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A B S T R A C T   

In the pursuit of optimizing heat dissipation and improving performance in electronic devices, liquid-cooled heat 
sinks have garnered significant interest due to their potential to improve heat transfer efficiency. Presented study 
set out to assess the effectiveness of straight channel heat sinks as a thermal solution for high heat generating 
electronics components, while also investigating the impact of applying a hydrophobic coating on their per
formance. A series of tests were conducted at different heating powers (50W-250 W) and flow rates (200–950 ml/ 
min), while also considering different orientations and directions of flow. The investigation focused on analysing 
critical aspects such as heat transfer performance, wall temperature variations, thermal resistance, and pressure 
drop characteristics of straight channel heat sinks with conventional and hydrophobic-coated surfaces. The re
sults showed that the Nusselt number increased with higher Reynolds numbers and heating powers, indicating 
improved heat transfer efficiency. However, the hydrophobic coating on the heat sink surface led to a reduction 
in the Nusselt number due to the formation and retention of bubbles, hindering heat transfer. The maximum 
average reduction of 20.85% in Nusselt number was noticed at 100 W for the vertically positioned hydrophobic- 
coated heat sink with downward flow compared to conventional surface (CS) heat sink. Additionally, the findings 
revealed that pressure drop is influenced by Reynolds number and the presence of bubbles, with gravity playing a 
role in reducing pressure drop in certain orientations. A hydrophobic coating shows a small decrease in pressure 
drop, but bubble formation limits its effectiveness to some extent. Comparisons also indicated that the highest 
average decrease in pressure drop about 11.92% was observed for the same configuration, vertically positioned 
hydrophobic heat sink with downward flow, at 50 W. Moreover, the study’s findings have broader implications 
beyond electronics. Heat sinks are widely employed in various industries, including automotive, aerospace, 
renewable energy systems, and industrial processes.   

1. Introduction 

Maintaining optimal operating temperatures is critical in numerous 
fields and applications. In electronics, such as computer processors, 
graphics cards, and power electronics, excessive heat can cause perfor
mance degradation and even lead to component failure. As we venture 
into the future, the advancement of artificial intelligence (AI) continues 
to drive an increased demand for more efficient and sophisticated 
cooling systems in data centres and AI hardware infrastructure. amongst 
various liquid cooling methods, the implementation of liquid-cooled 
heat sinks has gained significant attention. Liquid cooling emerges as 
a highly auspicious technique for effectively dissipating heat generated 

by electronic devices, owing to its commendable attributes such as a 
significantly elevated thermal conductivity and unparalleled prowess in 
facilitating heat transfer. In this context, water has emerged as an 
effective working fluid owing to its excellent heat transfer properties, 
low cost, and environmental friendliness. Straight-channel heat sinks 
are favoured in numerous cooling applications, such as electronic de
vices and thermal management systems, due to their ease of 
manufacturing, cost-effectiveness, and efficient resource utilization. 
Moreover, their design allows for easy extension by adding more 
channels to enhance cooling capabilities further. Improving heat trans
fer efficiency is crucial to enhance the performance of these heat sinks. 
Indeed, heat sinks have been combined with various cooling systems like 
phase change materials, thermoelectric coolers, heat pipes, etc., to 
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enhance heat dissipation and improve overall thermal management in 
electronic devices and other applications [1–3]. Jang et al. [4] investi
gated the thermal performance of heat pipe integrated heat sink for 
battery thermal management systems. The results showed that the 
hybrid system outperformed simple liquid cooling, particularly at higher 
discharge rates and flow rates. 

The study conducted by Wu et al. [5] demonstrated the potential of 
using 3D-printed tree-shaped mini-channels for high performance chip 
cooling. The sink was constructed using aluminium alloy, considering 
the principles of constructal theory to enhance fluid flow and heat 
transfer through its four levels of branching mini-channels. A number of 
tests were run to investigate the impact of coolant flow rate and heat flux 
on the performance of heat sink, revealing its effectiveness in cooling 
chips with average surface temperature ranging from 23.8 ◦C to 66.6 ◦C 
at heat flux of 5–8 W/cm2. Interestingly, it was observed that the surface 
temperatures increased at very high flow rates above 0.073 m3/h. The 
investigators hypothesize this is due to flow disturbance at the 
mini-channel bifurcations. Gorzin et al. [6] investigated a novel 
serpentine mini-channel heat sink (MCHS) for CPU liquid cooling. The 
heat sink, made of aluminium, square cross-section channels with a 
depth and width of 2 mm, and utilized pure water as the coolant fluid. 
The study examined the impact of varying mass flow rates and inlet 
temperatures on the heat sink’s efficiency. The results of the experi
ments revealed that the proposed serpentine "maze" design out
performed a conventional straight channel design. It demonstrated up to 
an 11.2% reduction in baseplate temperature and an impressive up to 
4.2 times increase in the Nusselt number, especially at the highest tested 
mass flow rate. The study also found that increasing the mass flow rate 
and reducing the inlet temperature positively influenced the heat sink’s 
performance. Wang et al. [7] numerically investigated the influence of 
microchannel geometry on heat transfer and fluid flow, considering 
three cross-sectional shapes: rectangular, triangular, and trapezoidal. 
The findings revealed that in rectangular microchannels, increasing the 
aspect ratio (height to width ratio) leads to decreased thermal resistance 
but increased pressure drop. A comparison of the three shapes with the 
same hydraulic diameter showed that rectangular microchannels have 

the lowest thermal resistance, followed by trapezoidal and triangular 
channels. Additionally, it was observed that increasing the number of 
microchannels reduces thermal resistance due to the greater surface area 
for heat transfer. However, a higher number of channels also results in 
increased pressure drop. Therefore, finding an optimal channel number 
is dependant on the available pumping power to minimize thermal 
resistance effectively. Advanced thermal coolants were also investigated 
in heat sinks to improve their thermal performance. In this effort, Sajid 
et al. [8] investigated the potential of nanofluids containing titania 
nanoparticles suspended in water to improve heat transfer. It was 
observed that the nanofluids showed better heat transfer performance 
than distilled water in all tested wavy channel heat sinks, due to the 
higher thermal conductivity imparted by the titania nanoparticles. Their 
findings highlighted the significance of a balanced approach that con
siders both heat transfer enhancement and the associated pumping 
power for overall energy efficiency in cooling applications. Sheikho
leslami and Ebrahimpour [9] conducted a study with the aim of 
improving the hydrothermal performance of Fresnel reflectors (FR) 
using innovative techniques. By employing computational fluid dy
namics simulations, the researchers investigated the effects of intro
ducing aluminium oxide nanoparticles into water to prepare the 
nanofluid coolant. The findings indicated that the suspension of nano
particles yields a promising improvement of 0.15% in thermal efficiency 
of the FR solar system compared to using pure water as the coolant. 

