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This study examines the airside performance of heat sinks having fin patterns of plate fin (Type I), inter-
rupted fin geometry (Type II), dense vortex generator (Type III), and loose vortex generator (Type IV). Test
results indicate that the heat transfer performance is strongly related to the arrangement of enhance-
ments. The interrupted and dense vortex generator configurations normally contribute more pressure
drop penalty than improvements of heat transfer. This is especially pronounced when operated at a lower
frontal velocity. Actually the plain fin geometry outperforms most of the enhanced fin patterns such as of
Type II and Type III at the fully developed region. This is because a close spacing prevents the formation of
vortex, and the presence of interrupted surface may also suffer from the degradation by constriction of
conduction path. The results suggest that the vortex generators operated at a higher frontal velocity is
more beneficial than that of plain fin geometry. In association with the VG-1 criteria (same pumping
power and same heat transfer capacity), the results show that effective reduction of surface area can
be achieved when the frontal velocities are at 3–5 m s�1 and the fin patterns are triangular, triangular
attack, or two-groups dimple. The result from the present experiment suggests that the asymmetric com-
bination such as using loose vortex generator (Type IV) can be quite effective. The triangular attack vortex
generator is regarded as the optimum enhancement design for it could reduce 12–15% surface area at a
frontal velocity around 3–5 m s�1. The asymmetric design is still applicable even when the fin pitch is
reduced to 1 mm.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The junction temperature significantly affects electronic com-
ponents reliability, and relates exponentially to device failures
[1]. The conventional air cooling featuring low heat transfer perfor-
mance and noise problems is currently facing extreme difficulty to
handle high flux applications, and alternatives like heat pipes, li-
quid immersion, jet impingement and sprays, thermoelectrics,
and refrigeration are considered to be powerful solutions [2]. How-
ever, due to concerns of cost, simplicity, and reliability, air cooling
is still by far the most popular thermal management of electronics,
and various forms air cooled thermal module are manufactured
and supplied to markets in mass quantity. Unfortunately, the con-
siderable low thermal conductivity for air inevitably results in a
very low heat transfer coefficient. The heat transfer performance
of heat sink can enhance by increasing frontal velocity generally.
However Li and Chao [3] indicate the enhancement of heat transfer
ll rights reserved.
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is limited when the Reynolds number reaches a particular value,
and the noise is the major problem of operation in high frontal
velocity. As a consequence, the general approach for heat transfer
improvement is via exploitation smaller fin spacing to accommo-
date more fin surface. However, a limitation is imposed on this
conventional approach when the fin spacing is small and the oper-
ation speed is low. This is because fully developed flow prevails [4].
In this sense, one would resort to interrupted fin geometry to re-
duce the thermal resistance. The general concept is via periodical
renewal of boundary layer. Unfortunately, typical interrupted sur-
faces shows appreciable degradation in low velocity region per-
taining to the ‘‘duct flow” phenomenon [4–6]. The results imply
a dilemma situation of heat transfer augmentation occurring at a
low velocity having smaller fin spacing. In essence, a difficult situ-
ation occurs for small fin spacing operated at low Reynolds number
region where significant augmentation is hard to achieve.

Some alternatives to tailor above problem are to introduce swirl
flow, Coanda deflection flow and destabilized flow field. The com-
mon way for this kind of implementation is using vortex genera-
tors [7] or dimple/protrusion structure [8]. Vortex generators in
early research were used to delay boundary layer separation on
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Nomenclature

A heat transfer surface area (m2)
Act cross sectional area at the test section (m2)
Afront frontal area of fins (m2)
C perimeter of the rectangular section (m)
Cf friction factor (dimensionless)
Cpa specific heat at constant pressure of air (J kg�1 K�1)
Dh hydraulic diameter (m2)
Fs fin spacing (m)
barh average convective heat transfer coefficient

(W m�2 K�1)
h0 effective heat transfer coefficient (W m�2 K�1)
j Colburn factor (dimensionless)
H fin height (m)
Hb thickness of base plate (m)
L duct length (m)
k the thermal conductivity of air (W m�1 K�1)
_m mass flow rate (kg s�1)

