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Abstract

Based on plate fin heat sinks (PFHSs), a new type of plate-pin fin heat sink (PPFHS) is constructed,
which is composed of a PFHS and some columnar pins staggered between plate fins. Numerical simulations
and some experiments were performed to compare thermal performances of these two types of heat sinks.
The simulation results showed that thermal resistance of a PPFHS was about 30% lower than that of a
PFHS used to construct the PPFHS under the condition of equal wind velocity. Another obvious advan-
tage of PPFHSs is that users can change an existing unsuitable PFHS into a required PPFHS by themselves
to achieve better air-cooling results.
© 2004 Elsevier Ltd. All rights reserved.

Keywords.: Heat sink; Heat transfer; Thermal resistance; Electronic device cooling

1. Introduction

Plate fin heat sinks (PFHSs) are widely used in electronic equipment cooling because of their
many advantages, such as easy machining, simple structure, and low cost. Various forms of
PFHSs are manufactured and supplied to markets in large quantity, and they can achieve excel-
lent solutions for many thermal issues in electronic equipments. Many publications studied the
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optimization of the PFHS and attempted to define general rules for optimizing it [1-3]. All these
researches focused on optimization of design parameters and the operating condition of a cooling
system. However, there exists an intrinsic shortcoming in structures of PFHSs, i.e. parallel plate
fins make airflows passing through heat sinks smoother. This is undesirable for enhancing heat
transfer performances of heat sinks. Sometimes the existing PFHSs cannot satisfy cooling require-
ments of some electronic products in small quantity, and it will take some trouble for the users to
find proper PFHS:s. In this case, it will be helpful to reduce the cost of the total electronic device, if
users can modify the heat sink structure and improve heat transfer performance of it by
themselves.

Based on the reasons mentioned above, an idea of how to make the flow in a PFHS more tur-
bulent and heat transfer performance of the heat sink stronger was formed, and a plate-pin fin
heat sink (PPFHS) was constructed from an existing PFHS. Thermal performances of the PPFHS
will be compared with that of the PFHS in this paper.

2. Numerical analysis

The schematic diagrams of a PFHS and a PPFHS composed of the PFHS and some columnar
pins are shown respectively in Fig. 1a and b. Geometric parameters of them are listed in Table 1.

Fig. 1. Schematic diagrams of heat sinks: (a) plate fin heat sink; (b) plate-pin fin heat sink.
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Table 1
Geometry parameters of heat sinks

Fin length, L (mm)  Fin height, H (mm)  Fin number, N Fin thickness, f (mm)  Pin diameter, D (mm)
51 10 9 1.5 2

In the PPFHS, the center distance of two neighbor pins is set as 10D (D is the pin diameter) in
flow direction, and the nearest distance between the pin center and fin wall is set as 1D [4].

The computation domain and the coordinate system are illustrated in Fig. 2. A flow passage in
each heat sink was selected as the computation domains. In order to guarantee no back flow in
outlets, the computation domains cover 1L downstream of the fin arrays in negative z direction.
Two sides of the computation domains in x direction are the center planes (symmetry planes) of
plate fins.

The flow is assumed as three-dimensional, turbulent, incompressible, and steady flow. Buoy-
ancy and radiation heat transfer effects are negligible. Thermodynamic properties are assumed
to be constant. The k—¢ turbulence model is used to describe the characteristics of air flow through
heat sinks [5]. Assuming that the flow variables can be written in the form f = f + f’ where f is
the mean value and £ is a fluctuation about the mean, then the continuity and momentum equa-
tion can be written as
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Fig. 2. Computation domain.
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where p, is the turbulent viscosity and k£ = %(ﬁ + 12 + w?) is the turbulent kinetic energy. Eq. (3)

introduces two unknowns (u, and k), which require two equations for closure. For high Reynolds
number flows the turbulent viscosity can be represented as

Ky = pCu? (4)

where C,, is a constant and ¢ is the dissipation rate of energy. The closure equations used to eval-
uate the turbulent viscosity and energy dissipation rate take the form

0 _ . 0 M, o¢ & ait, 6171/ 617, 82
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For the k—¢ model, the constant terms take the values

C,=00 C =144 C,=192 0,=10 0,=13 (7)
The energy equation solved for the fluid flow is
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where T is diffusion coefficient of air. The energy equation solving conduction heat transfer within
the heat sink is

o (. T\ .
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where ¢ is the heat generated per unit volume of the heat sink, 4, is the heat sink thermal conduc-
tivity and T is the temperature within the heat sink.

