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NUMERICAL EVALUATION OF FLOW AND HEAT
TRANSFER IN PLATE-PIN FIN HEAT SINKS WITH
VARIOUS PIN CROSS-SECTIONS

Feng Zhou'? and Ivan Catton®
'School of Energy and Environment, Southeast University, Nanjing,
P.R. China

2Department of Mechanical and Aerospace Engineering, University of
California, Los Angeles, California, USA

A numerical investigation of the thermal and hydraulic performance of 20 different
plate-pin fin heat sinks with various shapes of pin cross-sections (square, circular, elliptic,
NACA profile, and dropform) and different ratios of pin widths to plate fin spacing (0.3,
0.4, 0.5, and 0.6) was performed. Finite volume method-based CFD software, Ansys
CFX, was used as the 3-D Reynolds-averaged Navier-Stokes Solver. A k-o based
shear-stress-transport model was used to predict the turbulent flow and heat transfer
through the heat sink channels. The present study provides original information about the
performance of this new type of compound heat sink.

1. INTRODUCTION

The challenge posed by high heat fluxes in electronic chips makes thermal man-
agement an essential element in the development of these systems, which are driving
conflicting needs for high performance as well as reduced power consumption, size,
and weight. Although many new cooling technologies such as cooling by heat pipes,
cold water, and even by liquid nitrogen have been proposed and adopted, air cooling
by heat sink is still a commonly used solution for thermal management in electronic
packaging due to its low cost, availability, and reliability factors. In the electronic
thermal management, heat sinks are usually attached on the tops of the electronic
packages to enhance heat dissipation and control junction temperatures of these
packages. The overall objective of the heat sink design is significant enhancement
of convective heat transfer with minimal increases in the streamwise pressure drop
penalties.
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NOMENCLATURE

a length of long axis or chord length, m S spacing between the plate fins, m
A, power applied area, m> T temperature, K
b length of short axis, m AT temperature difference, K
CB width of wind tunnel duct with no u vector of velocity, m/s

bypass, m uc wind velocity through the channel, m/s
CH height of wind tunnel duct with no Uiy velocity at the inlet, m/s

bypass, m y the distance to the nearest wall, m
d pin diameter of the pin fin heat sink, m  Greek
D pin diameter of the plate-pin fin heat o, B, B turbulence model constant

sink, m Of thickness of a fin, m
Dy, hydraulic diameter, m Nefr heat transfer effectiveness factor
f friction factor At thermal conductivity of the fluid,
Fi, F,  blending function W/(m-K)
H height of the heat sinks, m n viscosity, Pa-s
H, height of the base, m e turbulent eddy viscosity, Pa-s
Hy height of the fin, m v kinematic viscosity, m> /s
k turbulence kinetic energy per unit Ve turbulent kinematic viscosity, m>/s

mass, m*/s’ p density, kg/m?
L length of the fin, m G, k-¢ turbulence model constant
Nu nusselt number Ok turbulence model constant for the k
Ap pressure drop, Pa equation
P shear production of turbulence Cu k-o turbulence model constant
P, pin pitch in streamwise direction, m o} represent any constant in the original
P, prandtl number k- model (ckq, ...)
P, turbulent Prandtl number o} represent any constant in the
] power applied on the base, W transformed k-¢ model (ck», ...)
Ry, R,  radii of the dropform shape, m o} represent the corresponding constant
Re reynolds number in the SST model (ok, ...)
Ry, thermal resistance, K/W ® specific turbulence dissipation rate
S an invariant measure of the strain rate

Among the varieties of heat sinks, plate fin heat sinks (PFHSs) are the most
widely used due to their simple structure and easy manufacturing. Many publica-
tions have investigated the modeling and optimization of the PFHS to determine
the optimum fin height, fin pitch, and fin thickness to obtain maximum heat dissi-
pation. Knight et al. [1, 2] presented a scheme to determine the dimensions of a
microchannel heat sink that will minimize the thermal resistance using conservation
equations presented in a generalized, dimensionless form along with applicable geo-
metrical relationships. They [3] then used the optimization scheme to design, build
and test several air cooled aluminium finned arrays. Teertstra et al. [4]. presented
an analytical model to predict the average heat transfer rate for forced convection,
air cooled, plate fin heat sinks for electronics applications. Copeland [5] calculated
the optimum dimensions of fin thickness and pitch for a variety of realistic operating
conditions, using an analytical model. Culham and Muzychka [6] presented a pro-
cedure that allows the simultaneous optimization of heat sink design parameters
based on a minimization of the entropy generation associated with heat transfer
and fluid friction. Iyengar and Bar-Cohen [7] provided a viable technique for com-
bining least-material optimization with the entropy minimization methodology
by a coefficient of performance (COPt) analysis for plate fin heat sinks in forced



