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ABSTRACT the approaching flow is unknown or may change. They are ustL

An entropy generation minimization, EGM, method is ap- ally mounted on circuit boards where significant clearances ar
plied to study the thermodynamic losses caused by heat trans- available on the sides and at the top. Due to higher resistance fi
fer and pressure drop for the fluid in a cylindrical pin-fin heat  flow through the heat sink, the approaching cooling fluid takes
sink and bypass flow regions. A general expression for the en- a detour around the heat sink, which always results in a bette
tropy generation rate is obtained by considering control volumes hydraulic performance with lesser thermal performance.
around heat sink and bypass regions. The conservation equa-
tions for mass and energy with the entropy balance are applied

in bqth regions. Inside the heat sink, arquyticallemp!rigal €O fer and pressure drop in pin-fin heat sinks. Bejan [13-17] demon
relations are used for heat transfer coefficients and friction fac- strated the use of EGM for optimization in different applications.

tors, where the reference velocity used in Reynolds number andCtham and Muzychka [18], and Khan et. al [19-22] extended
pressure drop is based on the minimum free area available for that use in optimizing fully sr;rouded heat éinks

the fluid flow. In bypass regions theoretical models, based on
laws of conservation of mass, momentum and energy, are used  Following Kern and Kraus [23], Sonn and Bar-Cohen [24]
to predict flow velocity and pressure drop. Both in-line and stag- and lyengar and Bar-Cohen [25, 26] performed a least materis
gered arrangements are studied and their relative performance optimization of cylindrical pin-fin, plate-fin, and triangular-fin

is compared for the same thermal and hydraulic conditions. A array geometries by extending the use of least-material singl
parametric study is also performed to show the effects of bypass fin analysis to multiple fin arrays. Bar-Cohen and Jelinek [27]
on the overall performance of heat sinks. developed guidelines and design equations for optimum plate-fi

arrays.

Many researchers [1-12] have conducted experiments t
study the effects of side/top bypass clearance ratios on heat tran

It is obvious from the literature survey that all optimization

INTRODUCTION studies, related to cylindrical pin-fin heat sinks, are limited to the

Pin-fin heat sinks provide a large surface area for the dis- optimization of fully shrouded heat sinks. The authors could not
sipation of heat and effectively reduce the thermal resistance of find any study related to optimization of pin-fin heat sinks in by-
the package at the cost of higher pumping power. They often pass flow. In this study, all relevant design parameters for pin-fir
take less space and contribute less to the weight and cost of theheat sinks, including clearance ratios, geometric parameters, a
product. For these reasons, they are widely used in applicationsflow conditions are optimized simultaneously by minimizing di-
where heat loads are substantial and/or space is limited. They mensionless entropy generation ratesubject to manufacturing
are also found to be useful in situations where the direction of and design constraints.
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NOMENCLATURE u Velocity, m/s

Uapp Approach velocitym/s

Ap Area of the base plate L x W, n? Umax Maximum velocity in minimum flow area, m/s

As Frontal face area of heat sink?m w Width of duct,m

a Dimensionless longitudinal pitci S_/D Wo Width of heat sinkm

b D?mens?onless transverse pitehSr /D Greek Symbols

c Dimensionless diagonal pitch S5 /D AP Pressure drof?a

C1,C Cpnstants deflned_m Eqg. (3) Ntin Fin efficiency= tanh(mHin)/(MHin)

Cls Side clearance ra.tlﬁ 2W /o y aspect ratic= Hiin/D

ClL Top clearance raties Hz/Hy H Absolute viscosity of fluidkg/ms

([:) [P);rrrgir;ic;rzgis;dlagonal pitc S/D \Y Kinematic viscosity of fluidm?/s

Dp, Hydraulic diameter, m P Fluid densitykg/n

f Friction factor Subscripts

g, equality and inequality constraints 1 Side bypass

G Volume flow ratem?®/s 2 Top bypass

H Height of duct,m a Ambient

h Average heat transfer coefficient, W/mK b Base plate or unfinned surface of baseplate