The solution algorithm used in this paper is the SIMPLE method described in [5]. The discrete
schemes of convection items are QUICK scheme with three-order precision.

The flow velocity, k and ¢ were specified at the inlet, and they were assumed to have zero gra-
dient in the z direction at the outlet. Non-slip boundary condition for velocity was provided on
walls. The standard wall functions were used to treat near wall domain. Uniform heat flux con-
dition was applied on the bottom surface of fin base. On the symmetric planes, adiabatic condi-
tions were provided to the velocity u, k, and ¢. Grid structures were fine enough to give results
independent of grids. Properties of the working fluid are the same as those of air at 294 K, and
the material of heat sinks is aluminum with thermal conductivity of 202 W/(mK).

3. Experiments

Jonsson and Moshfegh performed experiments on a group of PFHSs in a wind tunnel [6]. One
of PFHSs had the same geometric parameters as the one in Fig. 1a. The wind tunnel height was 10
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Wind instrument

Pressure gage

Fig. 3. Experiment device measuring pressure drops over the PPFHS model.

mm, and the wind tunnel width was 63 mm when the PFHS was shrouded. The base of the PFHS
was heated uniformly with a heat load of 10 W. When airflows passing through passages of the
heat sink were turbulent, wind velocities through passages of the heat sink were 6.5, 8.0, 10.0 and
12.2 m/s respectively. The air temperature at the wind tunnel inlet was held at approximately 21
°C during the experiments.

In order to verify the thermal model of the PPFHS, pressure drops over a scaled PPFHS model
were measured under different wind velocities. The size of the PPFHS model is 5.6 times as much
as the size of the PPFHS used in computation. The columnar pins were staggered in two flow pas-
sages of the model. The center distances of two neighbor pins were set as 5D in flow direction. The
pressure drop over the model was measured using two pressure taps positioned 30 mm upstream
and downstream respectively of a passage with staggered pins. The taps were connected to a tilter
U type pressure gage. The wind velocity changed from 1.5 to 4.5 m/s was measured by a thermal
bulb type wind instrument. The experiment device is shown in Fig. 3.

4. Results and discussion
4.1. Experiment and simulation results

The thermal resistance of the heat sink, Ry, can be defined by

Ry = — 10

"= (10)
where AT is temperature difference between the highest temperature on the fin base and the ambi-
ent air temperature, and Q is heat dissipation power applied on the fin base.

Both simulation results and Jonsson and Moshfegh’s experiment results for thermal resistances
and pressure drops of the PFHS are plotted in Fig. 4 a and b respectively. As can be seen in these
figures, agreements of experiment data and simulation data for both thermal resistances and pres-
sure drops are within £10%.
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Fig. 4. Experiment and simulation results for the PFHS: (a) thermal resistances; (b) pressure drops.

Experiment and simulation results of pressure drops over the PPFHS model are listed in Table
2. The simulation results become lower than the experiment results as the wind velocity increasing.
The reason is not quite clear to the authors. A possible explanation is that the thermal bulb of the
wind instrument is not quite vertical to the air flow direction because of air force effect, and so the
measured wind velocity is lower than the real value. Generally, The error between simulation re-
sults and experiment results is less than 20%. This indicates that simulation results of the PPFHS
are reasonable.

4.2. Comprehensive performance comparison between PFHS and PPFHS

The thermal resistances and pressure drops of the two types of heat sinks under different wind
velocities are shown in Fig. 5a and b respectively. From the figures, it is seen that thermal resist-
ance of the PPFHS is about 30% lower, and pressure drop of it is much higher than that of the
PFHS under the condition of equal wind velocity. As the pressure drop is directly proportional to
the pumping power required to move the cooling air through the heat sink [7], a synthetical com-
parison should be made between these two types of heat sinks. A profit factor J defined by Eq.
(11) is introduced to represent the synthetical performance of a heat sink.
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Table 2
Pressure drops over the PPFHS model
Wind velocity (m/s) Pressure drop over the PPFHS model (Pa)
Simulation results Experiment results Error
1.5 11.0 10 10%
2.0 19.2 20 4%
2.5 29.7 35 15%
2.8 37.0 45 18%
3.5 62.4 75 17%
4.5 110.5 130 15%
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Fig. 5. Thermal resistances (a) and pressure drops (b) of two types of heat sinks vs. wind velocities.
J =0/P (11)

where P given by Eq. (12) is the pumping power required to propel a mass flow s through a pres-

sure drop Ap [8].
P = (1] p)Ap = wA,Ap

A, =H-5-(N—1)

(12)
(13)
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Fig. 6. Profit factors of two types of heat sinks vs. pumping powers.

