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a b s t r a c t

In this study, effects of cross-cuts on the thermal performance of heat sinks under the parallel flow con-
dition are experimentally studied. To find effects of the length, position, and number of cross-cuts, heat
sinks with one or several cross-cuts ranging from 0.5 mm to 10 mm were fabricated. The pressure drop
and the thermal resistance of the heat sinks are obtained in the range of 0.01 W<Pp < 1 W. Experimental
results show that among the many cross-cut design parameters, the cross-cut length has the most signif-
icant influence on the thermal performance of heat sinks. The results also show that heat sinks with a
cross-cut are superior to heat sinks containing several cross-cuts in the thermal performance. Based on
experimental results, the friction factor and Nusselt number correlations for heat sinks with a cross-
cut are suggested. Using the proposed correlations, thermal performances of cross-cut heat sinks are
compared to those of optimized plate-fin and square pin-fin heat sinks under the constant pumping
power condition. This comparison yields a contour map that suggests an optimum type of heat sink under
the constraint of the fixed pumping power and fixed heat sink volume. The contour map shows that an
optimized cross-cut heat sink outperforms optimized plate-fin and square pin-fin heat sinks when
0.04 < log L* < 1.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Finned heat sinks are most widely used as a thermal solution
to ensure the reliability of electronic devices [1,2] with ever
increasing power dissipation and circuit density [3,4]. Since Tuck-
erman and Pease [5] first introduced the microchannel heat sink,
many researchers have studied the thermal characteristics of heat
sinks and reported optimum geometries of heat sinks [6–8]. Por-
ous-channel heat sinks or heat sinks combined with porous struc-
tures have been also suggested to improve the thermal
performance of heat sinks [9–11]. Among various types of heat
sinks, plate-fin and pin-fin heat sinks are widely used owing to
their own advantages. The plate-fin heat sink has the advantages
of a small pressure drop, a simple design and an easy fabrication.
On the other hand, the pin-fin heat sink has the advantages of a
high heat transfer rate due to the redeveloping regions and an
even thermal performance independent of the direction of the
fluid flow [12,13]. Recently, Kim et al. [14] revealed that the effec-
tive heat sink type between plate-fin and pin-fin heat sinks could
be determined depending on the pumping power and heat sink
length.

In addition to above research activities, there has been a new
attempt to combine the advantages of plate-fin and pin-fin heat
sinks [15]. Usually, these types of heat sinks have several cuts,
ll rights reserved.

: +82 42 350 8207.
termed cross-cuts in the present study, perpendicular to the
direction of the fluid flow. Xu et al. [16] demonstrated a new sil-
icon microchannel heat sink composed of longitudinal microchan-
nels and several transverse microchannels that divide the entire
flow path into several independent zones. Experiments for strip-
fin heat sinks were performed and empirical correlations were
proposed to predict the Nusselt number and pressure drop
[17,18]. Noda et al. [19] performed numerical simulations of heat
sinks with a cut-fin shape to clarify the effect of a transverse cut
on the thermal performance of the heat sinks. Amon et al. [20,21]
studied the fluid flow and heat transfer characteristics in commu-
nicating channels that have geometry similar to that of cross-cut
heat sinks. The authors of these works found that heat sinks with
one or several cross-cuts show better thermal performance than
conventional plate-fin or the pin-fin heat sinks. However, they
did not quantify the effects of major design parameters, such as
the length, position and number of cross-cuts, on the thermal
performance of a heat sink.

A main purpose of the present study is to quantify effects of
cross-cuts. To this end, an experimental investigation is per-
formed with heat sinks with one or more cross-cuts ranging from
0.5 mm to 10 mm. Cross-cuts of various lengths are made in dif-
ferent positions in heat sinks to identify the most significant de-
sign parameter of the cross-cut from among the length, position,
and number of cross-cuts. For the purpose of predicting the pres-
sure drop and thermal resistance, respective correlations of the
friction factor and Nusselt number for single-cross-cut heat sinks

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.07.008
mailto:sungjinkim@kaist.ac.kr
http://www.sciencedirect.com/science/journal/00179310
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Nomenclature

A wetted surface area (m2)
Afr frontal area of the heat sink (m2) ð� Hf �WÞ
cp specific heat (J/kg K)
Dh hydraulic diameter, m ð� 2Hwc=ðH þwcÞÞ
Dh,fr hydraulic diameter of frontal area (m) ð� 2HW=