j number of imposed constraints d Duct

Ke Correction factor defined in Eq. (23) f Fluid

Ki,Ko,Kz  Constants defined in Eq. (5) fin Single fin

k Thermal conductivity, W/m K fins All fins with exposed base plate area

ke, ke Contraction and expansion coefficients hs Heat sink

L Lagrangian function m Bulk material

L Length of heat sink in flow direction, m T Thermal

m mass flow ratekg/s w Wall

m Fin performance parameter defined in Eq.
(16), 't

N Total number of pins in heat sirdk NtN_

NL Number of pins in longitudinal direction

Nt Number of pins in transverse direction

Nup Nusselt number based on pin diametebh/ks ANALYSIS

Ns dimensionless entropy generation rate The front, side and top views of an in-line pin-fin heat sink

P Pressure, Pa are shown in Fig. 1. The dimensions of the baseplaté\are

Pr Prandtl numbee= v/ L x tp, whereWs is the width of the heat sink, L is the length

Q Total heat transfer rate, W measured in the downstream direction ané the thickness of

Re Contact resistance between fins and the baseplate, he pase plate. The dimensions of the ductére H,whereW
K/w . i is the width andH is the height of the duct. The dimensions

Reilm Thermal resistance of exposed (unfinned) surface ot the side bypass aM¥ x Hi, where as the dimensions of the
of th.e baseplate,_KNV top bypass ar&V x H,. Flow in side and top bypass regions is

Rtin Resistance of a fin, K/W assumed as inviscid flow. The pin-fins can be arranged in in-lin

Rm Material resistance of the basgplgte, KIW or staggered manner.

Rey Reynolds number based on pin diameteDUmay/V

Rey, Reynolds number based on hydraulic diameter Each pin fin has diameter D and heidhti,. The dimen-
=DyU/v sionless longitudinal and transverse pitches are S /D and

S Diagonal pitchm b= Sr/D. The source of heat is applied to the bottom of the

S Longitudinal distance between two consecutive heat sink. The flow is assumed to be laminar, steady, and tw
pins, m dimensional. The duct velocity of the fluid 4y and the ambi-

Sr Transverse distance between two consecutive ent temperature i$;. There is no leakage of fluid from the top
pins, m or sides. The wall temperature of the pinTig(> T,) and the

T TemperaturekK baseplate temperaturelis. The side and top clearance ratios are

ty Thickness of baseplats defined as
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where

20,y
CLs= W 1+Kq
’ (1) C= 2
H, 1+03Ks 3)
Ch=m 1+Kp
Co = >
1+ 05K3

Khan et al. ([19] used law of conservation of mass and en-
ergy and obtained the expressions for the average velocities in
side bypass, top bypass and just in front of heat sink regions. and

U = Cald A
a1Co +axCy +asCiCp a = Ag
_ CiUq Ao
U2 = a1Co+aCi +aiCiCy @ &= A )
Un — C1CUqg At
8PP 21Cy + aCy +a;CiCo ar = Aq
- n ” with
H, Y 4’1 S Fﬁ D4> ‘F
L
<« W W | > Ky = fi—
1 H Dhy
H . L 5)
H fn Ko = fo— (
1 l 2 2 th
, , Ks = fa(ke +ke+ f3NL)
ez = T TTTTTTITLT &
le L >
I ? RS i w, —T* MODEL DEVELQPMENT . .
e OHONONONONONO ' L the heat sink region, the entropy generation associate
| g O O O O OO0 d —» with heat transfer and frictional effects serve as a direct measur
u—>O O O ngaxo Q, Uy of the ability to transfer heat to the surrounding cooling medium.
10 O O O O 3 In the bypass regions, entropy generation is associated with th
— 8 8 8 8 8 8 8 —> fluid flow only. A model that establishes a relationship between
> O 000000 the total entropy generation rate and heat sink design paramete
LY 1 | can be optimized in such a manner that all relevant design cond
— —»1 w 1I > . . . . .

