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Abstract Heat transfer and pressure drop characteristics

of a set of pin-fins with uniform heat flux were investigated

experimentally and numerically. Test set-up was designed

to assess the effects of mass flow rate, fin height, and fin

density on convection heat transfer and pressure drop. In

the numerical investigation, the flow field of various design

parameters of the heat sink was simulated. It was found

that heat sinks having fin heights of 20 and 30 mm oper-

ated at a lower Reynolds number reached minimum value

for thermal resistance when the fin density 10 9 10. Which

means it is the optimum number of fins for this case. Also,

friction factor increased with a decrease in the bypass flow

area or inter-fin distance spacing and using perforated fins

reduced the pressure losses and thermal resistance for all

studied cases.

List of symbols

Dhd Duct hydraulic diameter (m)

E Total energy per unit mass (J/kg)

H Fin height (m)

L Heat sink foot print length (m)

N Number of fins

P1 Channel inlet pressure (N/m2)

PL Non-dimensional pitch = (a ? b)/a

Q Heat input (W)

Rth Total thermal resistance (K/W)

ReD Reynolds number using Dh

Vd Duct velocity (m/s)

Sg Entropy generation minimization

h Heat transfer coefficient (W/m2 K)

b Fin spacing (m)

a Fin side thickness (m)

y? Dimensionless wall distance

Greek symbols

e Turbulent dissipation rate (m2/s5)

l Absolute viscosity (Pa s)

b Open area ratio (%)

q Density (kg/m5)

DP Pressure drop across heat sink (N/m2)

Subscripts

B Base plate

Dh Hydraulic diameter

1 Introduction

The performance of many engineering devices from power

electronics to gas turbines is limited by thermal manage-

ment. Heat sinks with pin-fins are commonly used to

augment heat transfer as the pin-fins increase the surface

area and turbulence. Also, the continuing increase of power

density in microelectronics and the simultaneous drive to

reduce the size and weight of electronic products has led to

the increased importance of thermal management issues in

this industry. The temperature at the junction of an elec-

tronics package (chip temperature) has become the limiting

factor determining the lifetime of a package.

Several studies have been conducted on heat sink design

aimed at improving the cooling of electronic components,
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resulting in improved performance. Pin-fins are often used

in heat exchangers as very effective elements to enhance

heat transfer. The competitive ability of pin-fins compared

with other high-performance fins was first investigated by

Kays [1]. A similar conclusion was also reached by Kays

et al. [2], while analyzing the methods for obtaining high-

performance heat transfer surfaces.

The heat transfer behaviors of pin-fins have also been of

interest to designers of turbine-cooling systems because of

their potentially high heat transfer characteristics and surface

area density, as well as their structural and castability attri-

butes [3]. For example, in air-cooled turbine blades, such

heat exchangers have made it possible for the blades to be

operated at high cycle temperatures, resulting in high spe-

cific-power being achieved by modern gas turbines. A

review of heat transfer and fluid flow data for arrays of pin-

fins in turbine-cooling applications togetherwith appropriate

design recommendations is available in [4]. The effect of

heat sink dimensions and fin density on its thermal perfor-

mance was studied by Azar and Tavassoli [5]. They reported

that the selection of heat sink depends not only on its thermal

resistance, but also on the number of fins it has and how it is

coupled to the board. There have beenmany investigations of

the heat transfer and pressure drop of channels with pin-fins,

which are restricted to pin-fins with circular cross-section

and [6, 7] were among the first to investigate the heat transfer

performance of in-line and staggered wall attached arrays of

cylindrical fins. Several investigation on the heat transfer

characteristics of staggered and inline arrays of cylindrical

pin-fins done byMetzger et al. [8], Simoneau andVanFossen

Jr [9] and VanFossen et al. [10].

Experiments on drop-shaped pin-fins was conducted [11].

They reported a slight enhancement of heat transfer coeffi-

cient with a remarkable 42–51 % reduction of pressure drop.

Recently, Sahiti et al. [12] numerically examined six pin

shapes, namely NACA, drop form, lancet, elliptic, circular,

and square. Their simulation showed the NACA profile

offers little advantage. Encompassing the constraints of the

same hydraulic diameter, coverage ratio, and pin length,

circular pin-fins, arranged in-line, still outperform other

configurations. Also, a rectangular channel equipped arrays

of diamond shaped elementswas investigated by Tanda [13].