N number of fins (dimensionless)
P fin perimeter (m)
Pr Prandtl number (dimensionless)

_Qconv convection heat transfer rate (W)
Redh duct Reynolds number (dimensionless)
Tavg the average temperature of the air (K)
Tw the average surface temperature (K)
Vc the mean velocity in the flow channel (m s�1)
Vfront the frontal velocity (m s�1)
_V volumetric air flow rate (m3 s�1)
x+ inverse Graetz number (dimensionless)

Greek symbols
DP total pressure drop (Pa)
DTm effective mean temperature difference (k)
a aspect ratio of rectangular section (dimensionless)
r ratio of free-flow area to frontal area (dimensionless)
l dynamic viscosity (kg m s�1)
q density of air (kg m�3)

Subscript
plate plain fin surface
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aircraft wings [9]. Recently, vortex generator is adopted for elec-
tronic cooling and the like because it reveals great potential in
reducing the thermal resistance. However, the enhancements of
heat transfer usually exceed pressure drop penalty. For example,
Gentry and Jacobi [10] reported the average heat transfer enhance-
ment of 20–50% with corresponding pressure drop penalty being
approximately 50–110% for using vortex generators. The influence
of dimple vortex generators depends on the arrangements of the
dimple configuration, and the heat transfer rates and friction fac-
tors for dimpled channels are about 1.15–2.5 and 1.08–3.5 times
higher than those of the smooth channel, respectively [11].

In practice, the electronic cooling applications often use very
dense fin for heat-dissipation due to space limitation. Unfortu-
nately, the dense fin arrangements lead to early fully developed
flow and results in a lower heat transfer performance occurring
at low Reynolds number region. In the situation, it is hard to have
a significant augmentation. Though some studies had been con-
ducted for heat transfer enhancements for electronic cooling sys-
tem, the information about augmented heat transfer performance
at affordable pressure drop penalty especially at lower Reynolds
number region is still quite demanding. Hence the purpose of the
present study is to investigate various enhancements on the over-
all performance pertaining to electronic cooling applications. Ef-
forts are made toward sufficient enhancements at an affordable
pressure drop penalty.

2. Experimental apparatus

The experiment apparatus is based on ASHRAE wind tunnel set-
up to measure the heat transfer and the pressure drop characteris-
tics of the heat sinks. Two main parts of the experimental
apparatus are described in the following.

2.1. Wind tunnel

As seen in Fig. 1, experiments were performed in an open type
wind tunnel. The ambient air flow was forced across the test sec-
tion by a centrifugal fan with an inverter. To avoid and minimize
the effect of flow mal-distribution in the experiments, an air
straightener–equalizer and a mixer were provided. The inlet and
the exit temperatures across the sample were measured by two
T-type thermocouple meshes. The inlet measuring mesh consists
of four thermocouples while the outlet mesh contains eight ther-
mocouples. The sensor locations inside the rectangular duct were
established following ASHRAE [12] recommendation. These data
signals were individually recorded and then averaged. During the
isothermal test, the variation of these thermocouples was within
0.2 �C. In addition, all the thermocouples were pre-calibrated by
a quartz thermometer having 0.01 �C precision. The accuracies of
the calibrated thermocouples are of 0.1 �C. The pressure drop of
the test sample and nozzle was detected by a precision differential
pressure transducer, reading to 0.1 Pa. The air flow measuring sta-
tion was a multiple nozzle code tester based on the ASHRAE 41.2
standard [13]. All the data signals are collected and converted by
a data acquisition system (a hybrid recorder). The data acquisition
system then transmitted the converted signals through Ethernet
interface to the host computer for further operation.
2.2. Heat sink

