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One of the most important factors influencing the overall performance of cylindrical
pin-fin heat sinks is the bypass phenomenon. Depending upon the total bypass area in
comparison to the flow area between pin-fins, a significant portion of the approaching air
flow bypasses the heat sink. In this study, the effects of side and top bypass on the hydraulic
and thermal performances of a cylindrical pin-fin heat sink will be investigated in laminar
forced convection. Theoretical models, based on laws of conservation of mass, momentum
and energy, will be developed to predict flow velocity, pressure drop and heat transfer from
the heat sink and the bypass regions. These models will help in determining hydraulic and
thermal resistances in each region. Both in-line and staggered arrangements are analyzed
in this study. Analytical/empirical correlations are used to determine friction factors and
heat transfer coefficients in both arrangements. The effects of thermal spreading and joint
resistances are neglected in this study.

Nomenclature
Ay Area of the base plate = L x Wy, m?
Ay Frontal face area of heat sink, m?
a Dimensionless longitudinal pitch = Sy, /D
b Dimensionless transverse pitch = Sp/D
Cq,Co Constants defined in Eq. (20)
CL, Side clearance ratio = 2W; /W,
CL, Top clearance ratio = Hy/H,
c Dimensionless diagonal pitch = Sp/D

CPFHS Circular pin-fin heat sinks

D Pin diameter, m

Dy, Hydraulic diameter, m

f Friction factor

K Correction factor defined in Eq. (10)
K1, Ky, K3 Constants defined in Eq. (21)

k Thermal conductivity, W/m - K
K., ke Contraction and expansion coefficients in heat sink region
H Height m
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h Average heat transfer coefficient, W/m? - K
he Uniform effective heat transfer coefficient, W/m? - K
L Length of heat sink in flow direction, m
m Fin performance parameter, m~*
N Total number of pins in heat sink = Np Ny,
Ny, Number of pins in the longitudinal direction
Nr Number of pins in the transverse direction
Nup Nusselt number based on pin diameter = Dh/ky
P Pressure, Pa
PPFHS Parallel plate-fin heat sinks
Pr Prandt]l number = v/«
Q Total heat transfer rate, W
R. Contact resistance between fins and the baseplate, K/W
Ryim Thermal resistance of exposed (unfinned) surface of the baseplate, K/W
Ryin Resistance of a fin, K/W
R, Material resistance of the baseplate, K/W
Rep Reynolds number based on pin diameter = DU, 4. /v
Rep, Reynolds number based on hydraulic diameter = D, U /v
Sp Diagonal pitch, m
St Longitudinal distance between two consecutive pins, m
St Transverse distance between two consecutive pins, m
SPFHS Square pin-fin heat sinks
T Temperature, K
tp Thickness of baseplate, m
U Velocity, m/s
Uapp Approach velocity, m/s
Unmaz Maximum velocity in minimum flow area, m/s
w Width of duct, m
Wo Width of heat sink, m
Greek Symbols
AP Pressure drop, Pa
Nfin Fin efficiency = tanh(mH yr)/(mH fin)
I Absolute viscosity of fluid [kg/m s]
v Kinematic viscosity of fluid [m?/s]
p Fluid density [kg/m?]
Subscripts
Side bypass
2 Top bypass
a Ambient
b Base plate or unfinned surface of baseplate
d Duct
f Fluid
fin Single fin
fins All fins with exposed base plate area
hs Heat sink
m Bulk material
T Thermal
w Wall
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I. Introduction

The continuing increase of power densities in microelectronics and the simultaneous drive to reduce the
size and weight of electronic products have led to an increased importance of thermal management issues
in this industry. A common method for cooling packages is the use of pin-fin heat sinks. These heat sinks
provide a large surface area for the dissipation of heat and effectively reduce the thermal resistance of the
package. They often take less space and contribute less to the weight and cost of the product. For these
reasons, they are widely used in applications where heat loads are substantial and/or space is limited. They
are also found to be useful in situations where the direction of the approaching flow is unknown or may
change. The majority of these pin-fin heat sinks are mounted on circuit boards where significant clearances
are available on the sides and the top. Due to higher resistance for flow through the heat sink, the approaching
cooling fluid takes a detour around the heat sink, which always results in a better hydraulic performance but
poorer thermal performance. In this paper, the effects of side and top bypass on the overall performance of
a pin-fin heat sinks are investigated for in-line and staggered arrangements.