Sajjad et al. [10] experimentally investigated the thermal and exer
getic performance of corrugated minichannel heat sinks using distilled 
water and nanofluid of magnesium oxide. Nanofluids showed enhanced 
heat transfer compared to distilled water, with higher nanoparticle 
concentration and Reynolds number leading to better performance. The 
heat sink with the smallest amplitude and wavelength exhibited the best 
thermal and exergetic efficiency, demonstrating the advantages of using 
MgO nanofluids in corrugated minichannel heat sink designs. The effects 
of channel configuration, nanoparticle concentration, Reynolds number, 
and heating power were examined on heat transfer and exergy effi
ciency. The results demonstrated that the heat sink with the smallest 
amplitude and wavelength exhibited better performance. Additionally, 

Nomenclature 

AI Artificial intelligence 
CS Conventional surface 
CNC Computer Numerical Control 
CPU Central processing unit 
Cu Copper 
DW Deionized water 
HS Hydrophobic surface 
HTC Heat transfer coefficient 
LMTD Logarithmic mean temperature difference 
MAE Mean absolute error 
MCHS Mini channel heat sink 
MgO Magnesium oxide 
TiO2 Titanium dioxide, Titania 

Symbols 
A Cross sectional area [m2]

AR Aspect ratio 
Cp Heat capacity [J /kg ∘C]
D Diameter [m]

dh Hydraulic diameter [m]

h Channel height [m]

hconv Heat transfer coefficient [W /m2 ∘C]
k Thermal conductivity [W /m ∘C]
Ls Channel length [m]

m Mass flow rate [kg /s]
P Wetted parameter 
ΔP Pressure drop [Pa]
Pr Prandtl number 
Q Heat transfer rate [W]

Rth Thermal Resistance [m2 ◦C/W] 
Re Reynolds number 
T Temperature [∘C]
t Number of channels 
xexp. Experimental quantity 
xpred. Predicted quantity 
V Volumetric flow rate [m3/s] 
v Fluid velocity [m/s] 
W Channel width [m]

Ws Width of finned part [m] 

Greek Letter 
ρ Density [kg/m3]

μ Viscosity [kg /m.s]

Subscript 
b Base 
eff Effective 
f Fin 
w Wall  
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nanoparticle loaded fluid showed enhanced heat transfer compared to 
distilled water, with higher nanoparticle concentration and Reynolds 
number leading to better Nusselt number. 

Krishnan et al. [11] experimentally investigated the effect of heating 
area orientation on flow boiling heat transfer and pressure drop char
acteristics of water in microchannel heat sinks. The study tested five 
orientations - horizontal upward facing (HU), horizontal with heating 
area vertically aligned (HV), vertical with upflow (VUF), horizontal 
downward facing (HD), and vertical with downflow (VDF) - at volume 
flow rates of 50, 100 and 150 ml/min. The results showed that orien
tation had a negligible effect on heat transfer performance except for the 
VDF orientation. At a flow rate of 50 ml/min, the VDF orientation 
exhibited a 13% lower critical heat flux and a 30% lower outlet heat 
transfer coefficient compared to the HU orientation. This was attributed 
to the opposing buoyancy force in VDF causing severe flow reversal and 
premature critical heat flux. The total pressure drop was also highest for 
VDF compared to other orientations. However, the effect of VDF 
orientation was reduced at higher flow rates of 100 and 150 ml/min. The 
percentage reduction in critical heat flux decreased to 10.3% and 7.4% 
respectively. Among all the orientations tested, the VUF orientation 
showed the best performance with higher critical heat flux, lower 
pressure drop and minimal fluctuations. The buoyancy force aids bubble 
movement in the flow direction. The HD and HV orientations exhibited 
more fluctuations at low flow rates due to vapour stagnation and 
non-uniform two-phase distribution respectively. Xie et al. [12] 
numerically studied the impact of various parameters like channel 
width, height, wall thickness, bottom thickness, and inlet velocity on the 
thermal resistance and pressure drop of water-cooled MCHS. A 3D nu
merical model was employed to simulate the conjugate heat transfer and 
fluid flow within the minichannels. According to the results, pumping 
power increased linearly with channel height at a constant inlet velocity, 
but it decreased with channel width. These results highlight the complex 
relationship between the geometric parameters of the MCHS and its 
hydraulic performance. 

Koshoridze et al. [13] presented a thermodynamic analysis exploring 
the creation of charged equilibrium nanobubbles on smooth hydro
phobic surfaces (HS) in contact with water. The change in Gibbs free 
energy with bubble formation was calculated, taking into account the 
surface energy, electrostatic double layer energy, and capillary effects 
based on the Kelvin equation. Their calculations divulged that the Gibbs 
energy plotted against bubble radius exhibits a minimum, suggesting the 
potential for spontaneous nanobubble generation. Moreover, they 
observed that higher water salinity and lower surface tension act as 
deterrents, reducing the likelihood of nanobubble formation. Pan and 
Yang [14] investigated the impact of surface hydrophobicity on the 
formation and stability of oxygen nanobubbles formed through solvent 
exchange. Nanobubbles are tiny gaseous domains that emerge on hy
drophobic surfaces when a gas-saturated solution comes into contact 
with the hydrophobic surface. The findings indicated that hydrophobic 
particle surfaces facilitated more nanobubble formation compared to 
hydrophilic ones during solvent exchange. It was concluded that the 
hydrophobic surfaces stabilize nanobubbles for long times, while hy
drophilic surfaces destabilize them, causing coalescence into micro
bubbles that quickly escape the solution. Yang et al. [15] focused on 
investigating the occurrence of nanobubbles at solid-water interfaces. 
They utilized tapping mode atomic force microscopy (TMAFM) to study 
silicon oxide wafer surfaces with varying degrees of nanoscale rough
ness and hydrophobicity. It was observed that no nanobubbles formed 
on smooth, hydrophilic silicon oxide surfaces immersed in 
gas-supersaturated solutions, and similarly, smooth dehydroxylated 
silicon oxide surfaces with intermediate hydrophobicity did not exhibit 
nanobubble formation. However, when the silicon oxide surfaces were 
methylated to make them more hydrophobic, nanobubbles did form 
randomly across the surface. Interestingly, the nanobubbles that formed 
on rough methylated surfaces were larger and more sparsely distributed 
compared to those on smooth methylated surfaces. Consecutive TMAFM 

imaging over time allowed the researchers to observe processes of 
nanobubble coalescence and disappearance, confirming their gaseous 
nature. 

The surface hydrophobicity of heat sinks has been widely studied for 
its potential positive impact on performance by reducing pressure drop. 
However, several complications and issues need to be carefully consid
ered before implementing hydrophobic surfaces in cooling applications. 
The presented study focused on observing critical factors by comparing a 
conventional surface with a hydrophobic surface (HS) in a straight- 
channel heat sink. Additionally, the study involved to investigate the 
effectiveness of a straight channel heat sink when dealing with high heat 
generating components that produce heat levels up to 250 W. The goal is 
to assess how well the heat sink performs in dissipating the significant 
amount of heat generated by such components and to evaluate its overall 
cooling efficiency under these challenging conditions. The findings shed 
light on one such issue that could impede the widespread adoption of 
hydrophobic surfaces, indicating the need for more attention from the 
scientific community. 

According to the Scopus database, there is a substantial body of 
research focused on heat sinks, with approximately 21,205 documents 
available on the topic, as illustrated in Fig. 1. However, when we spe
cifically filtered the results to include only studies related to "hydro
phobic" surfaces in conjunction with heat sinks, the number of 
documents significantly reduced to a mere 57. The continued refinement 
of the results, specifically for the cooling or thermal management 
application revealed a limited number of studies, with only 26 docu
ments found. In the existing literature, it is noteworthy that a majority of 
the studies concerning hydrophobic surfaces in heat sinks are predom
inantly numerical investigations, relying on simulations and theoretical 
models. This striking contrast highlights a critical gap in the existing 
research landscape, signalling the need for more extensive exploration 
and attention from the scientific community. Additionally, the findings 
contribute to the advancement of heat sink design and optimization, 
supporting the development of more efficient and reliable cooling so
lutions for a wide range of applications [16,17]. 