Both in-line and staggered fin arrays were considered in the

thermal performance analysis under constant mass flow rate

and constant pumping power constraints. The heat transfer

performance of arrays of cubic and diamond shaped fins

inside a rectangular channel was reported byChyu et al. [14].

Convective heat transfer and friction characteristics of

staggered pin-fin, triangular fin and in-line, square pin-fins

arrays was performed [15, 16].

A new design criterion which involves both the effects of

heat transfer performance and pressure drop was used by

Boesmans et al. [17] on heat sinks of different geometries.

They found that, when pressure drop is taken into account,

plate fin heat sinks have better cooling performance than

offset-strip fin or pin-fin heat sinks. Kondo et al. [18] con-

sidered two types of heat sink: plate fins and pin-fins. They

optimized heat sink geometry by evaluating sixteen param-

eters simultaneously. For the plate fins, the optimal thickness

was found to be 0.12–0.15 mm. For the pin-fins, optimal pin

diameters were 0.39–0.40 mm. Under the conditions of

constant pumping power, the optimal thermal resistance of

the plate fins was about 60 % of the pin-fins. An experi-

mental andmodeling study performed by Dogruoz et al. [19]

on square, in-line pin-fin heat sinks to measure the overall

thermal resistance as a function of Reynolds number and by-

pass height and identify optimumpin spacing as a function of

clearance ratio. Entropy generation minimization (EGM)

procedure was used to optimize the overall performance of

pin-fin heat sinks [20]. They showed that the entropy gen-

eration rate depends on two main performance parameters,

i.e. thermal resistance and pressure drop, which in turn

depend on the average heat transfer and friction coefficients.

Recently, Shaeri and Yaghoubi [21] numerically studied

perforated fins, which performed better and weighed less

than solid fins. Mei et al. [22] investigated by computa-

tional fluid dynamics (CFD) the effect of tip clearance on

the performance of the heat transfer and pressure drop at

low Reynolds number of micro-reactors with micro-pin-fin

arrays (MPFAR). They found that the performance is quite

sensitive to the tip clearance, and the introduced tip

clearance can enhance the heat transfer and reduce the

pressure drop effectively [23]. Performed Numerical

computations using finite element based software COM-

SOL Multiphysics around extended surfaces having vari-

ous types of lateral perforations with square, circular,

triangular and hexagonal cross-sections Using Reynolds-

averaged Navier–Stokes (RANS) based modified k–x tur-

bulence model. They observed that hexagonal perforated

fins show the highest fin effectiveness and the highest heat

transfer performance enhancement. Also, they fond that

triangular perforated fins have lowest skin friction coeffi-

cient value than the other types of fins considered.

Using Reynolds Normalized Group (RNG) based k–e
turbulent model to improve the cooling performance of

solid and perforated fins that are mounted on a flat plate a

three dimensional (3D) numerical study was conducted

[24]. Perforations was such as small channels of square and

circular cross sections are arranged along with stream wise

fin’s length. They found that the fins of circular perfora-

tions have remarkable heat transfer enhancement and

reduced pressure drop. The review shows that the perfor-

mance of the heat sink in a cross-flow is influenced

remarkably by the flow velocity and the geometry of the

perforation in heat sink based on [24] results. So, this work

aims at investigating experimentally and numerically the
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effectiveness of using different pin-fin arrangements to

decrease the bypass effect. In addition to that evaluation of

the thermal and hydraulic performance of the circular

perforation in rectangular pin-fin by changing the Reynolds

number, number of fins, and fin height.

2 Experimental investigation

2.1 Experimental set-up

Figure 1 shows the general layout of the experimental set-

up used. The test rig was composed basically from a wind

tunnel operated in discharge mode as indicated by the

arrows, known as an open-loop suction-type. A wooden

test section was mounted in the rear of the wind tunnel

where the base heater and pin-fin heat sink were mounted.

To describe operation of the test rig, first consider the

centrifugal blower as the starting point where the flow first

passes through the supply duct equipped with an orifice

plate or flow straightener, before flowing through the test

section. At the end, the flow was driven to the Laboratory

room. The inlet velocities ranged from 1 m/s up to 20 m/s.