Downloaded by [Feng Zhou] at 15:05 05 July 2011

PERFORMANCE OF PLATE-PIN FIN HEAT SINKS 109

convection. Chiang [8] presented an effective method for predicting and optimizing
the cooling performance of a plate fin heat sink module based on the Taguchi method.
All of the above investigations are focused on the optimization of plate fin heat sinks
and show that the performance of PFHSs can be increased to a certain extent by
adopting optimum geometries. However, the optimization procedures cannot over-
come the intrinsic shortcoming in the structure of a PFHS, i.e., air flows smoothly
through the heat sink channels due to the parallel plate fin arrangement, which leaves
room for further study on enhancing the heat transfer performance of PFHSs.

Pin fin heat sinks are another efficient heat transfer device used in many elec-
tronic cooling applications. There are many publications on heat transfer in elec-
tronic cooling using pin fin heat sinks. Sparrow et al. [9] performed heat transfer
and pressure drop experiments for in-line pin fin arrays to obtain basic data to comp-
lement available information for staggered arrays. Sparrow and Kang [10]
performed heat transfer and pressure drop experiments for cross-flow tube banks
in which the individual tubes were equipped with longitudinal fins. Sparrow and
Grannis [11] performed a broad-ranging investigation encompassing complementary
experimentation and numerical simulation to determine the pressure drop character-
istics of diamond-shaped pin fins. Chapman et al. [12] designed elliptical pin fin heat
sinks to minimize the pressure loss and enhance the thermal performance. Li et al
[13]. carried out experiments to investigate heat transfer and flow resistance charac-
teristics in rectangular ducts with staggered arrays of short elliptic pin fins in a cross-
flow of air. Yang et al. [14] performed an experimental study of pin fin heat sinks
having circular, elliptic, and square cross-sections. Horvat and Catton [15, 16]
developed a fast running computational algorithm based on the volume averaging
theory (VAT) to simulate conjugate heat transfer process in a pin fin heat sink, which
offers possibilities for geometry improvements and optimization to achieve higher
thermal effectiveness. Park et al. [17] performed the design optimization of a 7 x 7
pin fin heat sink numerically to achieve higher thermal performance of the heat sink
using the weighting method for predicting the multiobjective problem. Chen et al.
[18] developed an effective method for performing the thermal optimization of fully
confined pin fin heat sinks under constraints of pressure drop, mass, and space lim-
itations. Khan et al. [19, 20] studied the thermodynamic losses caused by heat trans-
fer and pressure drop in cylindrical pin fin heat sinks by applying an entropy
generation minimization (EGM) technique, which allows all relevant design para-
meters for pin-fin heat sinks, including geometric parameters, material properties
and flow conditions, to be simultaneously optimized. Chiang et al. [21, 22] explored
the optimal values of designing parameters of a pin fin type heat sink under con-
strains of mass and space limitation to achieve high thermal performance (or cooling
efficiency) by experiment. There are also some publications on comparisons of fluid
flow and thermal characteristics of plate fin and pin fin heat sinks. Jonsson and
Moshfegh [23] conducted tests in a wind tunnel with seven types of heat sinks includ-
ing plate fin, strip fin, and pin fin heat sinks. An empirical bypass correlation has
been developed for the different fin designs. Soodphakdee et al. [24] compared the
heat transfer performance of various commonly used fin geometries, which include
plate fins (parallel plates and staggered plates) and pin fins (round, elliptical and
square). It was concluded that the staggered plate fin geometry showed the highest
heat transfer for a given combination of pressure gradient and flow rate. Kin et al.
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[25] compared the thermal performances of plate fin and pin fin heat sinks and pro-
posed correlations for the friction factor and Nusselt number for each type of heat
sink. Compared with plate fin heat sinks which have the advantages of simple struc-
ture and easy manufacturing, pin fin heat sinks have an advantage of hindering the
development of a thermal boundary layer at the expense of an increased pressure drop.