2. Experimental setup description 

The experimental setup, incorporating various measurement devices 
and temperature control mechanisms, allows for a thorough investiga
tion of the thermal and hydraulic behaviour of the straight channel heat 
sink. The setup consisted of a storage tank with a temperature-controlled 
water bath, a gear pump, a needle valve, a flow measuring device, a 
pressure transducer, a heat sink assembly section with an integrated 
microscope camera, and a radiator, as depicted in Fig. 2. 

Fig. 1. Comparative Analysis of Research Publications on Heat Sinks over the 
past 25 years (Scopus database). 
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To initiate the experimental cycle, coolant was pumped from the 
storage tank using a Masterflex gear pump (GJ-N23-PF1SA, UK). The 
flow rate was regulated by a flow control valve interconnected in be
tween the pump and flow meter. To measure the rate of circulating fluid, 
a precise flow measuring device (Omega FTB332D-PVDF, USA) was 
installed just before the section under investigation. A heat sink insu
lated properly with wool surrounded by acrylic plates assembly was 
placed on the microscope base (KERN OZM-5, Germany). To analyse the 
flow and formation of bubbles a high speed came was installed on the 
top via camera adaptor connector. To maintain a constant heat flux, 
three cartridge heaters (RS-860–6845, UK) were inserted within the heat 

sink, with the desired power supplied by a DC power supply. The pres
sure drop across the heat sink was accurately measured using a pressure 
transducer (Omega PX2300, USA) connected across the heat sink having 
ends connected with the inlet and outlet. 

The coolant continuously flowed through the heat sink channels, 
carrying the heat generated by the heaters. To evaluate the wall tem
perature, seven k-type thermocouples (RS-397–1589, UK) were strate
gically positioned at the base along the length of heat sink channels, 
below the wall surface. In addition, one thermocouple was placed at the 
inlet and another at the outlet of the heat sink to record the respective 
temperature values. The fluid, carrying the heat from the sink, passed 

Fig. 2. Experimental test rig for accessing the thermal and hydraulic performance of heat sink.  

Fig. 3. Geometrical configuration of the heat sink, illustrating the dimensional parameters and positions of heaters and thermocouples.  
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through a radiator attached just after the heat sink to dissipate the heat 
to the surrounding atmosphere. Finally, the working fluid completed the 
loop by transferring back into the storage tank. 

Fig. 3 presents the geometrical configuration of heat sink from 
different perspectives: an isometric, side, and top view, along with a 
comprehensive description of its design and the placement of heaters 
and thermocouples. To ensure the heat sink’s accuracy and appropriate 
size, it was manufactured using CNC machining. One of the consider
ations in the design process was the spacing between the fins. It was 
considered that a minimum of 1 mm tool bit could be used during 
production without incurring significant cost penalties and practical 
constraints. The choice of fin spacing was crucial because a more 
compact arrangement would require increased pumping power for 
effective heat dissipation. By allowing sufficient space between the fins, 
the heat sink can maintain efficient cooling performance without 
excessively taxing the system’s power requirements. Aluminium was 
chosen over other materials like copper, silver, etc. to fabricate the heat 
sink due to its high thermal conductivity value, lightweight nature, and 
cost-effectiveness, making it suitable for various applications in elec
tronics and industries where efficient heat dissipation is essential. The 
material is also ideal due to its corrosion resistance, ease of fabrication, 
and recyclability. 

The dimensions of the heat sink can be customized based on the 
specific design and requirements of the system in which it will be used. 
In the present study, the heat sink’s effective area was determined to be 
77.45 mm x 56.5 mm, which matches the dimensions of Intel Xeon 
processors. This sizing decision ensures compatibility and optimal heat 
transfer between the heat sink and the processors. Furthermore, the 
power range considered in the study was specifically chosen to align 
with the power generated by processors belonging to the Xeon family. 
This selection allows for accurate assessment and evaluation of the heat 
sink’s performance under realistic operating conditions. Fig. 4 displays 
the manufactured heat sink and its assembly, along with the deionized 
water that was purchased from Sigma-Aldrich and utilized as a coolant 
during this experimental study. 

Different types of liquid suspensions and coatings have been 
employed to make the surface hydrophobic like fluoropolymers, sili
cones, hydrophobic nanocoating’s, graphene, hydrophobic oils, etc. 
[18–20]. Espanhol-Soares et al. [21] used the sol-gel technique to apply 
the silica-based coating for making cotton fabrics superhydrophobic. 
The coating solution was applied to the cotton fabric using a spray 
technique. The fabric was hung vertically, and the solution was sprayed 
on the surface from 15 cm. This allows the solution to form a fine mist 
and coat the fabric evenly. The spray deposition of the sol-gel solution is 
a simple, scalable, and economical method for applying super
hydrophobic coatings, as it requires minimal coating solution and no 

complex equipment, unlike dipping or soaking techniques. Ogihara et al. 
[22] employed the silica nanoparticles suspended fluid spray to make 
paper water repellent while maintaining its transparency. The method 
involves pre-treating commercially available silica nanoparticles of 
around 25 nm size to make them hydrophobic by attaching dodecyl 
groups to their surface. These nanoparticles are then suspended in 
alcohol like 1-propanol, ethanol, or 1-butanol. A glass vaporizer was 
used to spray a nanoparticle suspension onto paper substrates. To ach
ieve the desired coating amount, the spraying process was repeated 
multiple times. The simple spraying technique allows the creation of 
transparent and superhydrophobic coatings on paper using commer
cially available hydrophobic silica nanoparticles suspended in alcohols 
like ethanol. In the presented study, 303 graphene nanospray coating 
was applied in a scientifically appropriate manner following the di
rections of the supplier. The nanospray offers a range of benefits, 
including improved hydrophobicity, durability, and resistance to 
scratches and stains. When applied to a substrate, such as a heat sink, it 
forms a protective layer that repels water, helps reducing the risk of 
corrosion, and enhanced lifespan of the coated surface. The process 
began with thorough surface preparation, where the heat sink surface 
was meticulously cleaned and dried to achieve optimal cleanliness and 
eliminate any potential contaminants. Subsequently, a microfiber or 
foam applicator was selected to spray the graphene nanospray onto and 
then rub it on the surface in a crisscross pattern. This method ensured 
precise control and even distribution of the coating across the surface of 
the heat sink. One notable advantage of this particular coating was its 
immediate usability. Unlike other coatings that require additional 
curing time, the 303 graphene nanospray coating did not require any 
waiting period. Additionally, the supplier asserted that the coating could 
withstand for a period of twelve months. 

Following the application, the coating underwent a curing process, 
during which it formed a haze or white film on the surface. This haze 
indicated that the coating was properly curing and adhering to the heat 
sink. In the next step, a clean dry microfiber towel was used to gently 
buff off any excess or unbound coating from the surface. This step was 
crucial in achieving a smooth and uniform coating layer on the heat sink. 
The heat sink, once buffed, was ready to be introduced to water 
immediately. 

By meticulously following this appropriate application process, the 
303 graphene nanospray coating effectively provided a hydrophobic 
surface on the heat sink. To assess the effectiveness of the 303 Graphene 
nanospray coating in improving surface wettability, a wettability test 
was conducted. Before the application of the coating, the contact angle 
of water on the surface was measured to be 74◦±2◦degrees, as shown in 
Fig. 5. This angle indicates the degree to which water spreads or beads 
up on the surface. 

After the application of the nanospray coating, another wettability 
test was performed, revealing a significant increase in the contact angle. 
The water angle was measured to be 100◦±2◦ degrees that was above 
90◦, indicating a substantial improvement in surface hydrophobicity. 
The larger contact angle suggests that the coated surface repels water 
more effectively, preventing it from spreading and forming droplets 
instead. This observation demonstrates the efficacy of the 303 graphene 
nanospray in enhancing the hydrophobic properties of the surface. 