, tions combine to produce the best possible heat sink for the give
biTopVisr W , —— constraints. The total entropy generation rate can be written as
— U

2 S, [« H
> ] 4* | 7}% ’ Sgen: Sgenhs+ Sgenbp (6)
Yy
— ’ Hen H where the entropy generation rate in the heat sink can be obtaine
— by following Bejan [28] and Khan et. al [20-22] and applying the
> ! laws of conservation of mass and energy with the entropy balanc
and can be written as

s T,

Fig. 1 Front, Top and Side Views of an In-Line Pin-Fin Heat
Sink in Bypass Flow.

2

e APk
Sgenhs— (Ta—pr> Rhs+

PTa

(7)
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Similarly, the entropy generation rate in the bypass region due to where
fluid flow can be written as

1
. R =
. mAR, h
Sgenbp = pr (8) e 1
a
Rfin = ————— 15
" RginAfinM fin (15)
whereAP,, is the total pressure drop in the bypass regions and 1
can be written as Rop = hbpAbp
APy, = 2APy + APy 9 with
; tanh(mH
with Ntin = 7;1(H )
(16)
1. ., /4
AP]_ = EpUl fl(L/Dhl) m = kD
1 (10)
_ 2
AR, = <§pU2> f2(L/Dre) Khan [28] developed the following analytical correlation for the
dimensionless heat transfer coefficient for the cylindrical fin ar-
ray:
wheref; and f;, are the friction factors in the side and top bypass
regions and are given by he D
NUp fin = fk'” — C3Re)?pri/3 17)
f
24 24
f1 = and fo = 11
1= Rem 2= Reom, (11)

whereCs is a constant which depends on the longitudinal and
transverse pitches, arrangement of the pins, and thermal boun

This assumes fully-developed flow between parallel plates. ary conditions. For isothermal boundary condition, it is given
Equation (11) shows that the entropy generation rate in the heat py-:

sink depends on the heat sink resistance and the pressure drop
across the heat sink, provided that the heat load, mass flow rate
and ambient conditions are specified. The lumped heat sink re- 0.2+ exp(—0.55a)]b%8%%212 In-Line arrangement
sistance is given by: Csm

0.61p0-09150.053
: Staggered arrangement
1—2exp(—1.09
Rns = Rm+ Rins (12) [ p( )] (18)
The heat transfer coefficient for the base plagg, can be deter-
whereRn, is the bulk material resistance, given by: mined by considering it a finite plate. Khan [28] developed the

following analytical correlation for dimensionless heat transfer
coefficient for a finite plate:

R = 22 (13)

hppl
Nu = == = 0.75R¢/*Pr"/® (19)
andRsins is the overall resistance of the fins and the exposed base f
plate, which can be written as:
wherelL is the length of the base plate in the streamwise direc

1 tion. The mass flow rate through the pins is given by:

Riins=—1 1" (14)
RetRim Rop M = pUappNrbHyinD (20)

4 Copyright () 2007 by ASME



The pressure drop associated with flow across the pin fins is given and inequality constraints

by:

2
DRy = 1PN (21)

where the friction factoff depends on the Reynolds humber and
the array geometry, and it can be written as:

K¢ [0.233+45.78/(b— 1)*'Rey] In-Line arrangement
f3=
1.29
Kc [3786/b13%/P] / R.¥P Staggered arrangement
(22)
whereK. is a correction factor depending upon the flow geome-
try and arrangement of the pins. Itis given by:

b—1 1.09/Re}0553
1.009(—1> In-Line arrangement
c= -
1.175(a/bRe;31%% + 0.5Re, %897 Staggered arrangement
(23)

All the correlations fqr friction and correction factors are derived
from graphs given irukauskas [29]. The velocitymay in EQ.

li(x)>0, j=m+1,...,n (28)

The objective function can be redefined by using Lagrangiar
function as follows:

LA =00+ T NG~ 3 X 29)
=1 j

j=mt+1

wherel andy are the Lagrange multipliers. Thg can be pos-
itive or negative but thet; must be> 0. The necessary condition
for x* to be a local minimum of the problem, under consideration,
is that the Hessian matrix of should be positive semidefinite,
ie.,

vIO2[(x*, A", x")]v>0 (30)

For a local minimum to be a global minimum, all the eigenvalues
of the Hessian matrix should be 0.
A system of non-linear equations is obtained, which can be

(21), represents the maximum average velocity seen by the arraysolved using numerical methods such as a multivariable Newton

as flow accelerates between pins, and is given by:
b b
UmaX: max mUapp, auapp (24)

wherec = /a2 + (b/2)? is the dimensionless diagonal pitch.