To overcome the intrinsic shortcomings in structures of PFHSs mentioned
above, which is undesirable for enhancing heat transfer performances of heat sinks,
Yu et al. [26-28] developed a new compound heat sink based on the plate fin heat
sink, by placing circular pin fins into the flow channels to increase the turbulence.
Yang and Peng [29] used numerical solutions to compare the thermal and hydraulic
performances of both circular and square Plate-pin fin heat sinks (PPFHS) with plate
fin heat sink. It was found that the thermal resistance of compound heat sinks was
lower than PFHS at the same flow velocity. However, the pressure drop of the com-
pound heat sink is much higher than the PFHS. To overcome the shortcomings in
structure of plate-pin fin heat sinks, mixed-height pins were used by Yang and Peng
[30] in a subsequent work to improve the hydraulic performance. The synthetical
performance of the PPFHS with mixed-height pins was better than the original cir-
cular plate-pin fin heat sink, but the improvement was quite limited.

The present article describes an effort to improve the synthetical performance of
this new type of compound heat sink by employing pin fins with various shapes of
cross-sections (square, circular, elliptic, NACA 0050 profile, and dropform), and dif-
ferent ratios of pin widths to plate fin spacing (0.3, 0.4, 0.5, and 0.6). The thermal and
hydraulic performance of these PPFHSs was compared with plate fin and pin fin heat
sinks in terms of Nusselt number, pressure drop, and heat transfer effectiveness fac-
tor. In the following presentation, the experimental results by Jonsson and Moshfegh
[23] for plate fin and pin fin heat sinks and by Yu [28] for a circular PPFHS are first
numerically simulated to verify and validate the numerical model and CFD code.
After that, 20 PPFHS models with different forms of pin cross-sections and pin
widths, including the plate fin and pin fin heat sinks, are numerically simulated and
compared from three different aspects at various wind velocities. The first is a quali-
tative comparison to give insight into the flow behavior and temperature distribution
around the pins. The second is a quantitative comparison of heat transfer enhance-
ments and pressure drop penalties. The third is a comprehensive comparison from
the viewpoint of overall performance or heat dissipation efficiency. Finally, some con-
clusions are drawn that should be helpful in the design of heat sinks.

2. NUMERICAL METHOD AND PROCEDURES
2.1. Physical Model

Schematic diagrams of the plate fin and pin fin heat sinks having the same fin
spacing and fin thickness were experimentally compared by Jonsson and Moshfegh
[23], shown in Figures la and 1. These two commonly used heat sinks are adopted
to calculate a baseline for the flow characteristics and heat transfer performance. The
circular plate-pin fin heat sink tested by Yu [28] is shown in Figure 1c. All of the heat
sinks are fully-shrouded and the top surface is insulated. The dimensions of the heat
sinks are tabulated in Table 1.
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a a a D b
b—' - .._..b.._.@_.. :
R,

Elliptic  Dropform  NACA  Circular Square

(@)

Figure 1. Some schematic diagram: (@) Plate fin heat sink; (b) pin fin heat sink; (¢) plate-pin fin heat sink;
and (d) cross-sections of the five types of pins.

Besides circular pins, four other types of pins having elliptic, dropform, NACA
0050 profiles [31-33], and square cross-sections are adopted to build different kinds
of plate-pin fin heat sinks, as shown in Figure 1d. In order to provide a fair and phy-
sically meaningful basis for the comparison, the areas projected in the flow direction
or the flow blockage areas are kept the same, which means the width of all the pins b,
is set to be equal to the diameter of the circular pin D. The pitch between adjacent
pin fins and the pin length are also kept the same.

To make the comparisons more generalized and to see how the dimensionless
width of the pins b/Sy effects the performance of the PPFHSs, the widths of all five

Table 1. Dimensions of the heat sinks

Parameters mm Parameters mm
L Length of the plate fin 51 H, Height of the fin 10
H, Height of the base 3 Sy Plate fin spacing 5
or Plate fin thickness 1.5 F, Plate fin pitch 6.5
St Transverse pitch of pin fins 6.5 Sr Longitudinal pitch of pin fins 6.5

D Pin diameter of PPFHS 1.5,2,25,3 d Pin diameter of pin fin HS 1.5
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types of pins are 1.5 mm, 2 mm, 2.5 mm, and 3 mm, with the corresponding values of
b/Ss, being 0.3, 0.4, 0.5, and 0.6. In total, 22 types of heat sink models, including the
plate fin and pin fin heat sinks, are numerically tested and compared at four different
velocities, ranging from 6.5m/s to 12.2m/s. The dimensions of the pins are tabu-
lated in Table 2.