This provides Reynolds number range of

15,900\ReD\ 25,200. The supply duct runs from the

blower discharge to the inlet of the straightener. This duct

consists of a U-shaped circular pipe of 75 mm inner

diameter connected to the blower exit via a conical diffuser

(150 mm long with 5� cone angle). The other end of the

U-shape is connected to the straightener via a conical

nozzle (100 mm long with 12.5� cone angle). The

straightener is 1.0 m long and consists of a diffuser, a

settling length and a contraction. It is fitted with a honey-

comb and mesh screen to ensure a uniform, low-turbulence

flow from the inlet to the test channel.

2.2 Test section configuration

The general layout of the test section that contained the

pin-fin array is shown in Fig. 2. The test section is 500 mm

long horizontal duct of rectangular cross section 40 mm

high and 150 mm wide having walls made of 5 mm

Plexiglas (k = 0.2 W/m K) plates. An opening with

dimensions (150 mm 9 150 mm) at a distance 200 mm

from the starting point of the test section was created in the

bottom surface where the heater assembly is fixed. The

inlet temperature of the air stream was taken as the average

reading over four thermocouples located at the entrance of

the test section. For the measurement of static pressures,

pressure taps were made on the upper surface of the test

section along the mid-span line of the heat transfer surface.

2.3 Heater block assembly

Figure 2 shows details of the heating unit consisting of the

main heater, the heating surface, and insulation. The main

Fig. 1 Front view of wind tunnel configuration
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heater, a nickel–chromium resistance tape (0.2 mm thick,

and 3 mm wide), heats the back surface of the aluminum

plate (150 mm 9 150 mm) by ohmic dissipation. The

heater tape is wound uniformly around a mica board, and

then embedded between another two mica boards. The

insulation system placed at the bottom and sides of the

heater plate consists of a 3 mm thick amiant layer

(k = 0.35 W/m K) followed by a 25 mm thick glass wool

layer (k = 0.041 W/m K) followed by a 20 mm thick

wood board (k = 0.097 W/m K). The heat loss was esti-

mated by measuring the temperature across the insulation

substrate. The total power was measured using a DW6060

Wattmeter of range 2 kW and accuracy ±1.5 % of full

scale. It was found that the maximum value of heat loss

from the sides and the bottom of the heater plate was about

6 % of the total power. The heater was controlled by a

variac transformer to obtain a constant heat flux along the

heat transfer plate.

2.4 Pin-fin heat sink (tested models)

The configurations and detailed dimensions of the heat

sink models are given in Table 1, and illustrated in

Fig. 3. Using a CNC milling machine, the pin-fins were

fabricated from aluminum alloy 2017, which has a

thermal conductivity of (k = 202 W/m K). Experiments

were conducted on pin arrays of 4 9 4, 5 9 5, 6 9 6,

7 9 7 and 8 9 8. Pins in the form of aluminum rods of

rectangular cross section (10 mm 9 10 mm), and height

H = 20, 30, and 40 mm were distributed along the heat

transfer wall at a varied pitch as in Table 1. Also, the

Perforated Heat Sink was tested with open area ratio

b = 15, 25, and 35 % as shown in Fig. 3. The heat

sinks were mounted at the bottom of the wind tunnel

duct in such a way that the pin-fin with its base was

flush with the tunnel surface. It was also firmly bolted to

the heater plates with a thin layer of thermal grease

having conductivity of (k = 0.7 W/m K). The base plate

temperature was measured using twelve T-type ther-

mocouples at the bottom of the heat sink base plate.

Arithmetic average represents a value for the mean base

plate temperature, Tb.

2.5 Data reduction

The present experimental study is divided into two parts:

fluid flow and heat transfer studies. The essential quantities

determined in the study of fluid flow are as follows:

Mass flow rate ð _mÞ can be calculated from the measured

data using an orifice meter:

_m ¼ Cdqa
p
4

d21d
2
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d41 � d42
p

 !