Fig. 4. (a) Manufactured heat sink, (b) heat sink assembly, and (c) coolant used 
during this study. 

Fig. 5. Visual representation of the water contact angle during drop testing on 
both the conventional surface and hydrophobic surface. 
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3. Data processing 

During the experimental campaign, data was collected at regular 
intervals to capture the thermal performance of the liquid-cooled heat 
sink. The measured data included the inlet and outlet temperatures of 
the working fluid, as well as the temperatures at specific positions within 
the heat sink. Additionally, parameters such as flow rate, pressure drop, 
and heat dissipation were recorded. To analyse the experimental results 
obtained from the experimental study, several equations and calcula
tions were employed to determine various parameters related to heat 
transfer and thermal performance. These calculations helped quantify 
important factors such as thermal resistance, Reynolds number, Nusselt 
number, pressure drop, and wall temperature. 

The hydraulic diameter is calculated based on the dimensions and 
geometry of the channel. For a straight channel heat sink with a rect
angular cross-section, the hydraulic diameter (dh) can be determined 
using Eq. (1) [23]. 

Hydraulic diameter (dh) =
4A
P

(1)  

where A symbolized the cross-sectional area of the channel and P rep
resented wetted perimeter of the channel. For rectangular channels, the 
A is calculated using Eq. (2), while P is computed with Eq. (3). 

Cross sectional area (A) = height (h) × width (w) (2)  

Wetted parameter (P) = 2 × [height (h)+width (w)] (3) 

The calculation of the heat transfer rate (Q) between the coolant 
flowing within the channels and the heat sink is performed using Eq. (4) 

Q = mCp(Toutlet − Tinlet) (4)  

where Tinlet, Toutlet, m, and Cp denoted the inlet temperature, outlet 
temperature, mass flow rate, and heat capacity respectively. 

Temperature measurements were taken using thermocouples posi
tioned just below the channel wall (Tb). The channel wall temperature 
(Tw) was computed using Eq (5), which relates it to the heat transfer rate 
(Q), distance from base to channel wall (lx), thermal conductivity of heat 
sink (ks), and the surface area of the channel wall (Aw), however, Eq. (6) 
was employed to determine Aw. 

Tw = Tb −

(
Qlx

ksAw

)

(5)  

Aw = Ls × Ws (6)  

Ls and Ws denoted the width and length, respectively, of the specific 
section of the heat sink that is under consideration. 

The logarithmic mean temperature difference (LMTD) was evaluated 
with Eq. (7), while Eq. (8) was used to determine the convective heat 
transfer coefficient (hconv) [24]. 

LMTD =
(Tw − Tinlet) − (Tw − Toutlet)

ln
[
(Tw − Tinlet)
(Tw − Toutlet )

] (7)  

hconv =

[
mCp(Toutlet − Tinlet)

Aeff × (LMTD)

]

(8)  

where Aeff is the effective surface area of the channels, which represents 
the area in contact with the flowing fluid, was calculated using Eq. (9). 

Aeff = [wLs + 2(hLs)] t (9)  

t symbolized the number of channels. 

The Reynolds number (Re) was calculated to characterize the flow 
regime inside the heat sink channels. Eq. (10) was employed to deter
mine the Reynolds number, which takes into account the fluid properties 
such as density (ρ), velocity (v), and viscosity (μ). 

Re =
ρvdh

μ (10) 

The average fluid velocity was computed by dividing the volumetric 
flow rate (V) of the coolant by the cross-sectional area of the channel. 
This calculation provides an indication of the average speed at which the 
coolant flows through the channel, Eq. (11). 

v = V/A (11) 

The resistance to heat flow, thermal resistance (Rth) was determined 
using Eq. (12), while the dimensionless parameter Nusselt Number (Nu) 
was calculated using Eq. (13). 

Rth =
LMTD

Q
(12)  

Nu =
hconvdh

kf
(13)  

where kf denoted the fluid thermal conductivity. 
The results obtained from these computations were then analysed to 

draw conclusions about the performance of the under investigation heat 
sink using water as the working fluid. 

In micro or mini scale experiments, uncertainty analysis plays a 
crucial role in accurately demonstrating the experimental results and 
carefully examining the errors associated with measuring instruments. 
To determine the uncertainties in various measuring parameters, the 
study utilized a technique consistent with that employed by various 
other investigators. This approach ensures a comprehensive under
standing of the experimental data and helps to enhance the reliability 
and precision of the findings. the study determined the uncertainties in 
different parameters, applying the set of Eq. (14-18). The results indicate 
that the maximum values of uncertainty for hydraulic diameter, Rey
nolds Number, and Nusselt number were found to be below or equal to 
1.41%, 6.18%, and 6.26%, respectively. However, Table 1 presents the 
values of accuracy associated with the various instruments used in the 
study. 

Udh

dh
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

Uh

h

)2

+

(
Uw

w

)2
√

(14)  

Uv

v
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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(16)   

Table 1 
Measuring Instruments range and accuracy.  

Instrument Range Accuracy 

Flow meter 0.1 – 1 l/min ± 6% 
Thermocouple − 75 – 260 ◦C ± 1.5 ◦C 
Pressure Transducer 0 – 1 psid ± 0.25% 
Power Supply 0 – 84 V Voltage < 0.2% 

0 – 10 A Current < 0.3%  
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UNu
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(18)  

4. Results and discussion 

4.1. Validation 

The validation of the experimental test rig was conducted by 
comparing the obtained results with the classical model developed by 
Shah et al. [25]. This model is widely used for predicting the Nusselt 
number in laminar flows under constant heat flux boundary conditions, 
as represented by Eq. (19). Numerous studies in the literature have 
employed the Shah model to validate their experimental findings, 
emphasizing its applicability across various research scenarios [26–29]. 
To assess the deviation between the experimental results and the values 
predicted using the Shah model, we employed the mean absolute error 
(MAE) [30,31], as depicted in Eq. (20). The MAE provides a measure of 
the average magnitude of the differences between the experimental and 
predicted values. By calculating the MAE, researchers can gauge the 
level of agreement between the experimental and predicted values. 
According to the results, the MAE was found to be consistently less than 
5%, indicating a good agreement between the experimental data and the 
predictions made by the Shah model, as shown in Fig. 6. 

Nu =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1.953
(

Re Pr
dh

l

)1/3

if
(

Re Pr
dh

l

)

≥ 33.3

4.364 + 0.0722
(

Re Pr
dh

l

)

if
(

Re Pr
dh

l

)

< 33.3

(19)  

Mean Absolute Error (MAE) =
1
n

∑n

j=1

[⃒⃒xexp. − xpred.
⃒
⃒

xexp.

]

× 100% (20) 

The equation involves the symbols l, Pr, dh, n,xexp., and xpred., which 
respectively represent the finned section length, Prandtl number, 

hydraulic diameter, number of data points, experimental values, and 
predicted values respectively. 