A total of eight heat sinks were made and tested, the corre-
sponding fin patterns are (a) plain fin; (b) delta vortex generators
fin; (c) delta vortex generators + plain fin; (d) semi-circular vortex
generators fin; (e) triangular vortex generators fin; (f) triangular
attack vortex generators; (g) dimple vortex generators fin and (h)
two-groups dimple vortex generators fin. The experimental results
of louver and slit fin are taken form Yang et al. [4]. The delta vortex
generators are of equilateral triangle. The heat sinks are made from
copper with a thermal conductivity of 398 W�1 m K. The fabricated
vortex generators are punched from copper sheet, leaving holes
alongside the fin. Detailed geometries of heat sink are shown in
Fig. 2, and their detailed dimensions are also tabulated in Table
1. Tests are conducted at an inlet temperature of 25 ± 2 �C having
a relative humidity of 60 ± 5%. The frontal velocity ranges from 1
to 5 m s�1. The base plates of the heat sinks are of square configu-
ration with a length/width of 50 mm and a thickness of 2 mm. The
corresponding fin pitches is 1.0 mm, respectively, with a constant
fin thickness of 0.2 mm. In addition, the height of the heat sinks
is 10 mm. A film heater with the same size of base plate is attached
to the bottom of heat sink. During the tests, electric power supply
provided 25 W power input to the heater. Five temperature sen-
sors were placed below the heat sink to measure the average



Fig. 1. Experimental set up.

Table 1
Heat sink dimension. The variables are shown in Fig. 2 (Unit: mm).

L 50
W 50

Heat sink Nomenclature Side view Dimension  Photos of test sample 

(a) Plate - - - 

(b) Delta VG - - 

(c) Delta 
VG+Plate  - - 

(d) 
Semi-circular 

VG 
- - 

(e) Triangular 
VG  

(f) Triangular 
Attack VG  

(g) Dimple VG  - 

(h) Two Groups 
Dimple VG  - 

Fig. 2. All tested heat sinks in the present investigation.
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temperature of the heat sink. The bakelite board is installed be-
neath the film heater in order to minimizing the heat loss. The heat
sinks were loaded to a constant force of 11 N for all experiment.
This provided consistent thermal contact resistance between the
heat sinks and heater.
H 10
Fp 1

Delta, semi-circular Triangular Dimple

Opening angle 60� St 2.5 D 3.05
LVG 2 b 40� d 2
WVG 2 Pt1, Pt2 5, 14 dd 0.5
– – – – Sd 3.3
– – – – Pd1, Pd2 4, 20
– – – – dd/d 0.25
3. Analysis of heat sink

The airside performance of the test heat sinks are in terms of
pressure drop and heat transfer performance characteristics. For
determination of the friction factor of the test samples, an adia-
batic test is performed to obtain the total pressure drops. Hence,
the measured friction factor can be obtained from the following
equation:
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Fig. 3. (a) Pressure drops, (b) heat transfer coefficients vs. frontal velocity.
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Cf ¼
DP

4 L
Dh

� �
� qV2

c
2

� � ð1Þ

where L, Dh, and q are the duct length, hydraulic diameter and den-
sity of air. The hydraulic diameter (Dh) is defined by height of fin (H)
and fin spacing (Fs), and can be obtained from the following
equation:

Dh ¼
4Ac

P
¼ 4� ðH � FsÞ

2� ðH þ FsÞ
ð2Þ

The characteristic velocity is calculated by flow rate and cross
sectional area at the test section as:

Vc ¼
_V

Act � Afront
ð3Þ

where _V , Act, and Afront represent the volumetric flow rate, cross sec-
tional area at the test section and the frontal area of the heat sink.
The total heat transfer surface area (A) is the surface in contact with
work fluid, and the cross sectional area at the test section of fin (Act)
is the whole flow channel of test section can be calculated as:

Act ¼W � H ð4Þ

The frontal area of fins (Afront) can calculate by number of fins
(N), thickness of fin (t) and height of fin (H) as flow:

Afront ¼ N � t � H ð5Þ

The convective heat transfer rate of experimental system can be
obtained from the following equation:

_Q conv ¼ _mCpaðTair;out � Tair;inÞ ð6Þ

where _m, Cpa, Tair,out and Tair,in represent mass flow rate, specific
heat, average temperature of the inlet test section and the average
temperature of the outlet test section.

