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A B S T R A C T   

The distinctive airfoil shaped pin-fins offer minimal resistance to fluid flow and enormous effective area due to 
the delayed fluid separation at the tail. In this article, the hydrothermal performance of inline and staggered 
arrangement of airfoil pin-fins heat sink for electronic systems was experimentally evaluated in a systematic 
manner. The comparative study was carried out by varying the Reynolds number and heating power ranging 
from 600 to 860 and 75 W to 125 W, respectively. To ensure the same surface area, the number of pin fins was 
identical in both configurations. Nusselt number, thermal resistance, pumping power, and overall performance 
were the examined parameters. Interestingly, the Nusselt number for inline arrangement of pin fins was observed 
to be higher, while the overall performance of the staggered configuration was revealed to be better. This could 
be caused by the increased pressure drop in the inline arrangement of pin fins. Experimental results revealed that 
the Nusselt number for inline configuration was almost 3.96 % higher than staggered arrangement at the highest 
heating power. In addition, the penalty of pumping power was also observed to be more for inline configuration. 
It was noted that to pump fluid at the same rate, an average of approximately 2.93 % more power would be 
required for inline geometry. A significant improvement in heat transfer was observed with a substantial drop in 
pumping power while increasing the heating power. Finally, the overall performance was examined, revealing 
that the staggered arrangement delivered better results. In comparison, a maximum of 1.81 % improvement in 
overall performance for staggered geometry was determined at 75 W, which reduced as heating power increased.   

1. Introduction 

Recent advances in the electronics industry have exacerbated the 
cooling problem due to the incorporation of compact systems that 
generate exorbitant heat. Data centers consumes 1.31 % of total elec-
tricity globally with thermal management accounts for 33 % [1]. For 
every 2 ◦C increase in temperature, it was revealed that the reliability of 
silicon chips decreased by about 10 %. The temperature rise is the major 
cause of electronic components failure which accounts for 55 % 
compared to the other factors like vibration, humidity, and dust, each of 
which accounts for 20 %, 19 %, and 6 %, respectively [2]. The reliability 
concerns with electronic systems are urging investigators to shift to-
wards liquid colling techniques away from air cooling. Single-phase 
cooling has proven to be very effective for thermal management of 

high heat generating chips [3,4]. Most of the studies conducted on heat 
sinks have focused on reducing the core temperature improving heat 
transfer. However, it is also crucial to keep the pressure drop to a min-
imal, resulting in a low pumping power requirement. Along with the rate 
of heat transfer, the pressure drop is also a significant factor that needs 
to be considered to develop an optimum design of the heat sink. 
Nowadays various geometrical configurations of heat sinks have been 
examined [5,6]. It was revealed that with a considerable improvement 
in heat transfer pressure drop elevated significantly as the fins resist 
fluid flow. Thus, a slight increase in heat transfer at the expense of 
excessive pumping power is undesirable. To augment the rate of heat 
transfer, the optimization of sink design plays a very significant role. Xie 
et al. [7] studied the influence of fins length on pressure drop and heat 
transfer rate in the laminar flow regime. It was observed that the overall 
thermal performance augmented with an increase in fin length and the 
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heat transfer capacity of finned surfaces was significantly higher than 
that of flat surfaces. Their results revealed that obstacles disrupt the 
boundary layer and boundary layer destroyed and rebuilt across the fins, 
causing the increase in heat transfer rate. Chai et al. [8] comprehen-
sively studied the effect of different shaped fins (rectangular, elliptical, 
diamond, and triangular) in the interrupted micro channels. Their study 
was conducted in the laminar flow regime exhibited that elliptical fins in 
combination with interrupted channels delivered the best thermal per-
formance compared to other fins. The maximum enhancement of 57 % 
and 70 % was noticed for Nusselt number and friction factor over 
straight channels, respectively. Wu et al. [9] examined the novel tree- 
shaped heat sink for the systems that generate heat in the range of 
5–8 W/cm2. The designed heat sink was deemed to be effective since the 
surface temperature never exceeded 66.6 ◦C at peak heating value. The 
layered heat sinks are currently in discussion for better thermal char-
acteristics. According to Hong et al. [10], the double-layered channel 
structure is ineffective for increasing energy efficiency. The coolant 
temperature rose significantly after flowing through the first layer, the 
amount of pressure loss is almost identical in second layer while having 
a substantially lower cooling capacity. 