Additionally, to ensure the comprehensiveness of our analysis, the 
results were also compared with other models proposed by different 
researchers. Liu et al. [30] performed a series of experiments on a copper 
heat sink with square-shaped pin-fins, covering a range of Reynolds 
numbers from 60 to 800. The arrangement of the fins on the surface 
offered an interrupted passage to the flowing water, which effectively 
disrupted the flow and promoted better mixing and turbulence. The 
findings demonstrated that heat dissipation improved with increasing 
flow rate and surface temperature. Moreover, the researchers developed 
a model based on the experimental data to predict Nusselt number 
values for single-phase flow, represented by Eq. (21). The data was also 
correlated with the values predicted using the model developed by Kosar 
et al. [32] while investigating the thermal characteristics of microscale 
heat sink made of an array of hydrofoil-shaped pin fins. The correlation 
represented with Eq. (22) was found to be reliable, as provided a close 
approximation to the experimental values with a MAE of 4.1% for the 
specific configuration of the fins. However, for the presented study, the 
model provided predictions with an acceptable error range, as indicated 
by a MAE of 7.64%. Azizi et al. [33] examined the cylindrical micro
channel heat sink employing water and the nanoparticles suspended 
fluid as a cooling agent. A new correlation was developed by modifying 
existing models to predict the Nusselt number, incorporating the effects 
of Reynolds number, Prandtl number, and nanoparticle volume fraction 
for the case of nanofluids. It was found that demonstrating a satisfactory 
agreement with the experimental data within a ± 10% error range. The 
simplified form of the developed model, which considers a particle 
loading of 0%, is expressed by Eq. (23). 

Nu = 0.1245 Re0.6106 Pr0.36 (Pr/Prs)
0.25 (21)  

Nu = 0.238 Re0.488 Pr1/3 (Pr/Prs)
0.25 (22)  

Nu = 0.293 Re0.485 Pr0.2 (23) 

In order to demonstrate the variation of results within an acceptable 

Fig. 6. Comparison of the experimental test results with the values predicted 
using the Shah correlation. 

Fig. 7. Comparison of the test results with the predicted values of various 
models, as well as the results from experimental and numerical studies con
ducted by different authors. 
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range, investigators took into consideration several recent studies. By 
plotting the data points, Fig. 7 illustrates the range of variation observed 
amongst different experiments. This visualization allows us to assess the 
extent to which our results align with the broader body of experimental 
findings. Feng et al. [34] conducted a numerical study focusing on the 
analysis of rectangular microchannel heat sinks in laminar flow condi
tions, comparing plain channels with those incorporating wire coils. The 
investigation revealed noteworthy findings regarding pressure drop and 
heat transfer performance. It was observed that the plain channel 
exhibited the most favourable pressure drop characteristics amongst all 
configurations due to the absence of flow disturbances caused by the 
wire coils. However, the heat transfer performance of the plain channel 
was significantly lower than the wire coil configurations. Uddin and 
Sifat [35] examined and compared different designs of MCHS to eval
uate their thermo-hydraulic performance. These designs include con
ventional straight channels as well as rectangular channels with straight, 
oblique, and a novel rounded secondary channel configurations in both 
parallel and counter flow arrangements. To ensure the accuracy of their 
findings, the numerical results were validated by comparing them with 
experimental and simulation data from previous studies, which showed 
good agreement. The results revealed that in parallel flow configura
tions, the secondary channels were found to have a minimal impact on 
heat transfer when compared to the conventional heat sink design. 
However, in counter flow configurations, all secondary channel designs 
demonstrate improved heat transfer performance, characterized by 
higher Nusselt numbers and lower thermal resistances. Kumar et al. [36] 

carried out a study that combined numerical simulations and experi
mental investigations to analyse the hydrothermal characteristics of 
straight and branched wavy channel heat sinks. Both configurations 
were designed to have identical hydraulic diameters (0.75 mm) and 
footprint sizes. The primary mode of heat transfer in these heat sinks 
occurs through convection between the channel walls and the fluid. 
However, it was observed that the heat transfer coefficient decreases 
along the channel as the thermal boundary layer thickens, leading to a 
reduction in the convection heat transfer rate. Additionally, the velocity 
and temperature fields within the streamwise direction are found to be 
relatively uniform in the straight channel heat sink (SCHS) micro
channel, as there is minimal fluid mixing or flow disruption. Chai et al. 
[37] present a numerical investigation focusing on fluid flow and heat 
transfer characteristics within an interrupted microchannel heat sink, 
featuring rectangular ribs in transverse microchambers. The study sys
tematically explored the effects of rib width, length, position, and 
microchamber spacing on heat transfer and pressure drop. The findings 
indicate that increasing the rib width enhances heat transfer; however, 
this improvement comes at the cost of increased pressure drop. 

Fan et al. [38] conducted an investigation specifically focused on 
heat transfer and fluid flow characteristics within cylindrical oblique fin 
MCHS. The study employed computational fluid dynamics (CFD) sim
ulations, with the aim of exploring the impact of varying parameters 
such as oblique angle, Reynolds Number, and secondary channel gap on 
the system. By visualizing the flow patterns, the researchers were able to 
observe how these parameters influenced the mixing and recirculation 

Fig. 8. Nusselt number variation of all studied configurations and conditions plotted against the Reynolds number at different heating powers.  
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of the fluid within the channels. The findings indicated that these factors 
had a significant impact on the average Nusselt number, which serves as 
a crucial measure of convective heat transfer. 

This comparison and evaluation process helps us determine the 
effectiveness and reliability of the experimental test rig and its agree
ment with the established theoretical model proposed by Shah. It allows 
us to assess any discrepancies and analyse the performance of the rig 
under different operating conditions. 

4.2. Nusselt number 

The Nusselt number is a dimensionless number that relates the 
convective heat transfer to the conductive heat transfer. It characterizes 
the efficiency of heat transfer from a solid surface to a fluid. 

Fig. 8 presents the results of a study conducted on a straight-channel 
heat sink, comparing the heat transfer performance of different surfaces 
and flow configurations plotting Nusselt number against the Reynolds 
number at various heating powers. As anticipated, the Nusselt number 
increases with increasing Reynolds number, exhibiting enhanced heat 
transfer efficiency at higher flow rates. Furthermore, at a constant 
Reynolds number, the Nusselt number shows a positive correlation with 
heating power. This observation aligns with the expected increase in 
heat transfer as the energy input to the heat sink rises. The maximum 
Nusselt numbers achieved with the CS heat sink were 9.38, 10.12, and 
10.63 at heating powers of 50 W, 100 W, and 150 W, respectively. 

When the CS heat sink was coated with a hydrophobic material, this 
coating is intended to make the surface water-repellent, a decrease in the 
Nusselt number was observed. This reduction can be attributed to the 
formation and retention of bubbles on the surface, creating stagnant 
zones or dead zones that impede heat transfer. The presence of surface 
tension may contribute to bubble formation. Additionally, the hydro
phobic coating itself hinders heat transfer, leading to decreased Nusselt 
number compared to the CS heat sink. As the flow rate increases, the size 
of certain bubbles decreases due to the combination of lower wall 
temperature and fluid force. These smaller bubbles also move along with 
the fluid as the flow rate further increased. As a result, the influence of 
bubbles diminishes slightly, leading to a marginal increase in the Nusselt 
number. Nonetheless, the presence of a hydrophobic coating still plays a 
role in the overall process. 

Phan [39] conducted a comprehensive study that revealed a notable 
difference between the conventional wetted surfaces and hydrophobic 
surfaces. According to the results, on hydrophobic surfaces, bubbles 
were observed even at extremely low levels of heat flux, and once 
formed, they remained on the surfaces instead of detaching. As the heat 
flux increased, the size of the bubbles grew, but still stayed on the sur
face. This phenomenon is likely attributed to the influence of surface 
tension force. On hydrophobic surfaces, characterized by low wettability 
and a reduced affinity for water, the formation of bubbles is favoured 
even at low heat flux. However, due to their hydrophobic nature, these 
bubbles face difficulty in detaching from the surface. 