2.2. Mathematical Model

In this study, the flow is assumed to be three-dimensional, incompressible,
steady state, and turbulent. Buoyancy and radiation heat transfer effects are not
taken into consideration. The three-dimensional governing equations for continuity,
momentum, and energy are as follows [34-36].

Continuity equation

apui
6x,-

=0 (1)

Momentum equation

Ou; 0 Ou; op
Rt A kel I 2
Energy equation
oT 0 poop\oT
ey =a | (bt o) o) ?

The k—m-based shear-stress-transport (SST) model with automatic wall func-
tion treatment [37] is used to predict the turbulent flow and heat transfer along
the heat sink channel. The model blends the robust and accurate formulation of
the k—® model in the near-wall region with the free-stream independence of the k—
¢ model in the far field. The SST model gives a highly accurate prediction of the
onset and the amount of flow separation under adverse pressure gradients by the
inclusion of transport effects into the formulation of the eddy-viscosity [38]. This
results in a major improvement in terms of flow separation predictions. The superior
performance of the SST model has been demonstrated for high accuracy boundary
layer simulations in a large number of validation studies.

Table 2. Dimensions of the pins

Dimensions of pins

b/S/ a b R] Rz
0.3 3 L.5 0.75 0.225
0.4 4 2 1 0.3
0.5 5 2.5 1.25 0.375
0.6 6 3 L5 0.45
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Menter [39, 40] proposed the equations for the SST model as

D(pk) . ) ok
B = Pe—Bpko+ o [(u + ok, ox, (4)
D(po) 5 , 0 om 1 0k dw
br = apS” — fpo” + o, (1 + oek,) o, +2(1 = F1)poa, ©0x; 0x; (5)

where the blending function Fj is defined by

Fi = tanh{ < min |max :/E ,520]/ ,4p60’2k2
proy” y*o | CDrwy

}} ©)

in which

CD;, = max (2;)(5(,)2 I ok 670) 1010>

o33’
The turbulent eddy viscosity is computed from

alk

Y= max (a0, SF,)

(8)

where S is the invariant measure of the strain rate and F; is a second blending func-

tion defined by
2
F, =tanh{ |max 2*—\/];,% 9)
Broy’ yo

To prevent the build-up of turbulence in stagnation regions, a production lim-
iter is used in the SST model.

Ou; (Ou;  Ou; ~ . "
=n—|(—+-—) = P, =min(P;, 10 - ) 1
k “’axj <6xj ax,») k in(Py;, 10- " pke) (10)

Each of the constants is a blend of the corresponding constants of the k-e and
the k-o model.

b=F¢ +(1-F)o, (11)
The constants for this model take the following values.
p*=0.09
03] 25/9,ﬁ1 23/40, Ol ZO.SS,Gml =0.5 (12)

oy = 0.44, f, = 0.0828, 62 = 1, 042 = 0.856
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Figure 2. Computational domain.

A commercial finite volume method (FVM)-based code, CFX 12.1 [41], is used to
analyze the turbulent convective heat transfer in a three-dimensional channel of
the heat sinks. This code solves the Reynolds-averaged Navier—Stokes equations
with a high resolution scheme for the advection terms as well as turbulence numerics.
The fully coupled momentum and energy equations are solved simultaneously. The
RMS type residual for solution convergence criteria is set to be 10~ for the momen-
tum balance and 107 for the energy equation.

2.3. Computational Domain and Grid System

Since the fin geometry is periodic in the spanwise direction, a single passage
between the midlines of two proximate fins of the heat sink is selected to be the com-
putational domain (see Figure 2). Because of the thickness of the fin, the air velocity
profile at the entrance of the channel is not uniform. The computational domain is
then extended upstream 0.5 times the streamwise fin length, and the downstream
boundary of the computational domain is located at the distance of a fin length from
the trailing edge of the fin in the streamwise direction.

The velocity boundary condition and a constant temperature is set at the
domain inlet. The turbulence intensity of the flow entering through the inlet bound-
ary is set to 5%. The velocity at the inlet of extended region, u;, changed from Sm/s
to 9.4 m/s so that the wind velocity passing through the smooth passages of the heat
sinks u, will be 6.5, 8.0, 10.0, and 12.2m/s, respectively. At the outlet of the compu-
tational domain, a pressure boundary condition is employed. The interface between

Table 3. Boundary conditions

Inlet U=const, v=w=0, T=const
Outlet %‘4\ - ?TC =0
Eight surfaces of the Slip and adiabatic wall
extended region
Interface between air and solid No-slip, no thermal
resistance

Other surfaces Adiabatic
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| Gradual Variation Gradual Variation
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Figure 3. Mesh for the computational domain (color figure available online).

the solid and the fluid is a no-slip wall with no thermal resistance. An iso-heat-flux
thermal boundary condition is employed on the bottom surface of each type of heat
sink, and the total heat load is 10 W. Slip and adiabatic wall conditions are provided
on all the other confined walls. The boundary conditions assigned for the computa-
tional domain are tabulated in Table 3.