ðH þWÞÞ
h heat transfer coefficient (W/m2 K)
H height of the heat sink, m ð� Hf þ HbÞ
k thermal conductivity (W/m K)
L length of the heat sink (m)
Nu Nusselt number
n number of cross-cuts
DP pressure drop across a heat sink (Pa)
Pp pumping power (W)
Pr Prandtl number
R thermal resistance (K/W)
ReDh

Reynolds number ð� qUDh
l Þ

T temperature (K)
V approach velocity (m/s)
W heat sink width (m)
wc channel width (m)

ww fin thickness (m)
x, y, z Cartesian coordinate

Greek symbols
g fin efficiency
q density (kg/m3)
e porosity ð� wc=ðwc þwwÞÞ

Subscripts
bm bulk mean
c cross-cut
fin fin
in inlet
l from the leading edge
max maximum
pin pin-fin heat sink
plate plate-fin heat sink
w wall

Superscript
* dimensionless variables
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are proposed based on the experimental results. Through the use
of these correlations, design parameters that maximize the ther-
mal performance of cross-cut heat sinks under given conditions
of the pumping power and the length of a heat sink could be ob-
tained. Through the optimization process, the thermal perfor-
mances of three types of heat sinks, a plate-fin heat sink, a
square pin-fin heat sink, and a cross-cut heat sink, are compared
under the constraint of a fixed pumping power and a fixed heat
sink volume. Finally, a contour map that shows the optimum type
of heat sink as a function of the dimensionless pumping power
and heat sink length is obtained.
2. Experimental setup and procedure

Thirty-three heat sinks made of aluminum alloy 6061
(k = 171 W/m K) were fabricated using a wire cutting technique.
The configurations and detailed dimensions of these heat sinks
are presented in Fig. 1 and Table 1, respectively. The height of
the heat sink base (Hb) tested in the present study is 6 mm. In
this paper, a heat sink with a single cross-cut is termed a sin-
gle-cross-cut heat sink and a heat sink with several cross-cuts
is termed a multiple-cross-cut heat sink for convenience. A sche-
matic diagram of the experimental apparatus is shown in Fig. 2.
The wind tunnel duct consists of acrylic plates of a thickness of
9.1 mm. The width and height of the wind tunnel duct are
50 mm and 30 mm, respectively. A thin film heater fabricated
using Kapton-coated stainless steel of a thickness of 0.25 lm is
attached to the bottom surface of a heat sink. It plays the role
of a heat source as it is connected to a DC power supply
(E3632A, Agilent). To reduce heat loss, a Bakelite plate
(k = 0.23 W/m K) with 10 mm thickness is attached to the bottom
surface of the thin film heater. The Bakelite plate is then attached
to the bottom of the wind tunnel duct using six screws. Installa-
tion of the heat sink into the wind tunnel duct is shown in Fig. 3.
There is no clearance between the wind tunnel duct and the top
of the heat sink, while there exists half channel width between
the fins and the two sides of the wind tunnel duct. The heat sink
base is flush with the bottom wall of the wind tunnel duct. A
honeycomb is positioned 50 mm in front of the heat sink to en-
sure a uniform flow profile. There are 11 pressure taps at the
top wall of the wind tunnel duct to measure the pressure drop
across the heat sink along the air flow direction. The spacing be-
tween any two adjacent pressure taps is 10 mm. The first pres-
sure tap is located 20 mm upstream of the heat sink and the
last one is located 20 mm downstream of the heat sink. The pres-
sure drop across the heat sink is the difference of the pressures
measured at the first and the last pressure taps. The air volume
flow rate through the wind tunnel duct and the pressure drop
across the heat sink are measured using a laminar flow element
and a micro-manometer (Furness-Controls Ltd.), respectively.
The uncertainty of the laminar flow element is ±1%, and the full
range and uncertainty of the micro-manometer are 200 Pa and
±0.056%, respectively. By measuring the volume flow rate _Q and
the pressure drop across the heat sink DP, the pumping power
can be calculated from the following equation:
Pp ¼ _Q � DP ð1Þ