Hung et al. [11] investigated the thermal and hydraulic performance 
of mini-channel heat sink (MCHS) made of porous copper with various 
channel configurations. The parameters such as heat transfer coefficient 
(HTC) and pumping power observed against the Reynolds numbers in 
the laminar regime (45–1350). Their analysis stated that the porous 
media could improve the thermal performance, while a significant 
improvement was also noted with the increase in Reynolds number. It 
was observed that the sandwich distribution of porous medium per-
formed well thermally and hydraulically among the investigated con-
figurations. Tullius et al. [12] compiled a study to investigate the effect 
of several aspects such as pin fin shape, materials, spacing, and width. 
Investigators inspected the impact of six different pin fins shapes 
(hexagon, ellipse, triangle, square, diamond, circle) and four different 
materials (aluminium, CNT, copper, and silicon) on heat transfer 

characteristics and pressure drop with varying the inlet velocity and 
heat flux. It was concluded that the plate with triangular fins could 
provide the highest Nusselt number while the pressure drop was mini-
mum with the circular and ellipse shaped pin fins. However, both the 
Nusselt number and pressure drop augmented with the increase in fin 
height, spacing and width. Jajja et al. [13] compared the thermal per-
formance of MCHS with the flat plate sink varying fins spacing (0.1, 0.5, 
1, 1.5 mm). The thermal resistance and base temperature were found to 
be reduced with an increase in flow rate. According to the results, 
thermal resistance was reduced from 0.216 K/W to 0.03 K/W with the 
addition of fins on the surface of sink. In addition, the HTC was 
enhanced from 1297 W/m2⋅K to 2156 W/m2⋅K using the sink of fin 
spacing 0.2 mm. The effectiveness of straight channel heat sinks intro-
ducing various butterfly insert configurations was explored by Sudheer 
and Madanan [14]. The results were inspected for each insert varying 
pitch and perforation in wings. Friction factor was found to be reduced 
significantly with perforated wings but with the penalty of considerable 
reduction in heat transfer. Considering overall thermal performance, 
sinks having unperforated inserts recommended over perforated inserts. 
This affirms that the sink performance cannot be determined solely by 
heat transfer. Tang et al. [15] experimentally inspected the cooling 
performance of heat sink varying the angle and depth of bio-inspired 
wave structure. The depth of the wave structure helped to intensify 
the heat transfer. The performance also improved with angle up to a 
certain point before it started to decline, lowest temperature was 
recorded at 65◦. 

The performance of inline and staggered arrangement of square pin- 
fin was experimentally examined by Ali and Arshad [16]. Their study 
was conducted in the laminar flow regime employing water and some 
advanced thermal coolants. They stated that the staggered configura-
tions could offer better thermal characteristics in comparison of inline 
fins arrangement. For sharp edge square shaped fins, it was due to the 
interaction of more fluid with fins in staggered arrangement. The study 
by Yan et al. [17] on the finned heat sink concluded that the flow 

Nomenclature 

CNC Computer Numerical Control 
HTC Heat transfer coefficient 
LFR Laminar flow regime 
LMTD Logarithmic mean temperature difference 
MRE Mean reletive error 
MCHS Mini channel heat sink 
PD Pressure drop 
PP Pumping power 

Symbols 
A Surface area [m2]

AR Aspect ratio 
As,top Top surface area of fin [m2]

Aw Wetted area [m2]

cp Heat capacity [J/kg ◦ C]
D Diameter [m]

dh Hydraulic diameter [m]

f Friction factor 
h Heat transfer coefficient

[
W/m2 ◦C

]

k Thermal conductivity [W/m ◦ C]
L Length [m]