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2g qf =qa
� �

Dho
q

ð1Þ

Fig. 2 Details of heating unit

Table 1 Geometric description of the tested heat sinks

Desc. a

(cm)

b

(cm)

H

(cm)

N PL ¼ aþb
a

ðcmÞ
A–Afrontal

(cm2)

1A 1 1 4 8 9 8 2 28

2A 1 1.33 4 7 9 7 2.333 32

3A 1 1.8 4 6 9 6 2.8 36

4A 1 2.5 4 5 9 5 3.5 40

5A 1 3.667 4 4 9 4 4.666 44

1B 1 1 3 8 9 8 2 36

2B 1 1.33 3 7 9 7 2.333 39

3B 1 1.8 3 6 9 6 2.8 42

4B 1 2.5 3 5 9 5 3.5 45

5B 1 3.667 3 4 9 4 4.666 48

1C 1 1 2 8 9 8 2 44

2C 1 1.33 2 7 9 7 2.333 46

3C 1 1.8 2 6 9 6 2.8 48

4C 1 2.5 2 5 9 5 3.5 50

5C 1 3.667 2 4 9 4 4.666 52
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where, Cd = discharge coefficient = 0.64, qa and qf are the
air and water (manometer fluid) density respectively, kg/m3,

g = gravitational acceleration = 9.81 (m/s2), Dho =
pressure head across the orifice (m H2O), d1 = diameter of

supply pipe (75 mm), and d2 = diameter of orifice (40 mm).

The Reynolds number based on approach velocity is

given by:

ReD ¼ VDh

m
ð2Þ

where Dh is the hydraulic diameter of the test channel cross

section:

Dh ¼
4A

P
¼ 0:06315 m

The friction factor (f) is given by:

f ¼ DP

0:5qV2 L
D

ð3Þ

where, Dp = pressure drop (P1 - P2) [N/m2], L is the

measured distance between P1 and P2.

The heat loss to surrounding (Qloss) is:

Qloss ¼
AKins

DX
� DTins ð4Þ

where, A = heat sink base area (=0.0225 m2), kins =

thermal conductivity of insulation material (glass

wool = 0.041 W/m K), DTins = temperature difference

across glass wool [�C], DX = thickness of glass wool

(DX = 0.025 m).

The heat transfer by convection to the air in the test

channel (Qconv) is:

Qconv ¼ Qtot � Qloss W½ � ð5Þ

Heat transfer coefficient h is given by:

h ¼ Qconv

AðTb � TaÞ
ð6Þ

where, Tb is the local wall temperature (from thermocouple

reading) [�C].
Nusselt number Nu is defined as:

Nu ¼ hDh

Kf

ð7Þ

In evaluating the thermal performance of the heat sink,

the thermal resistance is defined as:

Rth ¼
Tb � Ta

Qconv

ð8Þ

Entropy Generation due to heat transfer and flow pres-

sure drop is defined as [20]:

_Sg ¼
Q2Rth

TaTb
þ _mDP

qTa
ð9Þ

For perforated fins, the open area ratio is defined as:

b ¼
p
4
d2N

aH
ð10Þ

where d and N are the diameter and number of holes,

respectively.

The experimental uncertainties in DP, Rth, h, and Nu

were the result of uncertainties in the experimental mea-

surement of temperature, pressure, flow rate, power, and

uncertainty in the thermal and fluid properties of the

cooling fluid. The result of that analysis is summarized in

Table 2.

3 Numerical investigation

3.1 Problem description and boundary condition

The geometry of the theoretical model and the boundary

conditions are illustrated in Fig. 4 which shows the phys-

ical domain of the channel and the pin-fin heat sink. The

Fig. 3 Geometry of solid and perforated fin heat sink arrays
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thermal and flow fields were calculated numerically with

commercial CFD software ANSYS FLUENT 13, according

to the following assumptions: the flow was steady state; the

flow was incompressible and turbulent; the fluid and the

solid properties were constant, and the effects of gravita-

tion and thermal radiation were neglected. The equations

governing the fluid are the Reynolds-averaged Navier–

Stokes equations and the energy equation. Based on the

aforementioned assumptions these equations can be

expressed as:

o

oxi
qVið Þ ¼ 0:0 ð11Þ

o

oxi
qViVj

� �

¼ � oP

oxi
þ osij

oxj
ð12Þ

o

oxi
Vi qE þ Pð Þ½ � ¼ o

oxi
K
oT

oxi

� �

ð13Þ

where, i: is a tensor indicating 1, 2, and 3 and sij is the

viscous stress tensor.