Nineteen J-type thermocouples were used for temperature
measurement. To measure the maximum temperature of the heat
sink, nine thermocouples were mounted through 5 mm deep holes
at the base plate of the heat sink, which are positioned along the
centerline of the heat sink. They are 6 mm apart. The first thermo-
couple is positioned 6 mm from the leading edge of the heat sink
and the last one is positioned 6 mm from the end of the heat sink.
One thermocouple was used to measure the inlet temperature. To
measure the heat loss another nine thermocouples were attached
to the Bakelite plate and the inner surface and outer surface of
the wind tunnel duct. The uncertainty of each thermocouple is
approximately 0.75%. A HP 34970A data acquisition unit is utilized
to convert the electrical signals measured by the thermocouples
into temperature information.

The test procedures were as follows: the desired volume flow
rate of the air was generated by a suction-type blower and its va-
lue was obtained by the laminar flow element. The heater was
then powered up to a heat load of 60 W and was allowed to sta-
bilize. The heat load was calculated by multiplying the current
and the voltage drop through the heater. The measured heat
losses in the experiments were in the range of 3–7% of the heat
load supplied by the heater. Once the heat load was fixed, the
base temperature of the heat sink was monitored. A steady-state



Fig. 1. The configuration of the tested heat sinks. (a) Plate-fin heat sink, (b) square pin-fin heat sink, (c) single-cross-cut heat sink and (d) multiple-cross-cut heat sink (n = 2).
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was assumed when the change in the maximum temperature of
the heat sink was smaller than ±0.1 �C for a period of 2 min.
The maximum base temperature of the heat sink and the bulk
mean inlet temperature were used to calculate the thermal resis-
tance of the heat sink,

R ¼ Tw;max � Tbm;in

q
ð2Þ

The actual heat flow rate from the heater to the heat sink was cal-
culated by subtracting the heat loss from the heat load supplied by
the heater. The uncertainties shown by the error bars in the exper-
imental results include both the random error and the systematic
error, as described in Ref. [22].

3. Results and discussion

3.1. Validation

To check the validity of the present study, the experimental re-
sults of the pressure drop and thermal resistance of a plate-fin heat
sink, one of the experimental cases, were compared to those ob-
tained from existing correlations. Fig. 4(a) shows that the experi-
mental results of the pressure drop are in good agreement with



Table 1
Dimensions of tested heat sinks. Unit: mm.

Cross-cut heat sinks

Heat sink width, W Heat sink length, L Fin height, Hf Fin thickness, ww

Fixed design parameters
50 60 30 1

Channel width, wc Number of cross-cuts, n Cross-cut position, Ll Length of cross-cuts, Lc

Varying design parameters
1 1 20 1, 2.5, 5, 7

40 1, 2.5, 5, 7
1.5 1 20 0.5, 1, 2.5, 5, 10

40 0.5, 1, 2.5, 5, 10
2 Equally spaced 1, 5, 10
3 Equally spaced 1, 2.5, 5

2 1 20 1
40 1

5 Equally spaced 1
2.5 1 20 1

40 1
Heat sink width, W Heat sink length, L Fin height, Hf Fin thickness, ww Channel width, wc

Plate-fin heat sink
50 60 30 1 1.5

Square pin-fin heat sink
50 60 30 1 1.5

Fig. 2. Schematic diagram of the experimental apparatus.
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the correlation suggested by Muzychka and Yovanovich [23] with-
in 4% error. In addition, as shown in Fig. 4(b), experimental results
of the thermal resistance also correspond well to the correlation
proposed by Teertstra et al. [24] within 6.8% error. Based on these
comparisons, it is clear that the experiments in this study were
properly conducted.

3.2. Parametric studies

3.2.1. Effects of the cross-cut length
In this section, effects of the cross-cut length are presented for

single-cross-cut heat sinks with one cross-cut positioned 40 mm
from the leading edge (L1 = 40 mm in Fig. 1(c)).

