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Abstract

In order to comply with the recent demand for downsizing of the electric equipment, the minia-
turization and the improvement in heat transfer performance of a heat sink under natural
air-cooling are increasingly required. This paper describes the experimental and numerical inves-
tigations of heat sinks with miniature/micro pins and the effect of the pin size, pin height and the
number of pins on heat transfer characteristics of heat sinks. Five types of basic heat sink models
are investigated in this study. The whole heat transfer area of heat sinks having the different pin
size, pin height and the number of pins respectively is kept constant. From a series of experiments
and numerical analyses, it has been clarified that the heat sink temperature rises with increase in
the number of pins. That is, the heat sink with miniaturized fine pins showed almost no effect on
the heat transfer enhancement. This is because of the choking phenomenon occurred in the air
space among the pin fins. Reflecting these results, it is confirmed that the heat transfer coefficient
reduces with miniaturization of pins. Concerning the effects of the heat transfer area on the heat
sink performance, almost the same tendency has been observed in other three series of large sur-
face area, that is, higher pin height. Furthermore as a result of studying non-dimensional convec-
tion heat transfer performance, it was found that the relation between the Nusselt number (Nu)
and the Rayleight number (Ra) is given by Nu = 0.16 Ra®52,
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1. Introduction
In electronic equipment applications with high heat fluxes, the heat transfer performance and the lifetime of
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components are often deteriorated due to temperature rise. To avoid those unfavorable problems, it is necessary
to keep the component under a critical temperature by introducing a high performance heat sink. Furthermore, in
order to comply with the recent demand for downsizing of the electronic equipment, the miniaturization and the
improvement in heat transfer performance of the heat sink are required much more strongly than ever. But it is
well known that the decrease in heat transfer area by downsizing leads to a decline of the heat sink performance.

Many studies of heat transfer characteristics using large scaled heat sinks have been carried out so far. For
example, Aihara et al. [1] and Sara [2] revealed that the heat sink performance depends on the pin size, the pop-
ulation density of pin. Zografos and Sunderland [3] studied the effect of pin arrangement on the heat transfer
performance, and reported that a choking phenomenon, which had a negative effect on heat transfer from a heat
sink, was observed in the air space among pin fins. Huang et al. [4], Sparrow et al. [5] and Sertkaya et al. [6]
investigated experimentally the dependence of the pin fin performance on a heat sink orientation.

In electronic equipment applications, heat sinks are placed within enclosed areas and the emphasis is on mak-
ing the enclosures more compact than ever. Yu et al. [7] and Bocu et al. [8] reported natural convection heat
transfer from heat sink attached to enclosures in their studies.

On the other hand, concerning small sized heat sinks or nano particles structure, the analytical and experi-
mental studies were published by Narasimhan et al. [9] and Minakami et al. [10], Kunugi et al. [11]. Although
interesting findings on natural and forced convection, and radiation from heat sinks have been reported in the
previous studies, the mechanism of the heat transfer has not been clarified yet.

Accordingly, in the present study, the effects of pin size, pin height and the number of pins on the heat trans-
fer characteristics of heat sinks with miniature/micro pins have been investigated fundamentally.

2. Heat Sink Models

Five types of basic heat sink models are shown in Figure 1. The first model has four square pins, and is named
as Type 1. Each pin placed at equal space of the heat sink base (length: 25 mm, width: 25 mm, thickness: 2 mm)
has the pin width w, = 6.25 mm and the pin height h, = 6.5, 14, 21.5, 29 mm at intervals of 7.5 mm. And in
Type 2 model, the pin size is reduced to half the pin width and height of Type 1. That is, under the conditions of
constant heat transfer area, the number of pins for Type 2 is quadrupled against Type 1. In the same manner, five
types of heat sinks in total, which have the pin height from several hundred micro meters to a few millimetres
and have the same heat transfer area, are prepared.

As listed in Table 1, the number of pins N is changed from 4 to 1024, and corresponding to this change in N,
the pin width w, and the pin height h,, vary from 0.39 mm to 6.25 mm and from 0.41 mm to 29 mm, respectively.
The whole3 he;at transfer area of the square pin series Ay is 1.48 x 107° m?, 2.23 x 10 m?, 2.98 x 10 m? and
3.73x10° m".
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Figure 1. Heat sink models. (a) Top view; (b) Side
view; (c) Parts and nomenclature.
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Table 1. Dimensions of pin fin.

hp (mm)
Type N(@) W, (mm)
() O * A
1 4 6.25 6.5 14 215 29
2 16 3.13 3.25 7 10.75 145
3 64 1.56 1.63 35 5.38 7.25
4 256 0.78 0.81 1.75 2.69 3.63
5 1024 0.39 0.41 0.88 1.34 181