II. Literature Review

The effect of flow bypass on the overall performance of plate fin heat sinks has been investigated
experimentally' | numerically'®!!, and analytically'?~!4. Ortega and his coworkers'®~'® conducted exten-
sive experiments to study hydraulic and thermal performances of in-line SPFHS with/without top and side
bypass. They also developed a two-branch semi-inviscid bypass model to calculate the pressure drop across
the heat sinks. They found that side bypass results in higher overall pressure drop compared to top bypass.
They also found that the overall heat transfer is governed by the fin flow which is influenced by the top by-
pass as well as pin pitch. Later on, Shaukatullah et al.'® performed experiments on in-line SPFHS for use in
low velocity applications and optimized the thermal performance. They kept the design simpler and cheaper.

Rizzi et al.2%2! and Jonsson et al.??:23 investigated the effects of bypass on heat transfer and pressure drop
in CPFHS, SPFHS, and PPFHS experimentally. Rizzi et al. [20, 21] developed a number of data reduction
parameters and procedures using scaling for heterogeneous media suggested by volume averaging theory.
They developed a corelation relating heat transfer performance to Reynolds number and other important
characteristic parameters. Jonsson et al.???3 also developed an empirical correlation for different fin designs.
Their correlation predicts the Nusselt number and the dimensionless pressure drop and takes into account
the influence of duct height, duct width, fin height, fin thickness, and fin-fin spacing. They also developed
a physical bypass model for plate fin heat sinks to describe the bypass effect.

Jonsson and Moshfegh?425 developed three-dimensional CFD models of CPFHS in bypass flow. They used
Chen-Kim k — € model in turbulent flow. They studied the influence of increasing fin height in the flow
direction, and uneven distribution of the fins in the lengthwise and the spanwise direction. They showed
that an increase in the heat transfer coeflicient can be achieved by an uneven distribution of the fins in the
lengthwise direction, using smaller fin spacing at the trailing edge of the heat sink. They also performed
a parametric study and found that the inlet velocity, the fin height, and the fin-to-fin distance have strong
influences on the heat transfer coefficient and the pressure drop. Chapman et al.?5 investigated the effect of
air flow bypass characteristics in open duct configuration. They found that the straight fin experiences the
lowest amount of flow bypass over the heat sink. For this particular application, where the heat source is
localized at the center of the heat sink base plate, the overall thermal resistance of the straight fin was lower
than the other two designs mainly due to the combined effect of enhanced lateral conduction along the fins
and the lower flow bypass characteristics.
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III1.

Analysis

The front, side and top views of an in-line pin-fin heat sink are shown in Fig. 1. The dimensions of the
baseplate are Wo x L x tp,, where W5 is the width of the entrance, L is the length measured in the downstream

direction and t; is the thickness of the base plate.
The dimensions of the duct are W x H,where W is
the width and H is the height of the duct. The di-
mensions of the side bypass are W x Hy, where as
the dimensions of the top bypass are W x Hy. Flow
in side and top bypass regions is assumed as inviscid
flow. The pin-fins can be arranged in an in-line or
staggered manner. Each pin fin has diameter D and
height H. The dimensionless longitudinal and trans-
verse pitches are a = Sp/D and b = Sp/D. The
source of heat is applied to the bottom of the heat
sink. Heat is applied uniformly over the full area of
the base plate. The flow is assumed to be laminar,
steady, and two dimensional. The duct velocity of
the fluid is Uy and the ambient temperature is Tj,.
There is no leakage of fluid from the top or sides.
The wall temperature of the pin is T, (> T,) and
the baseplate temperature is Tp. The side and top
clearance ratios are defined as

2

CL, = — 1
Ws M
Hs

L = = 2

oL = @)