Fig. 5 shows the approach velocity ratios of cross-cut heat sinks
and an equivalent plate-fin heat sink with design parameters that
are identical to those of the cross-cut heat sinks, apart from the
cross-cut region. As the pumping power increases, the approach
velocity ratio decreases. This implies that as the pumping power
increases, an additional pressure drop generated in the cross-cut
region increases due to the flow separation [14], the higher skin
friction associated with the boundary layer restarting [20], and
the form drag caused by the structural change of the fins [25]. If
the length of the cross-cut considerably increases, the total pres-
sure drop would be reduced due to the decreased friction loss at
the fin surface, even when an additional pressure drop is generated
in the cross-cut region. As a result when the dimensionless cross-
cut length, L�c ð� Lc=LÞ, is larger than 0.0833 (i.e., Lc > 5 mm with
L = 60 mm) the approach velocity ratios increase as the length of
the cross-cut increases.

When Pp = 0.01 W, the value of the approach velocity ratio is
greater than 1. This is because when the pumping power is small,
the pressure drop of the cross-cut heat sink is smaller than that of



Fig. 3. Installation of the heat sink into the wind tunnel duct.
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the equivalent plate-fin heat sink. In this case the approach veloc-
ity is small, which makes the additional pressure drop, caused by
flow separation and secondary flow effects in the cross-cut region
negligible [16]. On the other hand, in the cross-cut region, there is
no skin friction generated by the interaction between the fluid flow
and the fin surface.

In Fig. 6, the thermal resistances of cross-cut heat sinks are
compared to those of equivalent plate-fin and square pin-fin
heat sinks under the constant pumping power condition. In or-
der to verify the effect of the cross-cut length, the other param-
eters of the three types of heat sinks, in this case the fin
thickness, channel width and size, were equalized, as presented
in Table 1. As shown in Fig. 6(a), cross-cut heat sinks perform
better than the equivalent plate-fin heat sink in most experi-
mental ranges. In the best cases, cross-cut heat sinks show bet-
ter thermal performance by 5–18% compared to the equivalent
plate-fin heat sink. The improvement in the thermal perfor-
mance of cross-cut heat sinks becomes greater as the pumping
power increases in spite of poor flow characteristics of cross-
cut heat sinks in high pumping power regions. This implies that
the advantage of heat transfer enhancement caused by the
cross-cut far outweighs the disadvantage of the pressure drop
increment. However, when L�c ¼ 0:1667 (Lc = 10 mm), the ther-
mal performance of the heat sink decreases due to the small
heat transfer area.

As shown in Fig. 6(b), cross-cut heat sinks perform better by
approximately 14–16% compared to the equivalent square pin-
fin heat sink in the best cases. In contrast to that shown in
Fig. 6(a), as the pumping power increases, the thermal perfor-
mance of the cross-cut heat sinks is reduced by less than that
of the equivalent pin-fin heat sink. This result is similar to the
results in an earlier study [14]. Based on Fig. 6(a) and (b), the
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Fig. 4. Validation of the experimental results. (a) Pressure drop and (b) thermal resistance.
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optimum cross-cut length is shown to exist at approximately
5 mm when the ratio of the channel width to the fin pitch (e)
is 0.6.
3.2.2. Effects of the cross-cut position
There are also open questions as to how much the position of

the cross-cut affects the thermal performance of a heat sink and
where the cross-cut should be positioned on the heat sink to im-
prove the thermal performance. In this section, the thermal per-
formances of different heat sinks, each of which has a cross-cut
in a different position relative to the leading edge of the heat
sink, are compared. In this comparison, Ll = 20 mm and
Ll = 40 mm; these values imply that the cross-cut is positioned
20 mm and 40 mm, respectively, from the leading edge of the
heat sink. These values were selected as the cross-cut positions.
Fig. 7(a) and (b) shows that heat sinks with a cross-cut at
Ll = 40 mm show slightly better thermal performance compared
to when Ll = 20 mm. However, the cross-cut position is not an
important parameter because change of the thermal resistance
value only ranges from 1% to 3.5% according to the cross-cut
position.
3.2.3. Effects of the number of cross-cuts
In order to verify effects of the number of cross-cuts, multi-