3. Experimental

Figure 2 shows a schematic diagram of experimental apparatus, which consists of a chamber, a vacuum pump, a
vacuum gauge, and a heat sink with a heater used as the heat source. The chamber made of SUS is 400 mm in
diameter and 170 mm in height. Here, its wall temperature which is regarded as the ambient temperature T, was
kept at 25°C by circulating cooling water. The heat sink was hung in the air in the chamber by using fine wires
to reduce the heat loss from the heat sink to the chamber wall by conduction. The heat sink was placed in the
upward facings of the heated surface. The pressure in the chamber was controlled with the vacuum pump from
the atmospheric pressure to the vacuum condition of approximately 3.5 x 107% Pa, and the chamber pressure was
measured using the vacuum gauge. Under the atmospheric pressure, heat is transferred from the heat sink to the
surroundings by convection and thermal radiation. On the other hand, under the vacuum condition of approx-
imately 3.5 x 1072 Pa, heat is transferred from the heat sink to the surrounding wall only by thermal radiation.

As shown in Figure 3, the heat sink, which is made of Aluminum alloy A6063 (the thermal conductivity 4 =
200 W/(m-K), the emissivity ¢ = 0.89) with a base plate of 25 mm long, 25 mm wide and 2 mm thick, was
placed on the same sized square copper block (thickness: 2 mm, 4 = 398 W/(m-K)) through a thermal interface
material (thickness: 0.5 mm, 4 = 3.1 W/(m-K)). Furthermore, on the bottom part of the copper block, a ceramic
heater is attached through the thermal interface material. The representative temperature T, was measured using
a ¢ 0.5 mm K-type thermocouple fixed in a small groove machined at the copper block center. In Figure 3, T, is
the ambient temperature.

First, under the atmospheric pressure, the heat rate Q;, = 1.25 W was applied to the heat sink by the ceramic
heater. Second, the representative temperature Ty, was measured under the steady-state condition. Third, under
the vacuum condition of approximately 3.5 x 102 Pa, some amount of heat was applied to the heat sink by the
heater until the heat sink temperature became the same temperature T, under the atmospheric pressure, and then
the heat transferred by thermal radiation Q, from the heat sink under the steady-state conditions was measured
based on the input power to the heater. Furthermore, in the same manner, Ty, and Q, for the heat sink consisting
only of the base plate were also measured for reference.

4. Numerical Analysis

Figure 4 shows the boundary conditions for the large air space surrounding the heat sink placed in the upward
facings of the heated surface. A series of numerical analyses have been performed for the physical models
shown in Figure 1 and for the heat sink consisting only of the base plate (25 mm, 50 mm, 100 mm and 150 mm
on a side) for reference. In this study, the fine wires for hanging the heat sink and the copper block, the thermal
interface material were neglected for simplification, and only the heater (length: 25 mm, width: 25 mm, thick-
ness: 0.5 mm), the heat sink, and the surrounding large air space were taken into consideration.

The present numerical calculations were carried out using the simulation software of Computational Fluid
Dynamics (CFD). The following assumptions are applied in the analysis.

1) Fluid is incompressible.

2) Thermophysical properties are assumed to be constant except density (Boussinesq approximation).

3) Ambient temperature T, is constant.

Based on these assumptions, the following basic equations are obtained under the steady state conditions.
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Boundary conditions are given as follows. The same heat rate Q;, = 1.25 W as the experiment was applied to

the heat sink. The velocity is zero on all the solid surfaces, that is u = v = w = 0. The gauge pressure pq of the in-

let and the outlet of the large surrounding space is 0 Pa, the inlet air temperature is 25°C, and other remaining

surfaces are adiabatic. The amount of heat transfer rate by convection and thermal radiation is equal to that by
conduction through the solid.

The equation of conduction within the solid is given by the following equation.
2 2 2
T, 0T, 0T g 6)
ox® oy° oz

In the numerical analysis, the same heat rate Q;, = 1.25 W as the experiment was applied to the heater. In the
case of large sized heat sink consisting only of the base plate, the heat rate added to the base plate was kept con-
stant.

Then the representative temperature Ty, of the heat sink under the steady-state conditions and the heat rate re-
leased from the heat sink by thermal radiation Q, were calculated using the simulation software of CFD. In addi-
tion, the velocity vectors and the temperature fields at the central lateral plane of the heat sink were obtained.

5. Results and Discussion

5.1. Heat Transfer Performance of Heat Sinks

Figure 5 and Figure 6 show the measured and simulated results on the effects of the number of pins N, the pin
height h, on the temperature rise AT of the heat sink. Here, AT is defined as the difference between the repre-
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Figure 5. Effects of N and h, on AT (measured results).
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sentative temperature Ty, and the ambient temperature T,. Accordingly, the lower AT means a higher heat transfer
performance. The symbols show the results for the heat sink with different pin height, that is, heat transfer area.
The broken line shows the AT for the heat sink consisting only of the base plate. Further, the number of pins N
corresponds to the heat sink type from Type 1 to Type 5.