The dimensionless entropy generation rate can be written as

Ns= Syen/ (Q®Umax/kiVT2) (25)

OPTIMIZATION PROCEDURE
The problem considered in this study is to minimize the di-

mensionless entropy generation rate, given by Eq. (7), for the

optimal overall performance of the tube bank f i) represents

the dimensionless entropy generation rate that is to be minimized

subject to equality constraingg (X1, X2, .., Xa) = 0 and inequality
constraintdy(xg, X, .., Xn) > 0, then the complete mathematical
formulation of the optimization problem may be written in the
following form:

minimize f{x) = Ns(X) (26)
subject to the equality constraints
gix)=0, j=12,....,m (27)
5

Raphson method. This method has been described in Stoeck
[30] and applied by Culham and Muzychka [31], and Khan et al.
[22] to study the optimization of plate or pin fin heat sinks. In
this study, the same approach is used to optimize the overall pe
formance of a tube bank in such a manner that all relevant desig
conditions combine to produce the best possible tube bank fo
the given constraints. The optimized results are then compare
for in-line and staggered arrangements.

A simple procedure was coded in MAPLE 10, a sym-
bolic mathematics software, which solves the systemNof
non-linear equations using the multivariable Newton-Raphsor
method. Given, the Lagrangian L, the solution vedidr ini-
tial guesgXxo], and maximum number of iteratiofay the pro-
cedure systematically applies the Newton-Raphson method ur
til the desired convergence criteria and/or maximum number o
iterations is achieved. The method is quite robust provided ar
adequate initial guess is made.

RESULTS AND DISCUSSION

The parameters given in Table 1 are used as the default ca
to determine the thermal and hydraulic resistances and entroy
generation rate for both in-line and staggered pin-fin heat sink
in bypass flow. The air properties are evaluated at the ambier
temperature.

The effect of side and top clearance ratio on thermal resis
tance and total pressure drop is shown in Fig. 2. In each case, tl
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Table 1. ASSUMED PARAMETRIC VALUES IN BYPASS FLOW

“F cL=025
Quantity Parameter Values 5., .7 £ .3
Footprint (mn?) 50 x 50 = o & ‘- :
Source Dimensionsi{n?) 50 x 50 “t o
Baseplate Thicknessnr) 2 i
Pin Diameter nm) 4
Overall Height of Heat Sinkrim) 50 5. s 5. s
Duct Flow Rate (/s) 0.01 S 5 o :
Thermal Conductivity of Solid{//m- K) 210
Thermal Conductivity of FluidYV/m-K) 0.026 Fig. 2 THERMAL RESISTANCE AND PRESSURE DROP
Thermal Contact Conductanc&/(n? - K) 10* IN SIDE AND TOP BYPASS FLOWS.
Density of Fluid &g/nv) 1.1614 Figure 4 shows the effects of pin diameter and side clearanc
Specific Heat of FluidJ/kg- K) 1007 ratios on the dimensionless entropy generation rate for an in
. o ) . line arrangement. It is obvious from the figure that for a fixed
Kinematic Viscosity (% /s) 1.58x10 top clearance ratio, the dimensionless entropy generation rate d
Prandtl Number 71 creases with increase in side clearance ratio and decrease in |
diameter. In the in-line arrangement, with the decrease in pi
Heat Load (V) 10 diameter, the heat transfer surface area decreases that allows
Ambient Temperaturé’C) 27 increase in pressure drop keeping the longitudinal or transvers

pitch ratios fixed.