Wang et al. [40] noticed that bubbles began to form on super
hydrophobic sites once the wall temperature approached 41.5 ◦C. As the 
temperature continued to rise, the bubbles expanded across the coated 
region. It is speculated that on hydrophobic surfaces, these bubbles may 
emerge even earlier. Additionally, it was concluded that the effect could 
be mitigated by degassing the working fluid and surface. The formation 
of nanobubbles is greatly influenced by the level of hydrophobicity of 
the solid surface and the polarity of working fluid. To investigate and 
comprehend the creation and arrangement of nanobubbles on uniform 
surfaces with varying degrees of hydrophobicity, Agrawal [41] 
employed various types of surfaces as solid substrates. Interestingly, 
nanobubbles do not form on flat hydrophilic surfaces when submerged 
in water but emerged spontaneously at the boundary between water and 
sleek, hydrophobic surfaces. 

Bubbles can form on hydrophobic surfaces even at low temperatures 
like 30 ◦C [42], primarily due to the repulsion of water molecules and 

increased surface tension. This creates difficulties for air dissolution in 
water, resulting in the entrapment of small air pockets and subsequent 
bubble formation. In the case of our study, the surface was machined 
using a 1 mm drill tool bit, which introduced a certain level of surface 
roughness, creating localized variations in surface energy that could 
potentially facilitate the entrapment of air or gas pockets. It is note
worthy that bubble formation was not observed on the conventional 
surface before applying the hydrophobic coating. However, once the 
hydrophobic-coated surface comes into contact with the working fluid 
(water), the presence of these surface imperfections may contribute to 
promote the formation of bubbles [43]. This is primarily attributed to 
the influence of surface tension. The coating’s hydrophobic properties, 
together with the roughness of the surface and the elevated surface 
tension, create circumstances that prevent air from dissolving in water, 
leading to the entrapment of small air or gas pockets and subsequent 
bubble formation. 

When the hydrophobic-coated heat sink is placed vertically (90◦) 
with the flow direction from bottom to top. The Nusselt numbers ob
tained were lower than that of the conventional surface heat sink but 
higher than the hydrophobic-coated heat sink in the horizontal position. 
This can be attributed to the movement of some bubbles with the flow, 
which carried heat and improved heat transfer to some extent. 

Conversely, when the heat sink with the hydrophobic coating was 
positioned vertically with the flow direction from top to bottom. The 
heat transfer was lower in comparison to all other testing configurations 
including the conventional surface heat sink. In this particular config
uration, the flow direction was opposite to the natural buoyancy-driven 
flow. The upward movement of bubbles counter to the downward flow 
direction could disrupt the convective heat transfer process, leading to a 
lower Nusselt number. 

To compare the heat transfer performance of different heat sink 
configurations, the average reduction in Nusselt number is calculated as 
a percentage relative to the CS heat sink. It was found that the 
hydrophobic-coated heat sink in the vertical position with downward 
flow had the maximum reduction in Nusselt number values, followed by 
the coated heat sink in the horizontal position. The coated heat sink in 
the vertical position with upward flow showed the least reduction, 
indicating a slightly better performance due to the movement of bubbles 
with the flow. 

The hydrophobic coated heat sink demonstrated reductions of 
15.22%, 18.09%, and 11.38% in heat dissipation when operated at 50 W 
in horizontal, vertical downward flow, and vertical upward flow posi
tions, respectively. As the power increased to 100 W, the formation of 
bubbles caused a noticeable increase in these values. However, at 150 

Fig. 9. Effect of varying Reynolds number and heating power on the Nusselt 
number of conventional surface heat sink. 
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W, even though more bubbles appeared on the surface, some of them 
became energized and moved with the flow, leading to a significant 
decrease in the reduction values once again, as shown in Fig. 8. 

Furthermore, to address the heat dissipation challenges posed by 
high heat generating electronic components in various applications, the 
study was extended to analyse the conventional surface straight channel 
heat sink across a wider range of heating powers, from 50 W to 250 W. 
Notably, the analysis revealed a significant increase in the Nusselt 
number values as the heating power increased, Fig. 9. 

A study was conducted to investigate the formation of bubbles on the 
surface of a heat sink under varying temperature and flow rate condi
tions. To capture the bubble formation, a microscope equipped with a 
camera was used. Initially, a tiny bubble was observed on the surface at 
22.16 ◦C that formed and as anticipated stayed on the surface [13]. 
There was no noticeable increase in its size despite a considerable 
amount of time had passed. It was noticed that even a small amount of 
heat input can serve as a catalyst for bubble formation. However, when 
the temperature crossed the barrier of 26 ◦C a noticeable number of 
bubbles have been observed to appear on the surface. The numbers and 
size of some of the bubbles were observed to be increased with an in
crease in temperature up to 39 ◦C as depicted in Fig. 10a. The distri
bution of bubbles was found to be uneven across the channels. 
Specifically, a larger number of bubbles bigger in size were observed in 
the very left and right side channels. This uneven distribution could be 
attributed to variations in fluid flow and local conditions within the 
channels. In the second set of trials, the temperature was kept constant, 

increasing the flow rate from 250 ml/min to 860 ml/min, visualisation 
shown in Fig. 10b. 

This approach could be effective in reducing the generation of bub
bles either by preventing their formation or facilitating their movement 

Fig. 10. Formation of bubbles within the hydrophobic channels under distinct experimental conditions (a) varying temperature keeping flow rate constant, (b) 
varying flow rate while restricting temperature. 

Fig. 11. Variation of heat sink wall temperature subjected to natural cooling 
conditions at different levels of heating power. 
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in the direction of the flow. These findings highlight the complex dy
namics of bubble formation and their behaviour for hydrophobic sur
faces. It was revealed that the formation and movement of bubbles on 
the hydrophobic surface of the heat sink were directly influenced by the 
temperature and flow rate. However, further research and analysis to 
acquire a better grasp of the underlying mechanisms involved and to 
optimizing heat transfer performance, particularly in the presence of 
bubbles, which can significantly impact the overall efficiency of the 
system. 

4.3. Wall temperature 

The ability of a heat sink to effectively manage and regulate tem
peratures is vital for ensuring reliable and efficient operation in today’s 
demanding environments. The variation of sink temperature was 
examined under natural cooling conditions, where the heat sink was 
placed in a room at ambient temperature. The study involved measuring 
the time it took for the temperature to reach 100 ◦C at various heating 
levels. It was observed that, at a power level of 50 W, it took approxi
mately 11.56 min for the sink to reach a safe temperature. However, as 
the power level increased to 250 W, the time decreased to 1.96 min, as 
depicted in Fig. 11. These findings demonstrate the importance of 
cooling mechanisms, particularly liquid cooling, when dealing with high 
heat-generating components like those found in advanced technologies. 

Traditional cooling methods may struggle to effectively remove heat 
in such scenarios, as evidenced by the rapid temperature rise observed in 

this experiment. Conversely, it was observed that circulating liquid 
coolant around the sink effectively absorbed and carried away the heat, 
consistently keeping the temperature below 55 ◦C even at the maximum 
applied heating power of 250 W. 

As we move towards the future, emerging technologies such as AI 
continue to advance at a rapid pace. These advancements often result in 
the generation of substantial heat by the components involved. Failing 
to address this heat build-up can have severe consequences, including 
compromised performance and reliability. Therefore, investing in 
advanced cooling solutions becomes crucial. By implementing effective 
cooling mechanisms, we can ensure that these high-tech components 
operate optimally and avoid potential thermal damage. 