The grid systems for all heat sink models are built by Ansys Meshing. It is
known that for flow-aligned geometries, hex mesh can provide higher-quality solu-
tions with fewer cells than a comparable tet-mesh. Therefore, a structured hex-mesh
is carefully created, aligning the mesh with the flow to reduce false diffusion. In the
extended parts, a coarser grid is adopted to conserve computational resources. A
grid system with a gradual variation in and after the fin region is used to avoid
the undesirable effect of an abrupt grid width change in the computing region.
The grid system for one of the heat sinks is shown in Figure 3.

Grid independence tests were made carefully by recursive refinement and com-
parison between the numerical simulation results. The above process was repeated
until the variation of pressure drop and thermal resistance was less than 0.5%, so
that the numerical predictions can be regarded as grid-independent. With the turbu-
lence predictions employed, the meshes near the fluid solid interface are fine enough
to resolve the flow behavior close to the no-slip wall. For all simulation cases, y™
values in the near-wall region are less than 1.

3. RESULTS AND DISCUSSION

The numerical analysis in this section consists of five parts. First, the para-
meters used to evaluate the performance of the heat sinks are defined. Next, the com-
putational model and the method adopted in current numerical simulations are
verified and validated by comparing the CFD results with the experimental data.
Then the streamlines and temperature contours of different types of PPFHSs in a
plane normal to z-axis are compared. After having a qualitative view into the flow
behavior and heat transfer phenomenon, the thermal and hydraulic performances
of different types of PPFHSs are compared with plate fin and pin fin heat sinks quan-
titatively by means of Nusselt number and pressure drop, respectively. Finally, a
comprehensive comparison is made to evaluate the synthetical performance of all
types of PPFHSs.
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3.1. Parameter Definitions

Definitions are presented for the characteristic quantities which will be used in
the presentations of numerical results.
The thermal resistance of the heat sinks R, is defined by

AT
Ry =— 1
th Q ( 3)
It should be noted that Jonsson and Moshfegh [23] and Yu [28] defined the
temperature difference AT differently. Jonsson and Moshfegh [23] defined AT as
the difference between the average temperature on the base and the inlet air tempera-
ture, while Yu [28] defined it as the difference between the highest temperature on the
base and the inlet air temperature. Given the different definitions of AT, when the
simulation results are validated by comparison with the experimental data, the cor-
responding definitions of AT are adopted for different heat sinks, while when quan-
titative comparisons are made for all types of heat sinks, AT is uniformly defined
using Yu’s [28] definition.
The average Nusselt number N, is defined by

_ 0D,
Nu = ApATy (14)
where Dy, is the hydraulic diameter of the wind tunnel with no bypass suggested by
Jonsson and Moshfegh [23], which is

D,=2-CH-CB/(CH + CB) (15)

The friction factor f'is defined as

Ap Dy,
= Lk 16
/ 0.5pu2, 4L (16)

n

The Reynolds number is defined as

o puinDh
u

Re (17)
To evaluate the comprehensive performance of all the heat sinks, the heat
transfer effectiveness factor ney is defined as

Nu/Nu,,
Neft = W (18)

where the comparative references of heat transfer Nu,, and friction factor f, are
selected as the levels in smooth circular tube with fully developed flow, which is
defined as follows.
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Dittus-Boelter correlation for turbulent flow

Nu,, = 0.023 Re®® Pro4 (19)

Blasius equation for turbulent flow

foo = 0.079 Re™*% (20)

3.2. Validation and Verification

To verify the computational model and the method adopted in current numeri-
cal simulation, preliminary computations were first conducted for the plate fin, pin
fin and circular plate-pin fin heat sinks, the dimensions of which are the same as
the heat sinks tested by Jonsson and Moshfegh [23] and by Yu [28].