Lfin Length of fin [m]

M Molecular weight 
m Mass [kg]
ṁ Mass flow rate [kg/s]
N Avogadro’s number 

n fins number of rows 
ΔP Pressure drop [bar]
Pr Prandtl number 
Pfin Perimeter of fin [m]

Q Heat transfer rate [W]

Rth Thermal Resistance
[
m2 ◦C/W

]

Re Reynolds number 
T Temperature [◦C]
Uexp. Experimental quantity 
Uss Volume of sepecific section 
Upred. Predicted quantity 
V Volumetric flow rate 
v Fluid velocity 
W Width [m]

Greek letter 
ρ Density [kg/m3]

μ Viscosity [kg/mÂ⋅s]

Subscript 
b base 
eff Effective 
f Fin 
m mean 
s Heat sink 
s Specific section 
w Wall  
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splitting point was affected by the geometry of the fins and consequently 
effects the magnitude of the vortex at the trailing end of the fins. Maji 
et al. [18] examined the hydrothermal characteristics of fins with 
various shaped perforation such as diamond, elliptical, and circular. It 
was found that changing the fin shape from circular to elliptical could 
result in a significant increase in Nusselt number with a noticeable 
reduction in pressure drop. According to Cui et al. [19] the staggered 
arrangement and appropriate shape of fins could effectively reduce the 
boundary layer effect and optimize the hydrothermal performance. 

These types of heat sinks have been developed for the cooling of 
electronic components like processors with the goal of dissipating the 
appropriate amount of heat with the least degree of pressure drop. In 
this study, the heating power varies in the range of 75 W–125 W 
considering the thermal design power of intel Xeon silver processors. 
Most of the silver category processors of intel Xeon family generates heat 
in the range being examined in the current experimental investigation. 

The literature reports a considerable number of studies on airfoil 
shape applications in various areas [20–23]. There are very limited 
studies on airfoil shaped extended surfaces for cooling applications. The 
available studies examined this special shape considering critical CO2, 
refrigerant (R-123), and air as a cooling agent [24–27]. To the best of the 
authors’ knowledge, no experimental study has been reported on the 
hydrothermal performance of water based airfoil shaped pin-fin heat 
sink altering fin position for electronic components cooling. This study is 
significant due to the unique effect of airfoil pin-fins, for most of the 
geometrical configurations the staggered arrangement showed better 
thermal performance [16–18], but it is not the case for airfoil shape 
[25]. Restrictions or pin fins influence the heat transfer and fluid flow in 
two ways: increasing the surface area in contact with the flowing fluid 
and disrupting the flow. However, the plus point of airfoil pin fins is 
their minimal resistance to fluid flow. The prime focus of this study is to 
compare the performance of inline and staggered geometrical configu-
rations considering thermal and hydraulic performance simultaneously. 

2. Experimental setup 

The closed loop experimental rig used during this experimental 
investigation was an interconnection of various components i.e. coolant 
storage tank, mini-hydraulic pump, needle value, micro-flowmeter, heat 

sink test section, radiator, and a pressure transducer. The schematic 
depiction of an entire loop with all linked equipment used to measure 
and record values is shown in Fig. 1. The cycle begins with the pump, 
which is in charge of pumping coolant from the storage tank. A needle 
vale was installed just after the pump to control and alter the flow of 
coolant. Prior to the coolant entered the heat sink section, a mounted 
flow meter measured the flow rate and displayed it on a digital display. 
The fluid flows through the channels and absorbs heat, lowering the 
temperature of the sink. Three cartridge heaters were positioned inside 
the heat sink to ensure a steady heat flux, while six thermocouples (5TC- 
TT-KI-24-2M, Omega, USA) with a data acquisition system were 
responsible for recording inlet, outlet, and wall temperatures every 5s. 
Fig. 2 shows the geometrical configurations, exploded view of heat sink 
fabricated via CNC milling, and assembly while Table 1 presents the 
accuracy of the measuring equipment as well as the heat sink’s 
geometrical dimensions. To compute the pressure difference, a pressure 
transducer is installed in a parallel way across the heat sink. Finally, the 
heated water passed through a radiator installed in-between the heat 
sink and storage tank to release the heat and put back into the storage 
tank. 