A. Hydraulic Resistance

When the heat sink is not fully shrouded, some air
flows between pin-fins and the remaining air by-
passes the heat sink. Due to the bypass effect, the
heat transfer and pressure drop across the heat sink
decreases. The amount of flow in the heat sink and
bypass regions depends on their hydraulic resistance
or pressure drop. It affects the overall performance
of the heat sink. Higher hydraulic resistance causes
less airflow through the heat sink channel, attaining
a lower convection heat transfer rate between the
fins and the surrounding air and increasing fin ther-
mal resistance. Ortega and his group!®~!? found
from experiments that in most cases the flow be-
gins to split 10 to 20 mm upstream of the heat sink.
Keeping this fact in mind, it is assumed that the
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Figure 1. Front, Top, and Side Views of In-Line Pin-Fin

flow splits at position 2 and starts to mix at posi- Heat Sinks.
tion 4. The pressure drop in the side bypass, top
bypass and heat sink regions between positions 2
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and 4 (Fig. 2) can be written as:

1
AP = (§PU12> f1(L/Dna)
Lo
AP, = | 50Uy | f2(L/Dn2) (3)
Lo
APhS - §pUmax [KC+K8 +NLf3]
where f; and fy are the friction factors in the side and top bypass regions and are given by
24 24
h Repnp, o f2 Repp, @
with AW H 2WH
Dhy — —— 11 d Dho — =12
LS S+ i an 2= W, -
U1 Dh UsDh
ReDhl = ! ! and ReDh2 = 2 2
v v
For a heat sink, K. and K. are the abrupt contraction and
abrupt expansion coefficients respectively, fs is the friction fac- AP1
tor, and Ny, is the number of pins in the longitudinal direction.
The coefficients of abrupt contraction and expansion have been AP
established graphically by Kays 27 for a number of geometries. hs
The following correlations are derived from those graphs: o — W\ 4’
K. = —0.03110% —0.37220 + 1.0676 (6) 2 APz
K. = 0.93010% — 2.57460 + 0.973 (7)
with Figure 2. Hydraulic Resistances in Side By-
b pass, Top Bypass, and Heat Sink Regions.
-1
= — 8
o = = (®)

Zukauskas and Ulinskas®® collected data, from a variety of sources, about friction factors for the flow in-line
and staggered arrangements having many rows and plotted them in the form Eu/K versus Rep, where K
is a parameter accounting for geometry. They fitted these plots by inverse power series relationships and
recommended several correlations depending on the value of a and on the Reynolds number range. They
also fitted and recommended correlations for the correction factors for the pressure drop with small number
of rows. Khan et al.?? combined all the recommended correlations for pressure drop and their correction
factors separately and developed single correlations for the friction factors and correction factors for each
arrangement. These correlations can be used for any pitch and Reynolds number in the laminar flow range.
They are

K [0.233+45.78/(b—1)"'Rep| In-Line arrays

s = B ©)
K [378.6/b'3-1/] /Re%ﬁg/b - Staggered arrays

where K is a correction factor depending upon the flow geometry and arrangement of the pins. It is given
by:

b1\ 109/ Rep
) In-Line arrays

1.009(
K = a—1

1.175(a/bRe%324) + 0.5 Re%'807  Staggered arrays

(10)
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B. Average Velocities in Side Bypass, Top Bypass and Heat Sink Regions
From the law of mass conservation between 1 and 2 (Fig.1 b),
UdAd = UlAl + U2A2 + UappAf (11)

where Ag, A1, Aa, and Ay are the areas of the duct, side bypass, top bypass, and the frontal face area of
the heat sink and can be written as

Ay = WH (12)
Ay = 2WiH, (13)
Ay = WH, (14)
Ay = WaHyy, (15)
The force balance between 1 and 4, in side bypass, top bypass and heat sink regions (Fig. 1 b), gives
1 1
P+ 3 pU? = Pi+ 3 pUE + AP, Side bypass
L oo L o
P+ §pUd = P+ §pU2 +AP, Top bypass (16)
1, 1 5 .
P+ §pUd = P+ §pUapp + APy, Heat sink

where Uy, Uy and U,y are the average velocities in the side, top and frontal regions of the heat sink
respectively. The average maximum velocity in the heat sink region can be determined using continuity
between 2 and 3.