The comparisons of thermal resistance and pressure drop between the current simu-
lation results and the experimental data are shown in Figure 4. We found that the
maximum deviations in thermal resistance and pressure drop are less than 5% for all three
kinds of heat sinks. Our predicted results and the experimental data agree very well, dem-
onstrating the accuracy of the physical model and the adopted numerical method.

3.3. Qualitative Comparison Between Different PPFHSs

For the present CFD simulation, the velocity streamlines and temperature
fields are three-dimensional, so the presentation of these parameters are done for
a plane normal to the z-axis. Figure 5 provides insight into the local distributions
of the streamlines for the section in the x-y plane through z =8 mm for u.=10m/s.
It can be clearly seen from Figure 5 that there are some recirculation zones in the
rear pin portion. It is known that a dead zone is characterized by the stationary recir-
culation region that forms when the flow separates at the rear portion of a pin and
reattaches at the front of the following pin. The dead flow zone will decrease the
convective heat transfer to the pin but enhance the heat transfer to the plate fin.

The flow seperates at different angles for different types of pins. The angle
between the stagnation point and the separation point for circular and square pins
is smaller than the streamline-shaped pins. The seperation from a square pin is the
most prominent of all five types. By comparing the streamline patterns of all five
types of pins, it can be seen that there are larger scale vortices in the rear region
of circular and square pins, especially for a square pin, due to the sharp corners.

The temperature contours in the flow channels around the pin fins are shown in
Figure 6 for u.=10m/s. Compared with the streamline figures, an extra image
showing the temeperature distribution in the x-z plane through y=3.25 is added
to the figures of temperature countours. Since the temperature variation along the
pins is qualitatively similar for all the types of PPFHS, only the x-z images for
circular PPFHS are presented.

It can be seen that all fluid-solid interfaces, including the surface around the
pins, the surface covering the base, and interfaces between fluid and the plate fins
are covered by a thermal boundary layer, the development of which is similar to
the velocity boundary layer. Due to the existence of pins in the heat sink channels,
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Figure 4. Comparison between the present CFD results and experimental data. («) Plate fin heat sink; (b)
pin fin heat sink; and (c¢) plate-pin fin heat sink.

the development of the thermal boundary layers which cover the plate fins is hin-
dered periodically. Since the top wall is set to be free slip and adiabatic, no boundary
layer develops there.

3.4. Quantitative Comparison Between Different PPFHSs

To get a more quantitative impression, the comparisons of flow and heat trans-
fer characteristics of the PPFHSs with the plate fin and pin fin heat sinks in terms of
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Figure 6. Temperature contours in the plane z=8 mm, u.=10m/s (color figure available online).
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Figure 7. Nusselt numbers of heat sinks as a function of wind velocity, 5/S;= 0.4.

Nusselt number and pressure drop are plotted in Figures 7-10. In Figures 7 and 8,
the dimensionless width of all pins is set to be 0.4, and the wind velocity increases
from 6.5m/s to 12.2m/s. In Figures 9 and 10, the wind velocity is set to be
6.5m/s and the dimensionless width of all the pins increases from 0.3 to 0.6.
From Figure 7, it is clear that the pin fin heat sink has a higher Nusselt number
(around 9%) than the plate fin heat sink, which agrees with the experimental data of
Jonsson and Moshfegh [23]. By placing pin fins in the channels of plate fin heat sinks,
the heat transfer capability increases greatly with the Nusselt number being over 60%

500 T T T T T T T T T T T T
—>— Plate Fin —o— Elliptic
4004+ —>—PinFin —v— Dropform i
—o— Circular --<- NACA
—o— Square
< 300+ -
o
&
200+ .
100+ -
O T T T T T T

6 7 8 9 10 11 12 13
Velocity, m/s

Figure 8. Pressure drops of heat sinks as a function of wind velocity, b/S,=0.4.
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Figure 9. Nusselt numbers of heat sinks as a function of b/S;; u.=6.5m/s.

higher than the plate fin heat sinks. The square type PPFHS has the highest Nu com-
pared with the other heat sinks. The augmentation of Nu is over 75% higher than
PFHS and the maximum augmentation reaches 86%. The NACA type and the ellip-
tic type of PPFHSs present similar heat transfer characteristics, yielding an average
increment of 71%. The dropform type PPFHS has the lowest Nu except for the
circular type, with average augmentation of 68% and 63% for the former and latter,
respectively.