Wall temperature is an essential parameter to consider when ana
lysing the performance of heat sinks. The wall temperature of a heat sink 
refers to the temperature of its solid surfaces, particularly the surfaces in 
contact with the fluid or air that carries away the heat. The results of the 
study conducted on the straight-channel heat sink reveal important in
sights into the wall temperature variations under different test condi
tions. For all the testing configurations, a significant decrease in wall 
temperature was observed with an increase in flowrate, however, as 
anticipated the temperature values increase with heating power, as 
shown in Fig. 12. 

The initial test was performed on the conventional surface (CS) heat 
sink, where the wall temperature was measured at different Reynolds 
numbers and heating powers. At a power of 50 W, the wall temperature 
exhibited a modest reduction from 25.952 ◦C to 22.171 ◦C as the 

Fig. 12. Wall temperature variation across different configurations and conditions, plotted against Reynolds number at different heating powers.  
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Reynolds number increased. This suggests that there was effective heat 
dissipation. Additionally, at 100 W and 150 W, the wall temperature 
values decreased ranging from 24.31 ◦C to 31.47 ◦C and 26.12 ◦C to 
37.02 ◦C demonstrating the ability of the CS heat sink to handle higher 
heat loads. 

When a hydrophobic coating was applied to the heat sink in a hor
izontal position, an increase in wall temperature was observed across all 
heating powers. The wall temperature values at different Reynolds 
numbers and heating powers were slightly higher compared to the 
conventional surface heat sink. The increase in temperature can be 
attributed to the formation of bubbles on the surface inside the channels, 
creating a dead zone and reducing heat dissipation, as well as the 
contribution of the hydrophobic coating itself. The third test examined 
the hydrophobic coated heat sink in a vertical position with downward 
flow. This configuration showed higher wall temperatures compared to 
the CS and horizontally coated heat sinks. According to the results in 
comparison of CS, the average increase in wall temperature was 1.71% 
at 50 W, while it was 2.88% and 4.11% at 100 W and 150 W respec
tively. In the last test, the hydrophobic coated heat sink was positioned 
vertically with upward flow. The wall temperatures were relatively 
higher than the CS heat sink but lower than the vertically coated heat 
sink with upward flow. In this case, the highest wall temperature of 
37.58 ◦C was observed at the highest testing heat power and the lowest 
flow rate. 

Analysing the average increase in wall temperature percentages 
across the heating powers, it becomes evident that the coated heat sink 
in the vertical position with upward flow showed the minimum change 
compared to the other orientations. This suggests that the upward flow 
helps mitigate the negative effects of bubble formation to some extent. 

In addition to the previous tests conducted on the conventional 
surface (CS) heat sink, the study was further extended to investigate its 
performance at higher heating powers of 200 W and 250 W, as illus
trated in Fig. 13. The objective was to assess the heat sink’s ability to 
effectively maintain the temperature of high heat-generating compo
nents in various application areas. Despite the increased heating power, 
the maximum value of average wall temperature observed in this study 
was around 46.62 ◦C. This outcome is significant and noteworthy, as it 
indicates the heat sink’s capability to efficiently dissipate heat and 
effectively control the temperature even under demanding conditions. 

The rise in heat sink wall temperature along its length as water flows 
through the channels was observed through the temperature variation 
that helps to analyse the thermal behaviour, as illustrated in Fig. 14. In 
order to capture these temperature changes, seven thermocouples were 
strategically installed along the heat sink’s length, evenly spaced. The 

maximum variation in temperature along the channel was approxi
mately 5.52 ◦C which indicates the extent of temperature fluctuations 
experienced along the heat sink. 

As anticipated, a consistent trend was observed across all testing 
conditions. There was a large temperature difference, as the water 
entered at a very low temperature compared to the heat sink which 
continuously generated a huge amount of heat, resulting in a greater 
amount of heat transfer. That is why the minimum value of wall tem
perature was observed at the leading end of the channels. A more 
gradual temperature rise is observed in the middle of the heat sink as the 
water progressed along the length. Moving towards the end, the tem
perature increase further slowed down, and a considerable fall in tem
perature was recorded near the trailing edge of the channels. In a 
numerical study conducted by Naqiuddin et al. [45] on a straight 
channel heat sink, a significant decrease in wall temperature near the 
trailing end of the channels was also observed. The formation of vortex 
and backflow at the trailing edge can contribute to the observed 
reduction in sink wall temperature near the end of the channels. 

4.4. Thermal resistance 

Thermal resistance is a crucial parameter in heat transfer analysis 
and characterizes the resistance to heat flow within a system. By mini
mizing thermal resistance, engineers can enhance heat transfer effi
ciency and maintain safe operating temperatures for electronic devices 
and other heat-generating systems. Thermal resistance in the case of 
liquid cooled heat sinks can be elaborated as the sink’s effectiveness in 
transferring heat from a heat source to the flowing fluid. 

In the study’s results, the thermal resistance values were obtained for 
different heat sink configurations at varying flow rates and heating 
powers. As expected, the general trend of thermal resistance followed 
the inverse pattern of the Nusselt number. It exhibited a decrease in 
thermal resistance with increasing Reynolds numbers, indicating that 
higher flow rates enhance heat dissipation, as shown in Fig. 15. It was 
observed that the presence of the coating led to an increase in thermal 
resistance compared to the CS heat sink. Considering CS heat sink as the 
baseline, the maximum increase in thermal resistance value was 
observed to be 20.85% for surface treated vertically positioned heat sink 
and up to down flow direction. However, when the flow direction was 
reversed, a discernible reduction in thermal resistance was observed but 
still relatively higher compared to the CS heat sink. This indicates that 
while the upward flow direction improved the heat transfer performance 
to some extent, it was not as effective as the CS configuration. Overall, 
the average increase in thermal resistance compared to the CS heat sink 
ranges from 11.3% to 20.9% across the different heating powers and 
configurations. Higher heating powers 200 W and 250 W were also 
taken into consideration for this investigation, and it was found that the 
thermal resistance decreased even more as the heating power varied. 

4.5. Pressure drop 

The efficiency and performance of heat sinks are closely linked to 
their pressure drop characteristics. Pressure drop, or the resistance to 
fluid flow, plays a crucial role in determining the effectiveness of heat 
transfer within a heat sink. Understanding and analysing the variations 
in pressure drop across different heat sink configurations and operating 
conditions are essential for optimizing thermal management strategies. 
In this study, we examine the pressure drop behaviour of a straight- 
channel heat sink under different flow rates, heating powers, and sur
face conditions, the results revealed significant variations in pressure 
drop across different testing conditions. 

The first set of tests was conducted on a CS heat sink, varying the 
flow rate and heating power. The observed data demonstrated a direct 
correlation between the Reynolds number and pressure drop, indicating 
that higher Reynolds numbers corresponded to increased pressure 
drops. The heat sink with a hydrophobic coating was examined to assess 

Fig. 13. Wall Temperature variation against the Reynolds number at different 
heating powers. 
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its impact on reducing the pressure drop. The results indicated a 
noticeable decrease in pressure drop compared to the conventional 
surface heat sink. However, this decrease was not significant due to the 
formation of bubbles at the lower flow rate values that hindered the fluid 
flow inside the channels. The presence of these bubbles limited the 
effectiveness of the hydrophobic coating in reducing the pressure drop. 
Initially, the pressure drop in the HS heat sink was found to be slightly 
higher compared to vertically positioned heat sinks. However, when the 
Reynolds number increased from 270 to 310, the higher flow rate 
effectively cleared the channels, leading to a subsequent decrease in 
pressure drop. Beyond this point, the horizontally positioned heat sink 

exhibited a lower pressure drop in comparison to the vertically posi
tioned heat sink with upward flow, as illustrated in Fig. 16. 