ple-cross-cut heat sinks with several cross-cuts were also fabri-
cated and their fluid flow and heat transfer characteristics
were experimentally investigated. In the case of multiple-cross-
cut heat sinks, the cross-cuts are parallel to each other and are
equally spaced on the heat sink, as shown in Fig. 1(d). Fig. 8
shows effects of the number of cross-cuts on thermal resistance.
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The thermal resistance of a heat sink is strongly affected by the
number of cross-cuts, especially in a large pumping power re-
gion. The thermal performance of heat sinks varies according
to the number of cross-cuts up to nearly 22% and 30% according
to Fig. 8(a) and (b). However, it is important to note that single-
cross-cut heat sinks are superior to multiple-cross-cut heat sinks
in terms of thermal performance regardless of the pumping
power when they are subject to a parallel flow. This is because
the disadvantage of the pressure drop increment far outweighs
the advantage of heat transfer improvement by the thermal
boundary layer redevelopment, as the number of cross-cuts in-
creases. In addition, the heat transfer area reduction due to the
cross-cutting becomes significant for multiple-cross-cut heat
sinks as the number of cross-cuts increases. Because experimen-
tal results are somewhat limited, more detailed study is neces-
sary to quantify the effects of the number of cross-cuts on the
thermal performance of heat sinks.
3.3. Correlations

As presented in the previous section, single-cross-cut heat sinks
outperform multiple-cross-cut heat sinks. However, the fluid flow
and heat transfer characteristics of cross-cut heat sinks are affected
by various design parameters and cannot be easily predicted
through an analytical approach. For this reason, correlations for
predicting the friction factor and the Nusselt number of single-
cross-cut heat sinks are suggested in this section based on experi-
mental results. To determine the correlations, it was recalled that
single-cross-cut heat sinks are similar in shape to plate-fin heat
sinks except for the cross-cut region. Therefore, correlations for
single-cross-cut heat sinks were developed by adding the empirical
coefficients that account for the effect of a cross-cut to existing
semi-empirical correlations for plate-fin heat sinks. The friction
factor correlation suggested by Muzychka and Yovanovich [23]
and the Nusselt number correlation proposed by Teertstra et al.
[24] for plate-fin heat sinks were used as basic forms as they accu-
rately predict the experimental results for plate-fin heat sinks, as
shown in Fig. 4. Because the empirical coefficients in the correla-
tions are expressed as a function of the porosity e and the dimen-
sionless cross-cut length L�c, the proposed correlations are generally
applicable, regardless of the heat sink length, the channel width
and the fin thickness.

3.3.1. The friction factor correlation
The friction factors for parallel plates are suitably reported in

the composite model form of the two limiting cases involving
hydrodynamically developing and fully developed flows [23].
These two limiting cases were used as asymptotic solutions for
the cases of a small and a large Reynolds number. By adding empir-
ical coefficients a and b to the existing friction factor correlation for
plate-fin heat sinks, a friction factor correlation for cross-cut heat
sinks is obtained, as shown below.

fappReDh
¼ 3:44ffiffiffiffiffi

Lþ
p

� �2þa

þ ðfReDh
Þ2þb

" #1
2

ð3Þ

Here,

Lþ ¼ L
DhReDh

;

fReDh
¼ 24� 32:527

wc

H

� �
þ 46:721

wc

H

� �2
� 40:829

wc

H

� �3

þ 22:954
wc

H

� �4
� 6:089

wc

H

� �5
ð4Þ

The Reynolds number based on the hydraulic diameter of the heat
sink channel ð� 2wcÞ is in the range of 250–2350 for which the flow
between the two adjacent fins of the heat sink is laminar [26]. The
coefficients a and b account for the hydrodynamic effect of a
cross-cut on the developing region and fully developed regions,
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Fig. 6. Thermal resistance ratios: (a) cross-cut heat sinks to the plate-fin heat sink and (b) cross-cut heat sinks to the square pin-fin heat sink.
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respectively. The values of a and b are determined from the exper-
imental results. They are given as

a¼ L�ce 88�304eþ267e2� �
exp �0:5

L�c�ð0:1�0:06eÞ
�0:12þ0:32e

� �2
" #

ð5Þ
b ¼ L�c

(
ð0:1þ 0:4eÞ þ ð170� 621eþ 533e2Þ

� exp �0:5
L�c � ð0:06þ 0:11eÞ
�0:01þ 0:09e

� �2
" #)

ð6Þ

Fig. 9 shows that the proposed friction factor correlation for single-
cross-cut heat sinks predicts the experimental results well. The two
dotted lines represent ±20% deviation from the suggested
correlation.