500 T - T : . . r
— — Plate Fin —o— Elliptic
400 + ----PinFin —v— Dropform .
—o— Circular --<- NACA
—o— Square
< 300+ .
a
&
200 + -
100 + .
0 f f f f
0.3 0.4 0.5 0.6
b/S

Figure 10. Pressure drops of heat sinks as a function of 5/Sy, u,=6.5m/s.
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Comparisons of pressure drop are presented in Figure 8. The pin fin heat sink has
about 97% higher pressure drop than the plate fin heat sink. For the PPFHSs, it is not
surprising that the square type PPFHS has the highest pressure drop compared to the
other types of PPFHSs. The pressure drop of a square PPFHS is over 525% higher than
that of a PFHS at the same wind velocity. The pressure drop of the circular type PPFHS
is much lower compared with the square type, but is still about 307% higher than the
PFHS. The streamline-shaped pins (dropform, NACA 0050, elliptic) increase the press-
ure drop by a much smaller percentage, having an average increase of 214%, 201% and
186%, respectively. It should be noted that the NACA type of PPFHS doesn’t show any
advantage regarding the pressure drop compared with the other streamline-shaped
types of PPFHSs. The elliptic type shows a shightly better hydraulic performance than
the NACA type. The reason this happened is that the maximum thickness as a fraction
of the chord for the NACA profile chosen in the present work is far higher than the opti-
mum ratio which is of the order of 0.2. With the blockage area being the same and the
pressure drop being primarily form drag, the lack of large differences for
streamline-shaped types of PPFHSs is not unexpected.

Figures 9 and 10 show the effect of the dimensionless width of the pins 5/S,on
the Nusselt number and pressure drop for different plate-pin fin heat sinks. Just as
expected (shown in Figure 9), the Nu numbers of all five types of plate-pin fin heat
sinks increase as b/S, increases. With the increase of b/S,, the square type PPFHS
keeps showing the highest Nusselt number, followed by the NACA type and elliptic
type, which have a similar Nu. The dropform type and ciruclar type have a lower Nu
number, with the dropform type outweighing the circular type slightly. On the other
hand, as shown in Figure 10, the pressure drops also increase as b/S, increases and
still, the square type PPFHS has the highest pressure drop followed by the circular
type. The streamline-shaped types of PPFHSs have a similar pressure drop, much
lower than the square and circular types. It’s worth noting that the Nu numbers
for all PPFHSs have a similar increasing trend as b/Sy increases, while the pressure
drops for the PPFHSs are diverging with the increase of 5/Sy; which indicates the
existence of an optimum width of pins if both the heat transfer augmentation and
the friction-loss increase are taken into consideration.

3.5. Comprehensive Performance Comparison

Figures 7-10 compare the heat sinks with various shapes of pin cross-section
and different dimensionless pin widths regarding heat transfer enhancement and
pressure drop increment separately. However, increasing Nusselt number is
accompanied by increasing pressure drop which is undesirable. Thus, based only
on Figures 7-10, it is almost impossible to come to a final conclusion as to which
type of heat sink performs better than the others if both the heat transfer enhance-
ment and power consumption are considered simultaneously. Therefore, a compre-
hensive performance comparison should be made to evaluate the effectiveness of
different types of heat sinks.

A comprehensive comparison of heat transfer effectiveness factor is made and
shown in Figures 11-13 using the definition given by Eq. (18). The geometric con-
figuration that has the maximum mg can dissipate more heat while consuming less
power and keeping the temperature of the base at a lower value.
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From Figure 11, it is easy to see that the plate fin heat sink has a higher heat
transfer effectiveness factor than the pin fin heat sink in the tested wind velocity
region and that not all five types of PPFHSs have higher comprehensive performance
than the plate fin heat sink. The one which performs worse than the plate fin heat
sink is the square type PPFHS, since planting the square pin fins in the channel of
a plate fin heat sink leads to a considerably higher pressure drop which offsets its
heat transfer enhancement potential. The efficiency of the circular type is much

T N T T T T T

— — Plate Fin —o— Elliptic
----PinFin —v— Dropform
—o— Circular --<¢- NACA -
—o— Square

0.3 0.4 0.5 0.6
b/Sf

Figure 12. Heat sink performance ns as a function of b/Sy, u.=6.5m/s.
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Figure 13. Heat sink performance ne as a function of b/Sy, u.=12.2m/s.

better than the square type. When the wind velocity is 6.5 m/s, the effectiveness fac-
tor of the circular type is about 7% higher than the plate fin heat sink, while as the
wind velocity increases, the advantage of the circular type PPFHS diminishes but is
still higher than the plate fin heat sink. Yu et al. [28] reached a similar conclusion
based on their experimental data.