The effect of pin height on the dimensionless entropy gen-
eration rate is shown in Fig. 5 for an in-line arrangement.
For each pin height, optimum entropy generation rate and op
timum Reynolds number exist which decrease with decrease i
pin height and increase in Reynolds number based on pin diarr

thermal resistance is increasing while pressure drop is decreasingeter and the maximum velocitymax within the pin-fins.

with the increase in side and/or top clearance ratios respectively.
Itis due to the fact that with the increase in side or top clearance
ratio, pressure drop in the heat sink decreases whereas thermal
resistance increases since the effective resistance for the flow de-
creases. Note that f@Ls = 0 andCL; = 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 mea-
sure 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 increases further. In each case, the optimum point
(whereRy, andAP intersect) increases with the increaseCiy

but remain fixed foICLs. The effect of side and top clearance

on the dimensionless entropy generation rate is shown in Fig. 3
for fixed pin diameter and volume flow rate. The optimum en-
tropy generation rate remains constant with the increase in side
clearance and decrease in top clearance. Itis due to the complex
behavior of the entropy generation rate due to increase/decrease
in side/top clearance ratios.

Ns x 10°

Fig. 3DIMENSIONLESSENTROPY GENERATION
RATE Vs SIDE AND TOP CLEARANCE.

15

14

13

o b 0 o
0

0.2 0.4 0.6 0.8

CL

S

Copyright (©) 2007 by ASME

1



14

1.36

132

Ns x 10°

124

1.2

TR N AT TN S N T [N I SN [ S N
0.2 0.4 0.6 0.8

CL

S

Fig. 4 DIMENSIONLESSENTROPY GENERATION
RATE Vs SIDE CLEARANCE FOR DIFFERENT PIN
DIAMETERS.
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It was observed thdtmay is maximum, when the top clearance
ratio is zero and decreases with increagelin The effect of side
clearance ratio on thermal resistance and total pressure drop in
both in-line and staggered arrangements is shown in Fig. 6 for a
fixed top clearance ratio. As expected, in both arrangements, the

thermal resistance increases and pressure drop decreases with in-

crease in side clearance ratio. For a fully shrouded heat sink (i.e.,
CLs = 0 andCL; = 0), the pressure drop is maximum whereas
thermal resistance is minimum. Pressure drop in the heat sink

decreases with an increase in the side clearance ratio since the

effective resistance for the flow decreases. The staggered ar-
rangement shows higher pressure drop in the heat sink and lower
thermal resistance for ai§is.

The effects of pin height on the performance of cylindrical
pin-fin heat sinks in side bypass flow are shown in Fig. 7 for
both arrangements. The optimum dimensionless entropy gen-
eration rate decreases with the decrease in pin heights for both
arrangements. The in-line arrangement performs much better for
all three cases. The optimum Reynolds humber inecreases with
a decrease in pin height for both arrangements. Figure 7 also
shows the effects of Reynolds number on the performance of heat
sinks in side bypass flow for both arrangements. For different pin
heights, in-line arrangements give better performance for higher
Reynolds numbers and smaller pin heights.

Conclusions

An optimal design of cylindrical pin-fin heat sinks in side
and top bypass flows is obtained for both the in-line and stag-
gered arrangements. The effects of side and top clearance ratios
pin diameter, pin height, and Reynolds numbers are examined
with respect to their roles in influencing optimum design condi-

7

tions and the overall performance of the pin-fin heat sink. It is
demonstrated that

1. Thermal resistance increases whereas pressure drop

creases with increase in side and/or top clearance ratios.

The dimensionless entropy generation rate decreases wi

increase in side/top clearance ratio and decrease in pin d

ameter.

. The optimum dimensionless entropy generation rate an
Reynolds numbers decrease with decrease in pin height.

. The staggered arrangement shows higher pressure drop a
lower thermal resistance for any clearance ratio.

. The in-line arrangement shows better performance for an
pin height and side/top clearance ratio.

2.
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Fig. 5 DIMENSIONLESSENTROPY GENERATION
RATE Vs SIDE CLEARANCE FOR DIFFERENT PIN
HEIGHTS.
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ARRANGEMENTS.
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Fig. 7 COMPARISON OF DIMENSIONLESS ENTROPY

GENERATION RATE IN-LINE AND STAGGERED
ARRANGEMENTS.
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