The heat transfer coefficients are evaluated from the measured
wall and air temperature:

�h ¼
_Q conv

AplateðTw � Tair;avgÞ
ð7Þ

where Tw is the average surface temperature and Tavg is the average
temperature of the air at the test section. The heat transfer perfor-
mance can be in terms of dimensionless Colburn j factor as

j ¼ ho

qVcCpa

Pr2=3 ð8Þ

Uncertainties in the reported experimental values were esti-
mated by the method suggested by Moffat [14]. The highest uncer-
tainties are 3.71% for the heat transfer coefficient and 2.02% for f.
The highest uncertainties were associated with lowest Reynolds
number.

4. Results and discussion

Normally the effective approach of heat transfer improvement
(from Q = hADTm, Q: total heat dissipated, A: area, h: convective
heat transfer coefficient, DTm: effective mean temperature differ-
ence) is via increase of heat dissipated area, improving convective
heat transfer coefficient, or both. In this study, we have investi-
gated various kinds of improvements characterizing the forgoing
augmentations. The tested samples can be further divided into
the following four categories.

Type I: Plate fin heat sink featuring heat transfer improvement
from increasing heat dissipate surface. Generally, the general heat
transfer augmentation is via smaller fin spacing to accommodate
more fin surface.
Type II: Heat sink with interrupted fin geometry which im-
proves convective heat transfer coefficient via periodical renewal
of boundary layer and they take the form such as slit or louver fin.

Type III: Heat sink with dense vortex generator. The enhance-
ments introduce swirl flow, Coanda deflection flow or destabilized
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flow field from vortex generators or dimple/protrusion structure.
The general arrangement is using inline or staggered layout such
as semi-circular, delta and dimple vortex generator.

Type IV: Heat sink with loose vortex generator: the enhance-
ments of this category are still vortex generators or dimple/protru-
sion structure but with sparse arrangement of vortex generator.

Test results of pressure drop and heat transfer coefficients vs.
frontal velocity for all the test samples are plotted in Fig. 3, and
dimensionless friction factor and Colburn j factor vs. Reynolds
number are plotted in Fig. 4. As expected, pressure drop increase
with the rise of frontal velocity and friction factor decrease with
the rise of Reynolds number. It can be found that the friction factor
for interrupted fin geometry is significantly higher than other fin
types. And the louver fins show the highest friction factor among
all fin pattern, followed by the dense vortex generator and loose
vortex generators; the plate fin heat sink has the lowest friction
factor. However, the trend of tested results on Colburn j factor is
show that the enhancement of heat transfer does not accord with
the frictional characteristics as appeared in Fig. 4. The heat transfer
performance for the vortex generators exceed all other fin geome-
try since it can produce swirl flow, Coanda deflection flow, and
destabilized flow field. Nevertheless, the arrangement of vortex
generator may cast significant impact on the heat transfer
performance.

At a rather low Reynolds number region, the plain fin outper-
forms some of the enhanced fin patterns such as semi-circular, del-
ta VG and slit fin. The results of heat transfer performance are quite
unexpected for one might expect augmentation takes control. For
further explanation this unusual phenomenon, one can examine
the corresponding reciprocal of the inverse Graetz number x+,
which is defined as

xþ ¼ L=Dh

ReDh
Pr

ð9Þ

where L is the streamwise duct length and Pr is the Prandtl number.
The flow may be considered fully developed when x+ > 0.1 [15]. For
4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

f &
 j

10
2 2 3 4 5 6 7 8 9

10
3

Re

Plate

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Louver

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Slit

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Semi-circular VG

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Delta VG

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Dimple VG

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Delta VG + Plate

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Triangular VG

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Triangular attack VG

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Two Groups Dimple VG

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

Re

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

4

5

6

7
8
9

10
-2

2

3

4

5

6

7
8
9

10
-1

2

3

4

10
2 2 3 4 5 6 7 8 9

10
3

24/Re14.23/Re
 (α = 1)  (α = ∞)