By employing streamline-shaped pins, the effectiveness of this new compound
heat sink takes a step forward and is much higher than the original circular type. The
elliptic type PPFHS has the best overall performance (around 20.5% over the plate
fin heat sink), outweighing the NACA type a little, which has about 19.5% higher
Nerr than PFHS. The elliptic pins minimize the pressure drop across the heat sink
by reducing the vortex effects and enhance the thermal performance by maintaining
large exposed surface area available for heat transfer. The dropform type PPFHS
performs the worst among the three types of streamline-shaped PPFHSs, but still
shows almost 15% higher n than the plate fin heat sink.

Figures 12 and 13 present a comparison of meg for different heat sinks as a
function of the dimensionless width of pins. The wind velocity is set to 6.5m/s
and 12.2m/s in Figures 12 and 13, respectively. These two pictures reveal three main
pieces of information.

1. It is obvious that the effectiveness factor of all the PPFHSs peaks at b/S,= 0.4
except the square type. For the square type PPFHS, it seems that the smaller
the b/Sy is the higher g it has. As the b/Sy increases from 0.4 to 0.6, the effec-
tiveness of all the PPFHSs decreases.

2. Figure 12 shows that when wind velocity is 6.5m/s /S, shouldn’t be larger than
0.6, since when b/S,=0.6, all five types of PPFHSs have no advantage over
the plate fin heat sink. As the wind velocity increases, the maximum allowable
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dimensionless width of the pins decreases. From Figure 13, it can be seen that
when the wind velocity is 12.2m/s, a b/S; no higher than 0.5 is recommended.
3. With the increase of b/S}, the elliptic type and NACA type of PPFHSs continue
to perform the best, with the elliptic type having a little higher My than the
NACA type, followed by the dropform type. The square type PPFHS, has the
lowest Megr among the five types of PPFHSs, and the ng curve as a function of
b/S,for the circular type lies between those of the dropform type and square type.

The above analysis indicates that choosing a proper pin fin cross-section profile
and dimensionless width of pins plays an important role in increasing the overall per-
formance of this new compound plate-pin fin heat sink. The employment of the
streamline-shaped pins with appropriate ratio of pin width to the plate fin spacing
considerably increases the synthetical performance of PPFHS, and makes them
highly competitive heat dissipation solutions.

4. CONCLUSION

By placing pin fins in the flow channel of a smooth plate fin heat sink, the ther-
mal and fluid dynamic boundary layers are interrupted periodically and the fluid
parts with different temperatures mix better. The present article describes an effort
to numerically analyze the forced convective heat transfer through the channels of
different types of plate-pin fin heat sinks. Twenty-two types of heat sink models in
total, including the commonly used plate fin and pin fin heat sinks, were simulated.
Based on the results of the present study, the following conclusions can be drawn.

1. Placing pin fins in the flow channels is a good way to overcome the intrinsic short-
comings of smooth plate fin heat sinks. All of the tested PPFHSs have higher
Nusselt numbers as well as higher pressure drops than plate fin and pin fin heat
sinks. However, considering the heat transfer enhancement and power consump-
tion simultaneously, not all PPFHSs have better overall performance than the
plate fin heat sink.

2. The heat transfer enhancement of a square type PPFHS, which is the highest of
all the heat sinks considered, is offset by its high pressure drop, leading to lower
heat transfer effectiveness than the plate fin heat sink. The effectiveness of the cir-
cular type is higher than the square type; however, as the wind velocity increases,
the advantage of the circular type PPFHS diminishes.

3. The streamline-shaped types of PPFHSs perform much better than the circular
and square types, and among them the elliptic and NACA 0050 types have a simi-
lar overall performance, with the elliptic type outweighing the NACA type
slightly, followed by the dropform type.

4. The effectiveness factor of all the PPFHSs peaks at /S,= 0.4, except the square
type, indicating the existence of an optimum width for pins. Further increasing
b/ S, will decrease the effectiveness of PPFHSs.

5. In the tested velocity range, the performance of the five types of PPFHSs can be
ordered as follows: elliptic~ NACA>dropform>circular>plate fin heat sink>
square>pin fin heat sink.
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A full optimization was not done in this work, primarily because of the com-

putational expense. There are a number of other factors that need further evaluation
before one can say that these results are promising but not definitive. The large num-
ber of parameters and consequent numbers of trials needed for optimization will
require more than a full numerical approach. We leave this to another study.
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