3.3.2. The Nusselt number correlation
A Nusselt number correlation for cross-cut heat sinks was also

developed based on the composite model of the two limiting cases
of thermally developing and fully developed flows. By adding
empirical coefficients c and d to the Nusselt number correlation
for plate-fin heats, as proposed in Ref. [24], the Nusselt number
correlation for cross-cut heat sinks is given as

Nu ¼ hDh

kf
¼ Nunþc

g þ Nunþd
d

h i1
n ð7Þ

where
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Fig. 7. The effect of the position of the cross-cut on the thermal performance of heat sinks: (a) a length of cross-cut = 2.5 mm and (b) a length of cross-cut = 5 mm.
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Nug ¼ 0:664
ffiffiffiffiffiffiffiffiffiffi
Re�wc

q
Pr1=3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3:65ffiffiffiffiffiffiffiffiffiffi

Re�wc

q
vuut ;

Nud ¼
1
2

Re�wc
Pr; Re�wc

¼ Rewc

wc

L

� �
; n ¼ �3 ð8Þ

The two terms Nug and Nud on the right side of Eq. (7) are
the asymptotic solutions of the Nusselt number for thermally devel-
oping and fully developed flows in parallel plates, respectively. The
empirical coefficients c and d imply the thermal effects of a cross-
cut on the developing and fully developed regions, respectively.

c¼ L�c 399�1254eþ971e2
� �

�955þ3500e�3140e2
� �

�exp �0:5
L�c� 3:6�11:3eþ8:5e2

� �
�2:2þ7:4e�5:8e2

� �2" #
ð9Þ
d¼L�c 26�82eþ65e2
� �

�292þ958e�772e2
� �(

þ 498�1680eþ1387e2� �
exp �0:5

L�c� 2:7�8:8eþ7:3e2
� �

�0:55þ1:97e�1:6e2

� �2" #)
ð10Þ
For single-cross-cut heat sinks, the thermal resistance is given as

R ¼ 1
hðAb þ gAfinÞ

ð11Þ

The experimental results of the thermal resistance of single-cross-
cut heat sinks are well reproduced by the proposed Nusselt number
correlation, as shown in Fig. 10.



11.0
0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

1.35

Pumping power (W)

Th
er

m
al

 re
si

st
an

ce
 ra

tio
, R

th
/ R

th
, p

la
te

ww= 1mm, wc= 1.5mm, Lc= 1mm
 n= 1
 n= 2
 n= 3

(a) 

11.010.0
0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

1.20

ww= 1mm, wc= 1.5mm, Lc= 5mm
 n= 1
 n= 2
 n= 3

Th
er

m
al

 re
si

st
an

ce
 ra

tio
, R

th
/ R

th
, p

la
te

Pumping power (W)
 (b) 

Fig. 8. Effects of the number of cross-cuts on the thermal performance of heat sinks: (a) a length of cross-cut = 1 mm and (b) a length of cross-cut = 5 mm.
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When the dimensionless length of a cross-cut becomes zero,
the empirical coefficients a, b, c and d converge to zero. In this
case, the friction factor and the Nusselt number correlations
for single-cross-cut heat sinks become those of the plate-fin heat
sink. Accordingly, it is clear that Eqs. (3)–(11) are consistent
with the equations proposed in Ref. [23,24] regarding a plate-
fin heat sink. Eqs. (3)–(11) are applicable for calculating the
friction factor and the Nusselt number of cross-cut heat sinks
when 0.5 < e < 0.71 and 0 < L�c < 0:17. The optimum value of
the thermal resistances and design parameters are obtained from
the proposed correlations based on the heat sink size and pump-
ing power range that are used for the experiments, as shown in
Table 2. The optimum cross-cut length is approximately 5 mm
and the optimum ratio of channel width to fin pitch (e) is
approximately 0.6 for a single-cross-cut heat sink with a length
of 60 mm under a parallel flow condition.

3.4. Contour map

Through the use of the proposed correlations for single-cross-
cut heat sinks, the thermal performance of single-cross-cut heat
sinks was compared to those of optimized plate-fin and square
pin-fin heat sinks under the constant pumping power condition.
The constant pumping power condition implies that the power
required to drive the air through each heat sink is identical. Once
the pumping power and the heat sink size are given, optimized
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Fig. 10. Validation of the proposed Nusselt number correlation: (a) channel width = 1 mm and (b) channel width = 1.5 mm.
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Table 2
Thermal resistances and design parameters for optimized single cross-cut heat sinks.