3. Data processing 

3.1. Hydraulic diameter 

For heat sinks with varying cross-sectional area, the most generally 
employed technique, which is hydraulic diameter equal to four times the 
area divided by the perimeter, is ineffective. The hydraulic diameter of 
particularly designed inline and staggered geometrical configurations 
has been computed using the same technique used by Chen et al. [24]. 
Cui et al. [19] adopted this approach to compute the hydraulic diameter 
while numerically analyzing the performance of airfoil shape utilizing 
supercritical CO2 as a cooling agent. The specific sections of both con-
figurations need to be considered, as shown in Fig. 3. The hydraulic 
diameter can be calculated dividing this volume by the wetted area (Aw) 
or the sum of all surface areas excluding the surface normal to the flow 
direction. The following set of Eqs. ((1)–(3)) have been used to compute 
the hydraulic diameter (hd). 

Fig. 1. Schematic illustration of coolant flow cycle and experimental setup.  
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Uss = (L × W − As,top)H (1)  

Aw = 2
(
Pfin × H/2

)
+ 2

(
L − Lfin

)
H + 2

(
L × W − As,top

)
(2)  

dh =
4Uss

Aw
(3)  

where L,H,W,Uss represents the length, height, width, and volume of 
the specific sections, respectively. As,top, Pfin, and Lfin indicates top sur-
face areas, perimeter, and length of fins, accordingly. 

3.2. Performance parameters 

The amount of heat transferred (Q) between the flowing fluid and 
heat sink was computed using Eq. (4). 

Q = ṁcp(Tout − Tin) (4)  

where ṁ is the coolant flow rate, Tin and Tout are the temperature at inlet 
and outlet respectively, and cp is the specific heat capacity of water. 

The fluid thermophysical characteristics were computed using the 
mean bulk temperature (Tm), which was calculated using Eq. (5). 

Tm =
Tin + Tout

2
(5) 

The temperature measurements were recorded using thermocouples 
positioned directly below the channel wall. The temperature of the 
channel wall (Tw) was determined by Eq. (6). 

Tw = Tb −

(
Qlw

ksAw

)

(6)  

where Tb, lw, ks, and Aw represented the base temperature, distance be-
tween the thermocouple and the channel wall, thermal conductivity, 
and wall surface area, respectively. Eq. (7) provides the value of wall 
surface area. 

Aw = Ls × Ws (7)  

where Ls and Ws are the length and width of the part being investigated. 
Eq. (8) was used to calculate the values of logarithmic mean tem-

perature different (LMTD), while the convective heat transfer coefficient 
was calculated by Eq. (9) [28]. 

LMTD =
(Tw − Tinlet) − (Tw − Toutlet)

ln
[
(Tw − Tinlet)
(Tw − Toutlet)

] (8)  

h =

[
mCp(Tout − Tin)

Ae × (LMTD)

]

(9)  

Ae is the effective surface area of heat sink. 
Eq. (10) was used to calculate the Reynolds number (Re). 

Re =
ρvdh

μ (10)  

ρ, v, and μ are the coolant density, viscosity, and velocity, respectively. 

Fig. 2. Heat sinks geometrical configurations, exploded view, and assembly.  

Table 1 
Measuring equipment and heat sink’s geometrical parameters.  