f

j

Fig. 4. Friction factor and Colburn j factor vs. Reynolds number for the test heat
sinks.
a further comparison about the influence of developing flow on the
heat transfer performance, test results are plotted in terms of vari-
ation of pressure drop penalty, (DP � DPplate)/DP and heat transfer
augmentation, (h � hplate)/h vs. the inverse Graetz number as de-
picted in Figs. 5 and 6. It is interesting to note that variation of pres-
sure drop penalty for the surfaces can be characterized into three
categories, and they are region of heat sink with interrupted fin
geometry (Type II) representing the highest friction penalty relative
to the plain fin geometry, region of dense vortex generator (Type III)
showing moderate increase of pressure drop and region of loose
vortex generator (Type IV) with only minor increase of pressure
drop. In view of the results, it is generally concurred that more com-
plicated fin structure will lead to higher pressure drop. On the other
hand, the slope of variation of pressure drop penalty denotes the
change of the pressure drop ratio subject to velocity variation.
Apparently, the three types of fin patterns reveal completely differ-
ent characteristics. The slope of Type II is nearly constant through-
out test range while the slope of Type III is slightly decreased with
the Reynolds number; but the slope of Type IV remains virtually un-
changed as zero.

For further examination the augmentation levels shown in the
figure, apparently two regions can be identified; for a lower inverse
Graetz number (x+ < 0.1) where the entrance effect plays a signifi-
cant role, one can see substantial improvements of heat transfer
through heat transfer augmentation. This is applicable to most
the enhanced fin patterns being tested. Among the tested fin pat-
terns at x+ < 0.1, the heat transfer performance for heat sink with
loose vortex generator (Type IV) outperforms other augmentations.
On the other hand, for a fully developed situation where x+ > 0.1, a
clear level-off of the enhanced level for all the enhanced fin pat-
terns is seen, and most of the augmentations of interrupted fin
geometry (Type II) and dense vortex generator (Type III) fail. The
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Fig. 5. Inverse Graetz number x+ vs. pressure drop penalty for the test heat sinks.
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test results suggest that the airside enhancements highly depend
upon the arrangement and developing characteristics. Most of
the conventional augmentation is effective only in developing re-
gions. Yet in fully developed region, one must seek alternative
enhancement using different mechanism of enhancements. The re-
sults implicate that interrupted fin and dense vortex generators fin
are less effective when operated at a lower Reynolds number.

There are some explanations why most of the enhanced fin pat-
terns fail in the fully developed region. The objective of the vortex
generator is to provide swirl flow by which better mixing is
achieved. However, the formation of longitudinal vortex is con-
strained when the fin spacing is reduced. The argument of vortex
suppression can be found from a 3-D numerical investigation of a
plain fin-and-tube heat exchanger performed by Torikoshi et al.
[16]. Their investigation showed that the vortex forms behind
the tube can be suppressed and the entire flow region can be kept
steady and laminar when the fin pitch is rather small. In this sense,
it explains part of the reason that the vortex generator is re-
strained. However, for a very low operation velocity, there is an-
other cause for heat transfer degradation which is the blockage
of conduction path of the interrupted surface. With the presence
of interrupted configuration like the slit fin and semi-circular VG,
the conduction path is constricted, yielding a performance drop.
This phenomenon becomes more pronounced when the influence
of conduction becomes more eminent. That is why at a frontal
velocity of 1 m s�1 and a fin pitch of 1 mm, the heat transfer coef-
ficient for plain fin exceeds most the fin patterns being tested. In
fact, this effect does not occur in dimple VG fin due to continuous
conduction path. In summary of the test results, the heat transfer
augmentation at x+ > 0.1 is very difficult via conventional inter-
rupted surface (Yang et al. [4]) or via typical vortex generator. A
more compromised design is the loose vortex generator (Type IV)
design where the resistance at the downstream is lifted, giving
more free space for the vortex development. As a consequence, a
small enhancement of this design is seen. The test results suggest
it would be made possible from different mechanisms, e.g. unsta-
ble swing flow or asymmetric fin design.