Pumping
power,
Pp (W)

Heat sink
length,
L (mm)

Fin
thickness,
ww (mm)

Channel
width,
wc (mm)

Cross-cut
length,
Lc (mm)

Optimum thermal
resistance,
R (K/W)

0.01 60 1.67 2.54 4.59 0.624
0.05 1.27 1.92 4.56 0.387
0.5 1.13 1.71 4.55 0.317
0.1 0.86 1.3 4.51 0.206
1 0.77 1.16 4.49 0.173

qf ¼ 1:1774 kg=m3; lf ¼ 1:8462� 10�5 kg=m s; cf ¼ 1:0057� 103 J=kg K;
kf ¼ 0:02624 W=m K; ks ¼ 171 W=m K

 !
.
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thermal resistances for each type of heat sink are calculated using
the existing and the proposed correlations. For the optimization,
the correlations suggested by Muzychka and Yovanovich [23] and
Teertstra et al. [24] are used to calculate the friction factor and
the Nusselt number of the plate-fin heat sink, respectively. Corre-
lations suggested by Kim et al. [14] are used for the pin-fin heat
sink, and the correlations proposed in the present study are used
for the cross-cut heat sink. The results obtained from the compar-
ison are presented in a contour map as a function of the dimen-
sionless pumping power and heat sink length. The pumping
power range for the experiments, 0.01 W <Pp< 1 W, includes the
range of dimensionless pumping power presented in the contour
map. The logarithm of the dimensionless length of a heat sink,
log L� ð� logðL=Dh;frÞÞ, for the experiments is close to 0.2.
Fig. 11(a) and (b) shows the thermal resistance ratio of optimized
cross-cut heat sinks and optimized plate-fin heat sink as well as
that of optimized cross-cut heat sink and optimized pin-fin heat
sink, respectively. By putting together these figures, a contour
map for heat sink selection is obtained. As shown in Fig. 11(c),
when the dimensionless pumping power is small and the dimen-
sionless heat sink length is large, the plate-fin heat sink is recom-
mended as an optimum heat sink type. However, in the region
where the dimensionless pumping power is large and the dimen-
sionless length of the heat sink is small, an optimized pin-fin heat
sink is recommended. There is also a region in which the optimized
cross-cut heat sink is recommended as an optimum type of heat
sink. The region for optimized cross-cut heat sinks lies between
the regions for optimized plate-fin and optimized pin-fin heat
sinks. As a result, the contour map shows that an optimized sin-
gle-cross-cut heat sink outperforms optimized plate-fin and square
pin-fin heat sinks in the range of 0:04 < log L� < 1.
Fig. 11. Contour maps. (a) Comparison of the thermal resistance between the
optimized cross-cut and optimized plate-fin heat sinks, (b) comparison of the thermal
resistance between the optimized cross-cut and optimized square pin-fin heat sinks
and (c) for heat sink selection qf ¼ 1:1774 kg=m3; lf ¼ 1:8462� 10�5 kg=m s;

�
cf ¼ 1:0057� 103 J=kg K;kf ¼ 0:02624 W=m K; ks ¼ 171 W=m KÞ.
4. Conclusions

In this study, the effects of the cross-cut on the thermal perfor-
mance of heat sinks are experimentally investigated under the paral-
lel flow condition. Experimental results show that the cross-cut
length primarily influences the thermal performance of heat sinks
among all of the design parameters of the cross-cut. The results also
show that single-cross-cut heat sinks are superior to multiple-cross-
cut heat sinks in the thermal performance under the parallel flow
condition. Based on the experimental results, the friction factor and
Nusselt number correlations are suggested for single-cross-cut heat
sinks. Using the proposed correlations, the thermal performance of
optimized single-cross-cut heat sinks is compared to those of opti-
mized plate-fin and square pin-fin heat sinks under the constant
pumping power condition. The results obtained from the comparison
are presented in a contour map as a function of the dimensionless
pumping power and the length of the heat sink. The maximum cooling
performance for a given cooling space can be achieved by properly
selecting the type of heat sink as well as its detailed dimensions based
on the proposed contour map and related correlations, respectively.
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