Measuring Equipment Geometrical configuration 

Instrument Range Accuracy  Parameter Dimension (mm) 

Thermocouple 0–300 ◦C ±0.1 ◦C  L1 × L2 74 × 68 
Flow Meter 0.2–2 l/min ±6 %  W1 × W2 × W3 30 × 24 × 20 
Power Supply 0–120 V Voltage ±0.04 %  L(v) 2 

0–18 A Current ±0.1 %  L(c) 5 
Pressure Transducer 0–70 mbar ±0.08 %  L(h) 9  
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However, to compute the average fluid velocity Eq. (11) was applied. 

v = m/Aavg. (11)  

where Aavg. denoted the average cross sectional area, evaluated using the 
Eq. (12). 

Aavg. =
Uss

L
(12) 

Nusselt number (Nu) and thermal resistance (Rth) was computed 
using Eq. (13) and Eq. (14), respectively. 

Nu =
hdh

kf
(13)  

Rth =
LMTD

Q
(14)  

where kf is the working fluid thermal conductivity. 
The amount of energy required to pump the fluid through heat sink 

was calculated by Eq. (15) [29]. 

PumpingPower = PP = V × ΔP (15) 

The volumetric flow rate and pressure drop across the test segment 
were represented by the symbols V and ΔP respectively. 

The overall heat sink performance was computed using the Eq. (16) 
[30,31]. 

Overallperformance =
Q
PP

(16)  

3.3. Uncertainty analysis 

For small systems, the uncertainty analysis is recommended to 
associate the instrumental errors with the experimental measures. The 
current study estimated the uncertainty in several measuring parameters 
using the same method as earlier studies [32–34]. The following set of 
Eqs. ((17)–(21)) give the uncertainty in various parameters. According 
to the results, Nusselt number, Reynolds Number, and pressure drop 
maximum values of uncertainty was never observed to be greater than 
2.19 %, 5.58 %, and 0.76 %, respectively.   

UQ

Q
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

UV

V

)2

+

(
UI

I

)2
√

(18)  

UNu

Nu
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Uh

h

)2

+

(
Uk

k

)2

+

(
UDh

Dh

)2
√

(19)  

URe

Re
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Uρ

ρ

)2

+

(
UV

V

)2
√

+

(
Uμ

μ

)2

(20)  

εΔP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

UΔP

ΔP

)2
√

(21)  

4. Results and discussion 

The electronic industry is facing challenges to maintain the 

Fig. 3. Inline and staggered configuration specific sections.  

Uh

h
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

UQ

Q

)2

+

(
U(Tw − Ti)

(Tw − Ti)

)2

+

(
U(Tw − To)

(Tw − To)

)2

+

(
Uρ

ρ

)2

+

(
UCp

Cp

)2

+

(
UAb

Ab

)2

+

(
Uv

v

)2

+

(
U(Tout − Tin)

(Tout − Tin)

)2
√

(17)   
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temperature of devices under 85 ◦C at 300 W/cm2 [35]. Convectional 
techniques failed to provide the desired cooling effect for high heat 
generating electronic devices and the thermal management of advanced, 
compact, or integrated devices. A study was carried out to investigate 
the temperature variation of heat sink at different heating powers under 
natural convection. Fig. 4 depicts the trend and time took to cross 85 ◦C 
in all cases. 

The slope of the temperature curve grows as the heating power in-
creases from 25 W to 125 W. At higher heating powers, the particular 
limit was breached in just 2.42 min, whereas it took about 15 min even 

at modest heating input. Therefore, natural cooling is found to be inef-
fective even at low heat flux (~15 kW/m2). It was concluded that 
without an efficient and effective cooling system, the temperature of the 
running equipment exceeded the safe limit quickly. 