. St
Unmaz = 03Uapp with o3 = S (17)
From Eq. (16), we get
1 1 1
5pr(1+K1) = 5pU§(1+K2) = 5pUgwa+a§1¢<3) (18)
Simplifying, we get
Uapp = C1U1 = CoUs (19)
where
1+ K, 1+ K>
G \/ T+ 02K an o \/ T+ 02K (20)
with
Ki= fi-Z Ky = fo-t K3 = fo(Ko+ Ko + fsNp) (21)
L= hpn 2= gy 3= fa(Ke e+ f3NL

From Egs. (11) and (18), we get the average velocities in side bypass, top bypass and , and frontal regions
of the heat sink.

CoUyg

U= a1C2 + a2C1 + ayC1C; #2)
Vo = a1Csy + azccl'i]i ayC1Cs 23)
Uwv = 67 f;gf [J]rda 1C1Cy 24)
where A, A A
ay = A_d a2 = A_d af = A_d (25)
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C. Thermal Resistance

The thermal resistance of a heat sink is a combination of different resistances (Fig. 3). Neglecting thermal
joint and spreading resistances, the total thermal resistance of the heat sink can be defined as:

1
Ry = ¥ - (26)

_l’_
Rc + Rjzn Rfilm

where the thermal resistance of the fin Ry, is in series with R. and parallel with Ry, and can be written

as:
1

Rpip = ———— (27)
T (A g,
with
tanh(mH fin)
Ui o (28)
— it ALY 2
m oD (29)
(31)
Khan3° determined analytically the heat transfer coefficient for
the the fins and is given by R R fin
c
k.
hyin = CapyRep”Pri/? (32) M—W
*— °
where Rep is the Reynolds number based on the pin diameter T Rﬁlm T
D and the mean velocity in the minimum free cross section b AN a
between two rows, Uq., for both types of arrangements and
is defined as DU
Rep = —== (33) R,
with e °
Sr Sr T, T
Umax = max {ST — anjD;D’ SD o 1UGZDZD} (34) b a

Figure 3. Thermal Resistance of Heat Sink.

where Uy, is the approach velocity, Sy and St are the dimensionless longitudinal and transverse pitches,

and Sp = /87 + (S/2)? is the dimensionless diagonal pitch in the case of a staggered arrangement. The
constant C5 in Eq. (12) depends on the geometry of the heat sink and is given by

[0.2 + exp(—0.558L)|S7 ©-28°S, 0212 In-Line arrangement

Cy = (35)

0.61.8, 0-0915, 0.053
[1 —2exp(—1.0981)]

Staggered arrangement

The film resistance, Ry, is the thermal resistance of the exposed surface of the baseplate, and can be
written as

1

(36)
2
ha (LW2 - Nﬂf )

Ryjim =
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where hy is the heat transfer coefficient of the base plate, deternmied analytically by Khan3®

k¢/D
hy = 0.75%363213#/3 (37)

When the pin-fins are machined as an integral part of the baseplate, there is no thermal contact resistance
at their base. However, when pin-fins are manufactured separately and are attached to the baseplate by a
metallurgical or adhesive joint or are forced into slots machined on the baseplate, thermal contact resistance,
R., can adversely influence the thermal performance of the heat sink. This resistance depends upon the
attachment methods involving an adhesive or bonding agent as well as the contact area of the fins, A, with
the baseplate, and is written as:

1
R.= —— 38
(), %)
mD? | .
where A. = N is the total contact area of the fins and h. is the thermal contact conductance that

ranges typically from 10* (metallurgical joint) to 10'° (perfect joint).

IV. Case Studies and Discussion

The parameters given in Table 1 are used as the default case to determine the thermal and hydraulic
resistances for both in-line and staggered pin-fin heat sinks. The air properties are evaluated at the ambient
temperature.