RNG j–e turbulent model was utilized [24] to solve the

complicated turbulent thermal flow field with Enhanced

Wall Function approach in the near-wall regions to fit the

wall boundary conditions [25]. The solid regions, fins and

the heat sink base, were also considered, where only the

heat diffusion equation is solved. The solution was con-

sidered converged when the scaled residual of the energy

equation reached 10-7 and the scaled residuals of other

equations reached 10-4.

3.2 Mesh generation and discretization

The geometry and mesh of the computational model were

generated separately using GAMBIT 2.4.6. The Hex/Sub

Mapped and Hex/wedge Cooper meshing scheme was used

to refine the mesh near walls and beside sharp edges. To

test the dependence of the numerical results on the grid

density, calculations were carried out with different mesh

densities in the X, Y and Z directions. As recommended by

Fluent Guide AFUs [25], the first grid points adjacent to the

walls were kept at y? values between 1 and 5. The applied

grid system was certified under conditions of a heat sink

with a 6 9 6 fin array, H = 30 mm, and Re = 22,500. The

grid sensitivity was analyzed mainly to obtain grid inde-

pendent temperature distributions. The computational

results of the mean surface temperature of the heat sink did

not show a variation more than 0.04 % in thermal resis-

tance when the grid size increased from 320,230 to

570,900. It is clear that the effect of grid size on the

computed result diminishes for grids of 320,230 nodes.

Table 2 Uncertainties in compound variables

Compound variable Uncertainty (± %)

Mass flow rate (kg/s) 1.84

Friction factor 4.97

Reynolds number 1.84

Thermal resistance 1.5

Convective heat transfer coefficient 1.5

Nusselt number 1.5

Fig. 4 Boundary conditions for

channel with fins
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4 Results and discussion

4.1 Pin-fin effects on velocity and flowfields

Attaching rectangular pin-fins to the heater base plate is

expected to make a drastic change to the velocity and

temperature fields. So, to better understand the effect on

thermal performance, the flow and temperature fields will

be illustrated first for a selected heat sink design as shown

in Table 3.

Figure 5 shows the flow streamlines and pressure con-

tours in the horizontal plane passing at the mid height of

the test section as well as in the vertical plane passing

through the fins. As shown from the streamlines in the

horizontal plane, the presence of the fins generates vortices

downstream of each row. This in turn generate turbulence

and enhance the heat transfer rate. The main flow stream-

lines in the fin region flow through the lanes between the

fins. The streamlines in the vertical plane show that the

flow accelerates as it enters the bypass region. A consid-

erable part of the flow rate passes through the bypass

region and the remaining part that performs the forced

convection passes through the space between the fins.

When the pin-fin height increases (no tip clearance), the

blockage effect of the fins increases, forcing more coolant

fluid to pass through the heat sink. So, it is expected that for

the case of no bypass flow, an advantage of enhancing the

heat transfer from the heat sink is gained. The pressure

contours show that due to the blockage effect of the heat

sink, the pressure evidently increases upstream in front of

the heat sink. As the fluid enters the heat sink, the pressure

decreases gradually with the distance due to the viscous

friction and wake formation. After the flow leaves the heat

sink the pressure recovers again due to the increase in the

area of the test section.

The calculated thermal resistance and friction factor at

different Reynolds numbers are shown in Fig. 6. In gen-

eral, the thermal resistance decreases substantially and

diminishes smoothly with an increase in the Reynolds

number. But the pressure drop across the heat sink

increases dramatically as the Reynold’s number increases,

due to the presence of pin-fins, while the friction factor

decreases. Thermal resistance decreases to almost half its

value without too much increase in pressure drop and

consequently the pumping power. The figures also show a

comparison between the measured and the predicted val-

ues, showing good agreement in both magnitude and trend

of the data.

4.2 Parametric study

In order to identify and assess the impact of the design

parameters, a parametric study was carried out to check the

effect of changing the design parameters on the perfor-

mance of the heat sink. These design parameters have been

identified as, Reynolds Number ReDh, fin height H, and

density. Table 4 shows the range of these parameters.

Fifteen pin-fin heat sinks were used in this study.