4.1. Validation 

The validation of the experimental rig was conducted by comparing 
the results with the models developed by Liu et al. [36] and Prasher et al. 
[37]. It was found that the values predicted using the correlations were 
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Fig. 4. Temperature variation of heat sink against various heating powers under natural convection conditions.  
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very close to the experimental results, as shown in Fig. 5. Liu et al. [36] 
conducted a number of experiments on liquid-cooled heat sink consid-
ering various parameters and proposed a general correlation to predict 
the Nusselt number against flow rate, represented by Eq. (22). Prasher 
et al. [37] studied the staggered arrangement of fins varying Re in the 
range of 40–1000. They ran a series of tests and derived a correlation 
model for average Nusselt number, which is given by Eq (23). The 
correlations used have taken into account the geometric configuration of 
the heat sink for the prediction of Nusselt number values and reported in 
various studies to validate the results [12,38,39]. The friction factor (f)
was computed from the pressure drop values using Eq. (24) [40,41]. To 
validate the experimental pressure drop values, the calculated friction 
factor was compared with the values estimated using the model of 
Gunther and Shaw [42], presented with Eq. (25). The derived model of 
Gunther and Shaw [42] has been reported in various studies to predict 
the values of friction factor using pressure drop and vice versa [43–45]. 
However, to estimate the deviation, mean relative error (MRE) was 
computed using Eq. (26) [46]. According to the results, the model of Liu 
et al. [36] predicted the experimental values with a MRE of 3.41 %, 
while the model of Prasher et al. [37] projected the results with an error 
of 6.19 %. In addition, the model of Gunther and Shaw [42] predicted all 
the values of friction factors with a MRE of 7.6 %, as shown in Fig. 6. 

Nu = 0.281Re0.73
(

SL − df

df

)− 0.63

(22)  

Nu = 0.1245Re0.6106
(

Pr
Prs

)0.25

Pr0.36 (23)  

f =
ΔP

nρ.v2

2

(24)  

f =
180
Re

(
4tplp

πdf
− 1

)0.4(lp

tp

)0.6

(25)  

Mean Relative Error (MRE) =
1
N

∑N

j=1

[⃒⃒Uexp. − Upred.
⃒
⃒

Uexp.

]

× 100% (26)  

where n, lp, df , tp,Prs,N,Uexp., and Upred. are the fins number of rows, 
longitudinal pitch, fin hydraulic diameter, transverse pitch, surface 
Prandtl number, total number of data points, experimental values, and 
predicted values, respectively. The inline and staggered arrangements 
are shown in Fig. 7 to clarify the longitudinal and transverse pitch. 

4.2. Nusselt number 

Fig. 8 depicts the variation of Nusselt number with Reynolds number 
at three different heating powers of 75, 100, and 125 W. The thermal 
performance of inline geometry was found to be better at all flow rates 
evaluated, however, this increase was irregular. According to the results, 
the maximum improvement of 4.82 % was observed in Nusselt number 
for inline configuration compared to the staggered arrangement. This 
could be due to the fact that the staggered arrangement can make the 
flow more smother and preclude the development of vortex separation. 
In addition, inline arrangement provides a narrower passage for fluid 
flow which could cause an increase in heat transfer with a considerable 
penalty of pumping power. Fig. 9 shows the passage of fluid for the case 
of inline and staggered arrangements. The numerical study conducted 
by Xu et al. [25] was also observed the same effect while investigating 
the inline and staggered arrangement of airfoil shaped pin fins 
employing supercritical CO2 as a working fluid. The highest value of 
Nusselt number was found to be 15.86 and 15.23 for inline and stag-
gered arrangement respectively at maximum flow rate and heating 
power. 

4.3. Wall temperature 

As the Nusselt number of inline heat sink is comparatively higher, a 
slight reduction in wall temperature was also noticed. The wall tem-
peratures of both arrangements are shown in Fig. 10(a) as a function of 
Reynolds number. At each of the heating powers, the wall temperature 
was never found to be higher than 50 ◦C, the maximum was observed at 
lowest flow rate and decreased as flow rates increased. The maximum 
value of 41.63 ◦C was noticed at lowest flow rate and maximum heating 
power. In addition, the minimal wall temperature values are plotted in 

500 550 600 650 700 750 800
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
Experimental data (Staggered_100W)
Gunter and Shaw correlation

Fr
ic

tio
n

Fa
ct

or
(f

)

Reynolds Number

Fig. 6. Comparison of friction factor with the values predicted using Gunter and Shaw [42] model.  