N is the number of plate fins. When a heat sink is used in natural convection, a pumping power is
equal to zero, and therefore the value of profit factor is equal to co. Fig. 6 is profit factor curves of
the two heat sinks when temperatures on bottom surfaces of two heat sink bases #,; remain 60 °C.
It shows that the profit factor decreases as the pumping power increases, and the profit factor of
the PPFHS is about 20% higher than that of the PFHS with the same pumping power. This indi-
cates that the PPFHS needs less pumping power than the PFHS when the heat dissipation power
is the same for the two types of heat sinks. Therefore, adopting the PPFHS can make the volume
of air-cooling system smaller.

In order to further study benefit of the PPFHS, the thermal performance of the PPFHS is com-
pared with an optimized PFHS. Both of structures have the same dimensions of plate fins and fin
bases. The optimization process of the PFHS is proceeded by changing fin number from 7 to 17.
Fig. 7 shows the relations between thermal resistances of the heat sinks and the pumping powers.
It can be found that there exists an optimum fin number for a given thermal resistance. For exam-
ple, the optimum fin number is 11 for thermal resistance of 1.0 K/W and 13 for thermal resistance
of 0.8 K/W respectively. For thermal resistance of 1.0 K/W, the PPFHS needs nearly the same
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Fig. 7. Thermal resistances of PFHSs with different fin numbers vs. pumping powers.
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pumping power as the optimum PFHS. Actually, the PPFHS can be optimized as well as the
PFHS. But no more details are given in this paper and this work will be discussed in future
publications.

The process of constructing a PPFHS from a PFHS is not very complex for users. A PPFHS
can be constructed by drilling holes in flow passages of a PFHS and inserting columnar pins into
these holes. If drilling holes will make the bottom surface of fin base rough and irregular, the bot-
tom surface should be grinded to keep it deadly smooth after inserting pins.

4.3. Application of PPFHSs

As mentioned above, when heating powers are uniform on bottom surfaces of fin bases, thermal
resistances of PPFHSs are always lower than that of PFHSs used to construct the PPFHSs under
the condition of equal pumping powers. However, heating powers are often center concentrated
on fin bases in real engineering applications, for example, in central processor unit (CPU) cooling.
PPFHSs can be adopted more flexibly than PFHSs when heat sources are not uniform but con-
centrative. Pins in PPFHSs can be arranged closer in heat source areas, and pin numbers can be
adjusted according to cooling condition. Heat transfer performance of a PPFHS used for a CPU
cooling will be discussed here. The geometry parameters of a PFHS and a copper spreader are
described in reference [9]. The optimum geometry parameters for fin thickness and fin gap are
0.8 and 2.0 mm respectively in the PFHS [9]. The sizes of plate fins and fin base of the PPFHS
are the same as that of the PFHS, and the fin gap is assumed as 2.5 mm in the PPFHS. The colum-
nar pins with diameter of 0.8 mm are concentrated in the copper spreader area. The center dis-
tance of them in the flow direction is set as 8 mm, and the nearest distance between the pin
center and plate fin wall is set as 0.8 mm. Because the heat source is center located on the fin base,
the computation domain is the half of the total cooling system, which includes the copper spreader
and the heat sink. The CPU power is expected up to 100 W in the near future, and therefore heat
load of 100 W is applied in the die area uniformly. The ambient air temperature is assumed as 40
°C . The temperature on the surface of CPU, Tcpy, changed with the pumping power is plotted in
Fig. 8. Tcpy should be limited as 85 °C in real application case. The figure shows that the PPFHS
has the same heat dissipation capacity as the optimized PFHS in the working temperature zone of
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Fig. 8. Temperatures on the surface of CPU vs. pumping powers.



182 X. Yu et al. | Applied Thermal Engineering 25 (2005) 173—182

CPU. The PPFHS should get better heat dissipation result after being optimized as well as the
PFHS.

5. Conclusion

1. This paper proposed a special solution for improving heat transfer performance of a PFHS by
planting some columnar into flow passages of the PFHS to disturb airflows passing through
the heat sink. So a PPFHS was constructed.

2. Numerical simulation and experimental results show that the thermal resistance of a PPFHS is
30% lower than that of a PFHS used to construct the PPFHS with the same blowing velocity,
and the profit factor of the former is about 20% higher than that of the latter with the same
pumping power.

3. Users can get various forms of PPFHSs by themselves from an existing PFHS through plant-
ing columnar pins with different numbers or different geometry parameters, and so get various
PPFHSs with different cooling performances for their special requirements.
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