Concerning Type 1 model having the smallest number of pins, it is found that the heat sink performance of
Type 1 model is the highest and as the pin height h, is higher, the heat sink performance is better. In a series of
heat sinks, the heat transfer rate increases with the pin height of Type 1. Each representative temperature T, of
the heat sink rises with increase in the number of pins N. Especially, in the case of large N, the temperature rise
AT of the heat sink comes close to that of the base plate level. In other words, the heat sink with miniaturized pins
has almost no effect on the heat transfer enhancement. As seen from the figure, the simulated results agree qualita-
tively well with the measured results. That is, the dependence of the temperature rise AT on the number of pins N
agrees fairly well with each other. Unfortunately, however, a quantitative agreement is not obtained between
them. This is because the present physical model cannot reproduce the experimental heat sink system exactly.

5.2. Velocity Vector and Temperature Field

The velocity vector in air space surrounding the heat sink model at central longitudinal section, which are ob-
tained from numerical simulation, are shown in Figure 7. From this figure, it can be seen that the velocity vector
among pins becomes small with increase in the number of pins. In particular, the air velocity of Type 5 models
becomes almost zero.

The temperature fields of the heat sink and its surrounding air space are shown in Figure 8. The representa-
tive temperature Ty, at the heater surface is the highest. From this figure, it can be seen that the heater tem-
perature rises from Type 1 to Type 5. Namely, this means that the increase in the number of pins causes the
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Figure 7. Flow field along center line of heat sink. (a)
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Figure 8. Temperature field along center line of heat
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deterioration of the heat sink performance.

5.3. Air Velocity between Pins

Figure 9 shows the air velocity between pins which was numerically obtained for Type 1 to Type 5 models. The
present air velocity means the average value obtained at central lateral plane of heat sink. As shown in the figure,
the air velocity decreases with increase in the number of pins. This result shows the same tendency as the veloc-
ity vectors. In Type 3 to Type 5 models, regardless of the pin height, the air velocity becomes almost zero. This
behavior must be the choking phenomena observed in the previous study using the large sized heat sinks done
by Zografos et al. [3], and as an inevitable consequence, it leads to low heat transfer performance of the heat

sink.

5.4. The Ratio of Convective and Radiative Heat Transfer Rates

In order to estimate the heat sink performance from the view point of the heat transfer, the ratio of convective
and radiative heat transfer rates in whole heat sink system has been also investigated experimentally and ana-
Iytically, and the measured and calculated results are shown in Figure 10 and Figure 11 respectively. The total
amount of heat transfer rate into and out has to keep the energy balance expressed by Equation (7). Under the
conditions of the experiments and numerical calculations, Q;, is 1.25 W. In addition, the output energy from heat
sink is the sum of convective and radiative heat transfer rates Q. and Q,, so the amount of heat transferred by
convection Q. is given by the following Equation (8).

Qin =Qout (7)
Qc :Qin _Qr (8)
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Figure 9. Flow velocity between pins on heat sink.
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Figure 11. Effects of N and h, on Q (calculated results).

As seen from Figure 10, it is clear that the convective component Q. which is the dominant parameter in this
case attains its maximum by Type 2, and reduces to Type 5 and then becomes saturated. It can be observed that
the convection component Q. of Type 2 is exactly proportional to the pin height hy, in other words the heat rate
transferred by thermal radiation Q, vary inversely proportional to the pin height h,. And in other heat sink mod-
els there is no correlation between the convection component Q. and the pin height h,. Furthermore, the heat rate
transferred by convection Q. occupies approximately 60% of the total input or output energy Qj, or Qqy, the heat
rate transferred by thermal radiation Q, is about 40%, and the result agrees very well with the results reported by
Sparrow et al. [5]. And from Figure 11, it is found that the calculated results agree well with the measured re-
sults qualitatively. However a quantitative agreement is not obtained between them, as previously noted, this is
because the present physical model cannot reproduce the experimental heat sink system exactly.

5.5. Heat Transfer of Heat Sink under Natural Convection

In numerical simulations, the total amount of heat transfer rates of the heater and the heat sink was investigated.
The convective component of heat sink only is represented by Equation (9) using computable parameters of the
total amount of convective heat transfer rate Q. and the heat transfer from heater by convection Qc .

Qc_hs = Qc - Qc_ht (9)
The convective heat transfer rate of the heater is calculated by Equation (10),
Nu/
Q. = AT, -T,) (10)
NuA
h= 2 11
1 (11)

where Nu is the Nusselt number, 4, is thermal conductivity of air, L is characteristic dimension and A is heat
transfer surface of the heater. Equation (11) gives the heat transfer coefficient h.