H. Babar et al.                                                                                                                                                                                                                                   



Thermal Science and Engineering Progress 37 (2023) 101616

8

Fig. 7. Longitudinal and transverse pitch clarification.  
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Fig. 10(b) at each power, which exhibits a significant increase in sink 
wall temperature with the increase in supplied heat. The minimum wall 
temperature was observed to be around 35.42 ◦C and 35.51 ◦C at 75 W 
for inline and staggered configurations, respectively. In comparison, the 
difference in wall temperature was very small, the maximum it was 
about 0.71 %. 

4.4. Thermal resistance and log mean temperature difference (LMTD) 

One of the most important criteria to consider when evaluating the 
performance of a heat sink is thermal resistance. It is inversely propor-
tional to the rate of heat transfer and is directly related to the LMTD. As 
illustrated in Fig. 11, the thermal resistance of an inline arrangement of 
pin fins was marginally lower than that of a staggered arrangement due 

to the higher rate of heat transfer and a lower value of LMTD. For both 
configurations, the maximum value of thermal resistance and LMTD was 
observed at the lowest Reynolds number, and it was found to be reduced 
as the Reynolds number increased. Overall, with the increase in heating 
power LMTD was observed to be increased while thermal resistance 
reduced. 

The least values of these parameters at various heating powers are 
shown in Fig. 12. It was concluded that at each heating power the 
maximum values were obtained at the lowest Reynolds number. The 
value of thermal resistance for inline configuration was almost 3.45 %, 
3.74 %, and 3.97 % lesser in average than staggered sink at 75 W, 100 W, 
and 125 W, respectively. Furthermore, for LMTD it was about 2.33 %, 
2.60 %, and 3.21 % lower for the inline design. 

Fig. 9. Fluid flow passage of inline and staggered geometrical configurations.  
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4.5. Pumping power 

In comparison of staggered configuration, the increase in pumping 
power for inline configuration was noticeably higher than staggered 
configuration. Most of the studies conducted on different shapes of pin 
fins observed more flow resistance in staggered arrangement of pin fins. 
However, in the particular case of airfoil shaped pin fins, due to the 

wider leading edge and narrower trailing edge staggered arrangement 
offered less resistance to flow than that of inline arrangement [25]. 
Furthermore, as shown in Fig. 9, the fluid passage is narrower for inline 
configuration, whereas it is comparatively wider for the case of stag-
gered arrangement. Consequently, staggered arrangement showed a 
comparatively lower pressure drop. It was noted that pressure drop 
increased with the increase of Reynolds number which results an 
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Fig. 12. Minimal values of thermal resistance and LMTD at various heating powers.  
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increase in pumping power, as shown in Fig. 13. 
A noticeable decreased in pumping power was also observed with the 

increase in heating power, this could be due to the decrease in fluid 
density. The maximum value of pumping power for inline and staggered 
arrangement was around 0.0171 W and 0.0169 W, respectively at 
minimum heating power, while the least value was about 0.01598 W 
and 0.0158 W at maximum applied heating power. 

4.6. Overall performance 

It should be noted that we may not infer which arrangement of pin 
fins provides superior results just on the basis of heat transfer while it is 
the trade-off pumping power and heat transfer enhancement. To draw 
the comprehensive comparison of sinks, the overall performance was 
evaluated that considered both pumping power and heat transfer 
simultaneously. This factor took into account both parameters as it is the 
ratio of heat transfer rate to pumping power. 
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The staggered geometrical configuration offers wider space to fluid 
flow resulting in a comparatively little pressure decrease from inlet to 
outlet. Results revealed that the overall performance of staggered ge-
ometry was slightly better than line arrangement, as shown in Fig. 14. 