4.2.1 Effect of Reynolds number at different fin heights

Figure 7 shows the effect of Reynolds number on the thermal

performance of the heat sink. As expected, the thermal

Table 3 Values of parameters

considered in base case (3B)
Parameter Value

Air inlet temp. (�C) 27

Heat input (W) 30

Fluid velocity (m/s) 3.8

Heat sink dimension

Fin height H 30 mm

Fin number N 6

Fin side length a 10 mm

Fin spacing b 18 mm

Fig. 5 Streamlines and pressure contours at a mid horizontal plane

and a vertical plane passing through the fins
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resistance decreases with an increase in both the Reynolds

number and fin height. Increasing the Reynolds number

increases the cooling effect while increasing fin height

increases the surface area. Installing pin-fins improves the

thermal performance through reducing the heat sink’s ther-

mal resistance especially for the case of lower Reynolds

number. As the heat sink height increases, the improvement

in thermal resistance slightly decreases. The pressure drop

across the pin-fin heat sink is due to two components namely,

skin friction and form drag. Skin friction is responsible for

almost all the pressure drop at low Reynolds number. As the

Reynolds number increases, the contribution of skin friction

to form drag decreases. Also, Fig. 7 shows the variation of

the friction factor with the Reynolds number. The pressure

drop is relatively small without the pin-fins and it increases

gradually with the Reynolds number and with heat sink

height. This is attributed to the higher skin friction and form

drag associated with increasing the Reynolds number and

heat sink height, respectively.

4.2.2 Effect of fin numbers

Figure 8 Shows the effect of pin-fin numbers at various

Reynolds number with constant fin height H = 40 mm on

0
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Fig. 6 Effect of Reynolds number on thermal resistance and friction

factor for 3B heat sink

Table 4 Values of test matrix parameters

Parameter Value

Air inlet temperature (�C) 27

Heat input (W) 30

Fluid velocity (m/s) 3.8, 5, 6, and 7 m/s

Fin height H 20, 30, 40 mm

Fin numbers N 4, 5, 6, 7, 8, 9, 10, 11
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Fig. 7 Effect of fin height on thermal resistance and friction factor

for different Reynolds numbers
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the thermal resistance. The figure shows that the thermal

resistance of the heat sink decreases generally with an

increase in the Reynolds number. Using a heat sink with

larger fin height or operating the heat sink at a higher

Reynolds number causes the heat sink to attain minimum

thermal resistance with a higher number of fins. Also, it

shows the effect of the number of fins at various Reynolds

number with constant fin height H = 40 mm on the pres-

sure drop across the heat sink. It is clear that the pressure

drop increases as the number of fins increases for all cases.

4.3 Optimization of thermal resistance

One of the goals of this study was to predict the optimal

number of pin-fins and design configurations that would

maximize the heat transfer rate while minimizing frictional

losses in the flow. A parametric optimization was per-

formed on pin-fin heat sinks, at various fin heights with a

constant Reynolds number ReD = 15,927. Figure 9 shows

the effect of the number of pin-fins on thermal resistance

using Dimensionless Pitch (PL). It is clear that increasing

the number of fins (PL decreases), thermal resistance

decrease in case of fins height H = 40 mm without limit

but in the case of fin height H = (30 and 20 mm) thermal

resistance decrease and then increase so there is an opti-

mum fins spacing, and this is due to effect of by-pass in

case of fins height of 30 and 20 mm. For H = 20 and

30 mm, the thermal resistance reached its minimum value

at PL = 1.5, and N = 10 which means that this number of

fins is the optimum for a heat sink with H = 20 mm,

operating at Re = 15,927. This optimum operating point

occurs because of the two contradicting effects caused by

increasing the number of fins. These effects consist of

increasing the heat transfer surface area and increasing the

blockage effect. Using a heat sink with larger fin height or

operating the heat sink at a higher Reynolds number causes

the heat sink to attain minimum thermal resistance at a

higher number of fins. The figure also shows that increas-

ing fin height eliminates this optimum point (N = 10 at
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Fig. 8 Effect of number of fins on thermal resistance and friction

factor for H = 40 mm
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Re = 15,927), which means that decreasing the bypass

area makes it possible to increase the number of fins to gain

more improvement in the thermal performance. Also,

Fig. 9 shows the effect of fin height and fin spacing on the

pressure coefficient. Increasing fin height and the number

of fins increases the pressure drop but this decreases ther-

mal resistance too.

