the base plate. Inlet temperature of the cooling water
T;, the temperature of the copper base plate 7}, and the
outlet temperature of the cooling water 7, are measured
by K type thermocouples.

We evaluated the heat transfer capacity by heat trans-
fer h; based on the base plate area A; as follows,

e 2
;=

Ap-(Tp—T))
where Q is the heat transfer rate evaluated by deduct-
ing the heat loss through the thermal insulator around the
heater from heat input. The pressure drop between the
inlet and the outlet of the fins of all the heat sinks were
measured within an experimental accuracy of +5% by a
pressure sensor (Krone Corp., model: DP-15).

3.5 Predictions of the heat transfer coefficient and

pressure drop

3.5.1 Conventional groove fins and micro-chan-
nels Correlations for the heat transfer coefficient and
a pressure drop of the conventional groove fins and micro-
channels are expressed by the following equations under
the laminar flow regime (Re <3 000)®-®,

®)

- 3/10
Nu,,:5.364(1+{(220/ﬂ)x+} 10/9) /1

m/(115.2X%)
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Fig. 7 Experimental apparatus for measuring the heat transfer

capacity
NM1 —Nu2

Nugzm-(Pr—0.71)+Nu2 (6)
Nuy =2.80136-2.105 14X* +0.411783X** +4.11
(7N
Nupy =4.18880-3.14709X" +0.611 075X*2 +4.11
®

L
X*=ln(—~Re,,~Pr), )

fg ¢

where Re, is the Reynolds number defined by the fin gap
(=u-fy/v), Nuy is the Nusselt number defined by the fin
gap (=h- f,/k;), L is the length of the groove fin along the
flow direction, u is the velocity of a fluid through the fin
gaps, v is the dynamic viscosity of the fluid, and k; is the
thermal conductivity of the fluid.

w28

3.44 4.X |\ x05
/=03 2 (10)
X05.Re;  (1+0.000029-X-2)-Rey
X=L/(Rey-De) (11
4L\ (1
AP=f-|—=|-[=pu? 12
f (D) (zpu) (12)

Here De is the hydraulic diameter (=4f,-Hy/2(f; + Hy)),
and Re, is Reynolds number ( =u-De/v).

3.5.2 Lotus-type porous copper fins As the
flow characteristics through the pores in the lotus copper
fins are considered to be similar in a cylindrical pipe, the
heat transfer coefficient and pressure drop of the lotus cop-
per fins are expressed by the following correlations for the
circle pipe under laminar flow regime (Re <3 000)(1?:

5/313/10

xq1+ 5
[1+(Pr/0.0207)2/3]' [ 1 +{(220/m) X}~

X" =(L/dp)/(Re,-Pr)
(4 (L) (L,
or=(er (7 H2)
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where Re,, is the Reynolds number (=u-dp/v), and Nu,, is
Nusselt number (=h-dp/k;).

3.6 Experimental data

3.6.1 Heat transfer capacity The heat transfer
coefficients based on base-plate surface area A, defined
by Eq.(5) for the experiment of results and Eq. (16) for
the calculated results are plotted for all of heat sinks as a
function of the inlet velocity to the heat sinks «, in Fig. 8.

h-Ssm
==

The prediction for the lotus-type porous copper heat
sink showed good agreement with the experimental data
within an accuracy of +£15%. The experimental data for
the lotus-type porous copper heat sink showed a very large
heat transfer coefficient of 80 000 W/(m?-K) under the ve-
locity u, of 0.2 m/s, which is 1.7 times higher than that for
the micro-channels and 6.5 times higher than that for the
conventional groove fins.

hi (16)
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data
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Fig. 8 Comparison of heat transfer /; between experimental

and predicted data
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Fig.9 Comparison of pressure drop AP between experimental

and predicted data
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3.6.2 Pressure drop The pressure drops in all of
the heat sinks are compared in Fig.9 as a function of u,.
The predicted pressure drop of the lotus-type porous cop-
per heat sink showed good agreement with the experimen-
tal data within an accuracy of +5%.

On comparing the pressure drop among all of the heat
sinks at a velocity u, of 0.2 m/s, experimental results show
that the pressure drop of the lotus-type porous copper heat
sink is 2.5 times greater than that of the micro-channels
and 38 times greater than that of the conventional groove
fins.

4. Discussion

Figure 10 shows the heat transfer coefficient 4; as a
function of AP. On comparing the heat transfer coeffi-
cients among all of the heat sinks under the same pressure
drop, the experimental data for the lotus-type copper heat
sink is around 1.2 times greater than that of the micro-
channels and twice as greater as that of the conventional

Experimental data
Lotus-type porous copper O

Microchannnels [}
90,000 F Conventional groove fins — — — — (Calc.)
80000 F i
70,000 f %
60000 F =d
£ ;}9}
o 50000 F o T
“t 40000 [ o8
= ’ E /o/ =
2 30000 =T
< [ 3/
20,000
10,000 = -+
0
10 100 1,000
AP Pa

Fig. 10 Comparison of heat transfer 4; as a function of pressure

drop
Experimental data
Lotus-type porous copper O
Microchannnels O
90,000 Conventional groove fins = = = = (Calc.)
80,000 [ /6
70,000 //
60,000 9@/
< 50000 BEEW—"D
& F Yl
£ 40,000 F .
% o000 | i
~ 30,000
<
20,000
L e
o f
0.0001 0.001 0.01 0.1 1
AP-U W
Fig. 11 Comparison of heat transfer 4; as a function of

pumping power
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groove fins.

The heat-transfer coeflicient A; is shown as a function
of pumping power and is defined by the product of flow
rate U and AP, as shown in Fig. 11. A comparison of the
heat transfer coefficients among all of the heat sinks under
a pumping power of 0.01 W reveal that the experimental
data for the lotus-type copper heat sink is 1.3 times greater
than that of the micro-channels and 4 times greater than
that of the conventional groove fins.

5. Conclusions

Through on experimental and analytical investigation
into the lotus-type porous copper heat sink, we obtained
the following conclusions:

(1) Fin efficiency of the lotus-type porous copper fin
is verified to be predictable by the straight fin model by
using the effective thermal conductivity perpendicular to
the pore axis and the surface area ratio between the surface
area of the lotus copper and the straight fin.

(2) The heat transfer coefficient, which is based on
the base-plate area and the pressure drop of the lotus-type
copper heat sink, can be predicted by using the correla-
tion for cylindrical pipes within an accuracy of +15% and
+5%, respectively.

(3) The heat transfer capacity of the lotus-type
porous copper fins was very high and was found to be 4
times greater than the conventional groove fins and 1.3
times greater than micro-channel heat sink under the same
pumping power.
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