For further performance evaluation of the tested heat sinks,
comparisons are made subject to the VG-1 [17] criteria. The VG-1
criterion seeks for area reduction at the same heat transfer capacity
and pumping power. As shown in Fig. 7, the ordinate of the figure
is A/Aref. A value above unity indicates that the required surface
area for interrupted fin surface design exceeds that of plain fin sur-
face to fulfill the same heat duty at a fixed pumping power. The re-
sults shown in this figure suggest that the vortex generators fin
operated at a higher frontal velocity and arrangement of loose vor-
tex generator is more beneficial. The results show that when fron-
tal velocities as 3–5 m s�1 and the fin with enhancement as
triangular, triangular attack and two-groups dimple effectively re-
duce required surface area. The Type II and Type III fin geometry
possesses the lower heat transfer coefficient in most situations
along with their significant pressure drops lift them out of the
choice of vortex generator subject to the VG-1 criteria. When the
Reynolds number is decreased, the vortex generators would grad-
ually surpass that of plain fin. The result from the present experi-
ment suggests that the asymmetric combination using heat sink
with loose vortex generator (Type IV) fin can be quite effective. A
fin with triangular attack VG is regarded as the optimum enhance-
ment design for it could reduce 12–15% surface area at a frontal
velocity of 3–5 m s�1. The asymmetric design is still applicable
even when the fin pitch is as low as 1 mm.
5. Conclusions

The present study conducts an experimental study concerning
the airside performance of heat sinks under cross flow condition.
The test fin patterns can be classified into four categories, namely
the base plain fin heat sink (Type I), interrupted fin geometry (Type
II), dense vortex generator (Type III), loose vortex generator (Type
IV) and their combinations. It is found that the heat transfer
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performance is strongly related to the arrangement of enhance-
ments. The interrupted and dense vortex generator configurations
normally contribute more pressure drop penalty than improve-
ments of heat transfer. This deterioration becomes especially evi-
dent at a lower frontal velocity. Actually the plain fin pattern
outperforms most of the enhanced fin patterns of Type II and Type
III at fully developed region. This is because a close spacing prohib-
ited the formation of vortex. In the meantime, the presence of
interrupted surface may also jeopardize heat conduction path
due to constriction. The results indicate that the vortex generators
operated at a higher frontal velocity is more beneficial than that of
plain fin geometry. The results show that at a frontal velocity
around 3–5 m s�1 using fins like triangular, triangular attack and
two-groups dimple may be quite effective as far as surface reduc-
tion criteria is concerned. However, Type II and Type III fin geom-
etry possesses the lower heat transfer coefficient in most situations
along with their appreciable pressure drops lifts them from the
choice of vortex generator subject to the VG-1 criteria. When the
Reynolds number is decreased, the vortex generators would grad-
ually surpass that of plain fin. The result from the present experi-
ment suggests that the asymmetric combination using loose
vortex generator arrangement (Type IV) can be quite effective.
The triangular attack VG is regarded as the optimum enhancement
design for it could reduce 12–15% surface area at a frontal velocity
of 3–5 m s�1. The asymmetric design is still applicable even when
the fin pitch is reduced to 1 mm.

In summary of this study, normally in the existing literatures,
the heat transfer enhancements are placed in the entrance and
the fully developed region. The present authors try to propose an
alternative of asymmetric enhancement with the help of vortex
generator instead of common interrupted surfaces. This is espe-
cially useful for air-cooling applicable for electronic devices to
achieve effective augmentations without suffering from significant
pressure penalty. It is therefore concluded that augmentation via
various fin patterns like interrupted or vortex generator is quite
effective only at developing region. However, the conventional en-
hanced fin patterns lose its superiority at the fully developed re-
gion. To tackle this problem, some techniques employing swing
flow or unstable flow field accompanied with the asymmetric de-
sign, shows potential to resolve this problem.
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