Interestingly, when the heat sink with the hydrophobic coating was 
positioned vertically with downward flow direction, the pressure drop 
was comparatively lower than both the conventional surface heat sink 
and the hydrophobic-coated heat sink in a horizontal and vertical po
sition with flow direction down to upward. This observation suggests 
that gravity may have played a role in reducing the pressure drop. The 
downward flow direction, coupled with gravity, helps overcome the 
resistance caused by bubbles formed on the surface, resulting in a more 
efficient fluid flow. Finally, observed the heat sink with a hydrophobic 

Fig. 14. Temperature variation along the length of a heat sink at different flow rates.  
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coating positioned but with the flow direction upward, from bottom to 
top. The observed pressure drop values were marginally higher than that 
of the vertically positioned heat sink with downward flow. Noticeably, 
in comparison to a horizontally positioned HS heat sink, at lower flow 
rate, the pressure drop was less due to the formation of bubbles. The 
results of this configuration showed that even though the flow direction 
was against gravity, some particles are carried along with the flow, 
reducing the overall resistance and resulting in a lower pressure drop 
compared to the horizontally positioned heat sinks. However, as the 
flow rate increased and the bubbles diminished, the pressure drop in the 
upward flow configuration surpassed that of the horizontal heat sink. 

When comparing the average decrease in pressure drop across 
different heating powers and heat sink configurations with the con
ventional surface heat sink, some interesting trends emerged. The 
hydrophobic-coated heat sink in a vertical position with downward flow 
exhibited the highest average decrease in pressure drop across all 
heating powers. According to the results, at 50 W, the average decrease 
in pressure drop was noticed 11.92% relative to the CS heat sink. These 
findings shed light on the intricate interplay between fluid flow, sink 
orientation and bubble formation within the heat sink. Understanding 
these dynamics is crucial for optimizing heat sink performance. Further 
investigations into the underlying mechanisms governing these phe
nomena will deepen our comprehension and facilitate the design of 
more efficient heat sink systems. 

In the extended part of this study, additional heating powers of 200 
W and 250 W were applied to the conventional surface (CS) heat sink to 
investigate its impact on the pressure drop and the generation of 

bubbles. The results showed a decrease in pressure drop with increasing 
power input, as shown in Fig. 16, which is consistent with the behaviour 
observed in previous tests as no bubbles were observed on the surface of 
the CS heat sink despite the increase in heating power. 

5. Conclusion 

The presented study investigates the thermal and hydraulic perfor
mance of straight-channel heat sinks with different surface conditions 
and flow directions. The experimental investigation, coupled with 
detailed analysis and measurements, has provided a comprehensive 
understanding of the factors influencing heat transfer efficiency, wall 
temperature, and pressure drop characteristics in heat sink systems. 
Furthermore, the study brought attention to a potential challenge that 
may arise when employing hydrophobic surface heat sinks for cooling 
applications. The investigation revealed insights into the specific issues 
or limitations associated with the utilization of such surfaces, which 
could impact their overall cooling performance and efficiency. The ac
quired data has enabled us to draw several noteworthy conclusions of 
significant importance. 

• The study demonstrated that the Nusselt number, which character
izes convective heat transfer efficiency, increases with higher Rey
nolds numbers and heating powers, indicating improved heat 
transfer at higher flow rates and energy inputs.  

• Hydrophobic coatings on surfaces can lead to the formation and 
retention of bubbles due to the repulsion of water molecules, 

Fig. 15. Variation of thermal resistance with Reynolds number and heating power for studied configurations.  
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increased surface tension, and localized variations in surface energy 
caused by surface roughness.  

• The application of a hydrophobic coating to the heat sink surface 
reduced the Nusselt number due to the formation and retention of 
bubbles, as well as hindered heat transfer caused by the coating’s 
hydrophobic properties. The orientation of the heat sink and flow 
direction also influenced heat transfer, with vertical downward flow 
showing the highest reduction in Nusselt number values. The hy
drophobic coated heat sink exhibited reductions of 15.22%, 18.09%, 
and 11.38% in heat dissipation at 50 W, with increasing bubble 
formation correlating with power; however, at 150 W, certain bub
bles became energized, leading to a subsequent decrease.  

• The formation and behaviour of bubbles on the hydrophobic surface 
of a heat sink were directly influenced by temperature and flow rate. 
A considerable number of bubbles appeared on the surface when the 
temperature exceeded 26 ◦C and observed an increase in both the 
number and size as the temperature rose. Additionally, the distri
bution of bubbles across the channels was uneven, indicating vari
ations in fluid flow and local conditions.  

• The flow rate had a significant impact on bubble movement. 
Increasing the flow rate resulted in the bubbles moving in the di
rection of the flow, highlighting the strong correlation between 
temperature, flow rate, and bubble formation on the heat sink 
surface.  

• The study observed a consistent trend in temperature variation along 
the length of the heat sink channels. As water flowed through the 
channels, a notable temperature disparity was evident, with the 
lowest wall temperature being recorded near the leading edge of the 

channels. The temperature gradually increased towards the middle 
of the heat sink and then the rate of increase slowed down as it 
approached the trailing edge. Near the trailing edge, a considerable 
fall in temperature was recorded, which could be attributed to the 
formation of vortex and backflow in that region.  

• The presence of a hydrophobic coating on the heat sink surface led to 
a noticeable decrease in pressure drop compared to the conventional 
surface. However, at lower flow rate, the reduction in pressure drop 
was limited due to the formation of bubbles, which impeded fluid 
flow inside the channels. It was revealed that the hydrophobic- 
coated heat sink positioned vertically with downward flow exhibi
ted the highest average decrease in pressure drop of 11.91% at 50 W 
compared to a conventional surface heat sink and all the other hy
drophobic heat sink arrangements.  

• The application of 303 graphene nanospray to create a hydrophobic 
surface displayed great promise in terms of hydrophobicity but also 
brought to light the complex interplay between hydrophobicity and 
heat transfer.  

• While a hydrophobic coating may offer benefits such as enhanced 
surface protection and resistance to liquid damage, it introduces 
challenges in heat transfer performance. Hydrophobic coatings like 
303 graphene nanospray may not be the ideal choice for applications 
prioritizing heat transfer improvement due to the trade-off between 
hydrophobicity and thermal characteristics. Nevertheless, they offer 
significant benefits in industries like automotive, building, and 
aerospace, where surface protection and heat loss reduction are of 
primary importance. In renewable energy, like solar panels and wind 

Fig. 16. Pressure drop variation across various heat sink configurations plotted against the Reynolds number at different heating powers.  
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turbines, these coatings could inadvertently impede heat dissipation, 
affecting overall efficiency.  

• The findings suggest that achieving improved surface smoothness, 
optimizing flow conditions, incorporating effective anti-bubble ad
ditives, and thoroughly degasifying the coolant and system can 
significantly enhance surface repellence on hydrophobic surfaces. As 
a result, these measures effectively reduce the likelihood of bubble 
formation and entrapment while having minimal impact on the 
overall performance of the system. 

Further research can explore alternative methods to mitigate bubble 
formation and improve heat transfer in hydrophobic-coated heat sinks. 
Investigating the impact of different surface materials, coatings, and 
geometries can provide valuable insights for optimizing heat sink per
formance. In addition, computational fluid dynamics (CFD) simulations 
can complement experimental studies by providing a detailed under
standing of fluid flow and heat transfer phenomena within the heat sink 
channels. 
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