A noticeable decrease in overall performance was observed with the 
increase in flow rate. Furthermore, increasing heating power can 
improve the overall performance at all flowrates. The maximum values 
of overall performance were found at the lowest Reynolds number and 
higher heating power. In comparison, the average enhancement of 1.81 
%, 1.25 %, and 0.87 % in overall performance was observed for stag-
gered arrangement at 75 W, 100 W, 125 W, respectively. Instead of that 
inline arrangement of airfoil shaped pin-fins showed better thermal 
characteristics, it is recommended to use the staggered arrangement 
based on better overall performance. 

4.7. Heating power 

The comparative study revealed that the heating power has a sig-
nificant impact on Nusselt number improvement and pumping power 
reduction, as shown in Fig. 15. The overall improvement in Nusselt 
number for inline arrangement was found to enhance with input power, 
however the overall pumping power was observed to reduce as the 
pressure drop decreased with increasing input heat. The maximum 
overall increase in the Nusselt number of inline geometry was deter-
mined to be approximately 3.96 % at 125 W, whereas the utmost penalty 
in pumping power was around 2.93 % at 75 W. Results also yielded that 
the reduction in pumping power from 100 W to 125 W was considerably 
greater than the drop observed when power was changed from 75 W to 
100 W. However, for the case of Nusselt number, the improvement from 
75 W to 100 W was greater than the rise from 100 W to 125 W. 

5. Concluding remarks 

The hydrothermal performance of heat sink is explored experimen-
tally by altering the position of airfoil shaped pin fins. A noticeable 
impact of geometrical configuration on thermal and hydraulic perfor-
mance of heat sink was observed. In comparison to inline arrangement, 
the heat sink with staggered arrangement of pin fins was found to be 

more lucrative. The experimental findings can be summarized as 
follows: 

• Inline geometrical configuration showed better thermal character-
istics. Inline geometry has always been observed to have a higher 
rate of heat transfer. Furthermore, thermal resistance and wall 
temperature was found to be slightly less for inline configurations.  

• It is recommended to consider the inline configuration if heat 
transfer is the major concern and the penalty of pumping power is 
bearable. The maximum overall wall temperature of about 40.01 ◦C 
and 40.22 ◦C was observed at 125 W for inline and staggered con-
figurations, respectively. Thermal resistance was maximum at the 
lowest heating power 75 W, averaging around 0.0631 ◦C/W and 
0.0653 ◦C/W for inline and staggered arrangements.  

• For both geometrical configurations, a significant increase in Nusselt 
number was observed with Reynolds number and heating power. 
However, the improvement in heat transfer from 75 W to 100 W was 
comparatively more than the increase from 100 W to 125 W. For 
inline geometry, the highest Nu value was approximately 15.86 at 
125 W, whereas it was around 15.21 for staggered arrangement. In 
comparison of staggered geometry, the overall improvement in 
Nusselt number for inline heat sinks was about 3.96 %.  

• Pressure drop in inline geometry was found to be higher as the layout 
of inline geometry offers narrower passage for fluid flow, which in-
curs a penalty in the form of pumping power. In addition, pumping 
power augmented as the Reynolds number increased, but decreased 
with increasing heating power. The overall pumping power of inline 
design was found to be 2.93 % higher than that of staggered design.  

• The overall performance of staggered arrangement was attained to 
be more at all heating powers and flow rates. It was found to increase 
as heating power increased while decreasing substantially with 
Reynolds number. The staggered heat sink outperformed the inline 
heat sink by 1.81 % at the lowest studied heating power.  

• Staggered arrangement improves thermal management offering 
smoother fluid flow. In parallel arrangement due to continual 
contraction and expansion, nonuniformity in flow and temperature is 
more prominent. 
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The finding of this experimental study will be very helpful in the 
development of heat sinks that offer less fluid resistance while exhibiting 
remarkable thermal performance. It is recommended to further inves-
tigate this shape by changing the positioning, transverse and longitu-
dinal pitch, fins angle, etc. In future, such kind of shapes can be studied 
in conjunction with other pin-fins (for example, a heat sink having 
multiple pin-fin shapes), inside straight channels, with grooves, etc. 
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