It is found that the heater has isothermal heating surface according to the simulated results, the Nusselt num-
bers at the lower and side surfaces of the heater are calculated by previously-proposed Equation (12) [12], Equa-
tion (13) [13] and Equation (14), where Nu, is the Nusselt number of lower surface of heated plate, Nuj is that of
vertical surface of heated plate. And Ra is the Rayleigh number which is represented as the correlation parame-
ter between the Grashof number and the Prandtl number.

Nu, = 0.27Ra’% (12)
Nu, = 0.59Ra’% (13)
where

9B(T,-T,) L vpc,
v A

a

Ra=GrPr = (14)
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Two types of characteristic lengths L will be employed here. In the case of the lower surface of cooled plate,
L is taken as L = A/P where A is the plate surface area and P is the perimeter which surrounds the area [14]. In
the vertical flat plate, L is taken as 0.5 mm which is the height of heater. Using these numbers, Q. ; of the each
side is calculated by substituting Nu; and Nu, into Equation (10). And then Q. p, is determined by Equation (9)
using known Q..

Figure 12 shows the effects of the number of pins and the pin height on the convective heat transfer coeffi-
cient. Here, in order to evaluate the improvement in the convective heat transfer performance for heat sink base
surface, the surface area of the top of the base is adopted as A (6.25 x 10™* m? constant). In this figure, it is clear
that each heat transfer coefficient h of the heat sink decreases with increase in the number of pins N and in the
case of Type 5 model it comes close to that of the base plate level. Since Figure 12 agrees well with the results
of the temperature rise, it is considered that the factor of decreasing heat transfer performance due to the minia-
turization is the convective heat transfer coefficient.

Finally, the calculated data of heat sink, expressed in terms of Nu and Ra, are plotted in Figure 13. In this
figure, the lower solid line represents Equation (15) [14] in which Nus is the Nusselt number of upper surface of
heated plate and the symbols (x) show the calculated results of the base plate.

Nu, = 0.54Ra"% (104 <Ra <107) (15)

From these results, it is confirmed that Equation (15) applied to a range of the low-Rayleigh number. Using
Equation (11), the Nusselt number of the heat sinks was calculated. Here, L was estimated to be the total value
of the pin height h, and the base height 2 mm. As seen this figure, regardless of the pin size, the pin height, the
number of pins, it is revealed that Nu and Ra of the heat sink are expressed by an approximate equation, such as
Equation (16).

Nu = 0.16Ra’* (16)
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Figure 12. Effects of N and h, on h (calculated results).
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Since the calculated results were shown between +20% of the approximate expression and with miniaturiza-
tion of pins the Nusselt number Nu of the heat sink comes close to that of the base plate level, it is considered
that the proposed correlation implies high accuracy.

6. Conclusions

In this study, experimental and numerical studies have been done on the effects of the pin size, pin height, the
number of pins on the heat transfer performance of the heat sink.

Concerning the heat sinks with the same heat transfer area, it has been confirmed that the heat sink perfor-
mance changes depending on the population density of pin and the pin size. From the measured and calculated
results, the heat sink temperature has been shown to rise with increase in the number of pins. Especially, the heat
sink with miniaturized pins has almost no effect on the heat transfer enhancement. It is considered that these
characteristics of the heat sink cause the decrease in the convective component, which occupies approximately
60% of total heat transfer rate, and the heat transfer coefficient due to the decrease in the flow velocity when the
pin to pin clearances are reduced.

Regardless of the pin size, the pin height, and the number of pins, it has been revealed that the Nusselt number
and the Reyleigh number of the heat sink are represented by an approximate equation.
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Nomenclatures

A: heat transfer area (m?);

Cp: specific heat (J/(kg-K));

Gr: Grashof number (-);

g: gravitational acceleration (m/s?);

h: heat transfer coefficient (W/(m*K));

hy: height of pin (mm);

L: characteristic length (m);

N: number of pins (-);

Nu: Nusselt number (-);

P: perimeter (m);

Pr: Prandle number (-);

p: pressure (Pa);

Q: heat transfer rate (W);

Ra: Rayleigh number (-);

T: temperature (°C or K);

u: velocity component in x-direction (m/s);
V: air velocity (m/s);

v: velocity component in y-direction (m/s);
w: velocity component in z-direction (m/s);
wy: width of pin (mm).

Greek Symbols

a: thermal diffusivity (m%/s);

. coefficient of volume expansion (K™);
& emissivity (-);

AT: temperature difference (°C or K);

A: thermal conductivity (W/(m-K));

v: kinematic viscosity (m%s);

p: density (kg/m?).

Subscripts

a: ambient or air;

c: convection;

g: gauge;

h: representative;

ht: heater;

hs: heat sink;

in: input;

out: output;

r: radiation;

1: lower surface of heated plate;
2: vertical surface of heated plate;
3: upper surface of heated plate.
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