Another way to study the optimization is to use entropy

generation minimization procedure which is employed to

optimize the overall performance (thermal and hydrody-

namic) of pin-fin heat sinks. This allows the combined

effects of thermal resistance and pressure drop to be

assessed simultaneously as the heat sink interacts with the

surrounding flow field. The formulation for the dimen-

sionless entropy generation rate is obtained in terms of fin

geometry, longitudinal and transverse pitches, pin-fin

aspect ratio, thermal conductivity, arrangement of pin-fins,

Reynolds and Prandtl numbers. It is shown that the entropy

generation rate depends on two main performance param-

eters, i.e. thermal resistance and the pressure drop, which in

turn depend on the average heat transfer and friction

coefficients. These coefficients can be taken from fluid flow

0

0.02

0.04

0.06

15000 20000 25000 30000

S g
(W

/K
)

ReD

1A
2A
3A
4A
5A

0

0.005

0.01

0.015

0.02

0.025

15000 20000 25000 30000

S g
(W

/K
)

ReD

1B
2B
3B
4B
5B

0

0.004

0.008

0.012

0.016

15000 20000 25000 30000

S g
(W

/K
)

ReD

1C
2C
3C
4C
5C

Fig. 10 Variation of Sg with ReD for heat sink with different number

of fins and fin heights
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and heat transfer models. Figure 10 shows the effect of

increasing Reynolds number on EGM for a heat sink with

fin height H = 40, 30 and 20 mm respectively and for

various fin spacing, Although, heat sinks 1A and 1B have

the lowest thermal resistance, and their pressure drop is the

highest So, it has the highest entropy generation. But for a

low Reynolds number, nearly all the heat sinks have the

same EGM. Also, heat sink 1C has the lowest thermal

resistance and high pressure drop, giving it the highest

EGM for high ReD = 25,200, but heat sink 5C has high

EGM because it has high thermal resistance. Also, heat

sinks with more fins have the lowest performance espe-

cially with taller fins or operating at a higher Reynold’s

number. However, heat sinks with shorter fins operate

better for lower Reynold’s number and fewer fins.

4.4 Peforated fins

Figure 11 shows the effect of fin perforation (perforation

ratio b = 15, 25 and 35 %) of the pin-fin heat sinks, at

various Reynolds numbers with constant fin height

H = 40 mm and fin number N = 4, on the thermal

resistance and pressure drop. It shows that the thermal

resistance of the heat sink decreases generally with an

increase in the open area ratio and it is clear that the

pressure drop for solid fins is higher than for perforated

fins and the friction factor decreases as the open area ratio

increases. Finally, Fig. 12 shows the effect on entropy

generation of increasing the open area ratio for heat sinks

with a fin height H = 40 mm and for various Reynolds

numbers. It is clear that solid fins have highest EGM

since the pressure drop and thermal resistance is high and

EGM decreases as the open area ratio b increases and the

lowest value of EGM for this case was b = 35 %.

However, the optimum point is not seen in the covered

range of open area ratio to be taken as the optimum open

area ratio for the array.

5 Conclusions

The thermal performance of pin-fin heat sinks undergoing

cross-flow cooling has been studied experimentally and

numerically and the following conclusions have been

drawn.

• In the case of no by-pass (case A) increasing the

number of fins increases the exposed area to the flow

and promotes turbulence. As there is no by-pass effect,

this case shows the smallest thermal resistance but

gives the highest pressure drop.

• The friction factor increases with decreasing bypass

flow area and inter-fin distance spacing.

• For fin height of 20 and 30 mm, increasing the number

of fins increases the exposed area to the flow and

enhances turbulence so thermal resistance decreases but

the by-pass effect also increases, the former increase

thermal resistance and the latter decreases it so the

optimum fin spacing is equal to 5 mm.

• For the same fin spacing, increasing the fin height

reduces the by-pass effect, resulting in the thermal

resistance decreasing and the pressure loss increasing.

• Perforated fins reduce the pressure loss and thermal

resistance for cases being studied b = 15, 25 and 35 %.

• Solid fins have the highest EGM since the pressure drop

and thermal resistance are high and EGM decreases as

the open area ratio b increases. The lowest value of

EGM for case 5A was b = 35 %.
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