Table 1. Assumed Parameter Values Used to Determine Performance of Heat Sinks

Quantity Parameter Values
Footprint, (mm?) 50 x 50
Source Dimensions, (mm?) 50 x 50
Baseplate Thickness, (mm) 2
Pin Diameter, (mm) 1.5
Overall Height of Heat Sink, (mm) 50
Duct Flow Rate, (m?/s) 0.01
Thermal Conductivity of Solid, (W/m - K) 210
Thermal Conductivity of Fluid, (W/m - K) 0.026
Thermal Contact Conductance, (W/m? - K) 10*
Density of Fluid, (kg/m?) 1.1614
Specific Heat of Fluid, (J/kg - K) 1007
Kinematic Viscosity, (m?/s) 1.58 x 1075
Prandtl Number 0.71
Heat Load, (W) 10
Ambient Temperature, (°C) 27
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The effect of top clearance ratio C'L; on the average veloc-
ity in the top bypass area Us, the approach velocity just in
front of the heat sink Ugp, and the maximum velocity in the
heat sink region U4, is shown in Fig. 4. When there is no
top clearance, the velocity in the top bypass area Us, whereas
Uapp and Upqp are maximum. As CL; increases upto 1% of
the total height of the heat sink, the average velocity in the
top bypass region increases sharply and then decreases mono-
tonically. The approach velocity and the maximum velocity
in the heat sink decrease with the increase in C'L;. The same
performance behavior was observed with side bypass only.

The maximum velocity in the heat sink is compared in Fig.
5 for both in-line and staggered arrangements in the absence
of side bypass. It is observed that U,,q, is maximum in both
arrangements when the top clearance ratio is zero and decreases
with the increase in C'L;. In-line arrangement shows higher
Upnaz and it increases with the increasing C'L;.

Figure 6 shows the comparison of pressure drop in the heat
sink for both in-line and staggered arrangements. For a fully
shrouded heat sink (i.e., CLs = 0 and C'L; = 0), the pressure
drop is maximum. As expected, pressure drop in the heat sink
decreases with an increase in the top clearance ratio since the
effective resistance for the flow decreases. The same behavior
was noticed with side bypass only. The staggered arrangement
shows higher pressure drop in the heat sink for any C'L; and
the difference between pressure drops in the two arrangements
decreases with an increase in C'L;.

Figure 7 shows the variation of thermal resistance with the
top clearance ratio for both in-line and staggered arrangements.
In this case, the side clearance ratio is assumed to be zero.
As expected, the thermal performance of in-line pin-fin heat
sinks is lower than the staggered pin-fin heat sinks for the same
material. Note that for CLs; = 0 and CL; = 0, the entire flow
goes through the heat sink and the total thermal resistance of
the heat sink is minimum. Thus, the thermal resistance is a
direct measure of the deterioration of the thermal performance
due to the presence of side and top bypass regions around the
heat sink. However, with both side and top clearance ratios, the
thermal performance decreases further. This effect is shown in
Fig. 8 for an in-line arrangement. The effect of side clearance
ratio on the thermal performance is found to be much more
pronounced than top clearance ratio only.

The thermal resistance and the total pressure drop for the
heat sink are plotted as a function of the top clearance ratio
CL, in Fig. 9 for both in-line and staggered arrangements. It is
observed that Ry, increases and AP decreases with an increase
in CL; in both arrangements. It is not possible to get the
highest performance (thermal or hydraulic) at the same time.
If a higher thermal performance (minimum Ryj,) is required,
then we have to pay the cost of higher pressure drop
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(in terms of pumping power) and if we are looking for mini-
mum pressure drop, then we have to pay for higher Ry,. In
an optimal heat sink, there is a trade-off between these two
resistances. It can be seen easily, in Fig. 9, that the staggered
arrangement has lower Ry, but requires higher AP. However,
the point of intersection of Ry, and AP gives the lower top
clearance ratio for an in-line arrangement. It shows that lower
top clearance ratios give better overall performance in an in-
line arrangement.

V. Conclusions

The effect of side and top bypass on the overall perfor-
mance of cylindrical pin-fin heat sinks is investigated in this
study. Theoretical models, based on the laws of conservation
of mass, momentum and energy, are developed to predict av-
erage flow velocity, pressure drop and heat transfer from the
heat sink and the bypass regions. Both in-line and staggered
arrangements are analyzed in this study. It is shown that an
in-line arrangement gives higher thermal resistance but lower
pressure drop across the heat sink. Results show that the side
and top clearance ratios significantly reduce the pressure drop
and heat transfer from heat sinks and as a result the overall
performance of heat sinks decreases. Therefore, the effect of
bypass on the heat sink performance should be investigated for
the effective removal of heat dissipated by the chips.
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