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HIGHLIGHTS

o Novel design of SMCHS is proposed based on flow fragmentation.

o Flow fragmentation plays a vital role in the reduction of pressure drop through SMCHS.

e Hydrothermal performance of SMCHS is significantly improved using flow fragmentation.

o SMCHS with orthogonal segmentation showed better overall performance than that with diagonal segmentation.

e The overall performance of the SMCHS with segmentation increases with increasing the cooling water mass flow rate.

ARTICLE INFO ABSTRACT
Keywords: This paper aims to investigate the effect of fluid flow fragmentation on the hydrothermal per-
Serpentine mini-channel formance characteristics of a serpentine mini-channel heat sink (SMCHS) numerically and

Nusselt number

Flow fragmentation
pressure drop
hydrothermal performance

experimentally. Two novel designs, namely, perpendicular and diagonal, which are related to
where the fluid flow is fragmented in the SMCHS, are investigated. The two new designs have two
entrances and two exits. The flow in each entrance is divided into two branches. In the current
study, 3D CFD ANSYSIS-Fluent program is used in the numerical simulations. The three designs,
namely, one conventional and the two novel designs, were manufactured and tested to validate
the reliability of the numerical simulations and to compare the performance experimentally. The
analysis of the results shows that the flow fragmentation effectively improves the SMCHS char-
acteristics compared with the conventional SMCHS. Moreover, the outcomes indicate that the
improved heat transfer of the fragmentation disperser, represented by the Nusselt number, in-
creases by 13% accompanied by a reduction in the pressure drop by about 180% compared with
the conventional design. The new SMCHS with the perpendicular fragmentation design is found
to be slightly better than that with the diagonal fragmentation design.

1. Introduction

Among the various heat sinks, mini-channel heat sink (MCHS) is an effective way to remove unwanted high heat fluxes generated
from electronic devices, especially when using water as a cooling medium. One of the most important types of MCHSs is serpentine
mini-channel heat sink (SMCHS), which has been used in several important applications, such as electronic equipment and fuel cells.
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Recently, as a result of the rapid development of electronic devices, the issue of improving the performance of micro/mini-channel
heat sinks has become a challenge for researchers. Li et al. [1] numerically simulated the channel geometry using
multi-optimization algorithm to optimize a serpentine channel heat sink (SCHS) under turbulent flow conditions. They studied the
impacts of the width of the channel, aspect ratio and turn clearance on the minimization of the thermal resistance and pressure drop of
the heat sink. Hao et al. [2] proposed a simple model for the thermal resistance to simulate the thermal characteristics of SMCHS at
Reynolds number less than 500. They studied the impacts of channel aspect ratio and fluid Reynolds number on the hydrothermal
performance of SMCHS. Hao et al. [3,4] conducted a numerical study validated by experimental testing of the performance of the
SMCHS to predict the characteristics of the pressure gradient and thermal resistance. The study was conducted to show the effect of the
loss coefficient of the bend, ratio of the channel height to width, fin thickness and the clearances of the turn under the Reynolds number
range of 500-1500. Al-Neama et al. [5] numerically and experimentally investigated the performance characteristics of the SMCHS to
evaluate their suitability for Gallium Nitride thermal management at transformers with high mobility power. To reduce hot spots, the
heat spreader is placed above the heating source. The impacts of the water flow rate, spreader material and spreader thickness on the
reduction the maximum heat flux and temperature of chip were investigated. Al-Neama et al. [6] studied the performance of a new
type of SMCHS by using chevron fins to create secondary flow at a certain angle in the original path to reduce the heat resistance and
pressure drop. The effects of different parameters, such as channel number, channel width, oblique angle, flow rate and heat flux, on
the hydrothermal characteristics of a SMCHS are evaluated numerically and experimentally. Imran et al. [7] studied the effect of the
flow distribution on the improvement of the performance of a conventional SMCHS using two serpentine channels with two inputs and
outputs and different flow configurations rather than a single serpentine channel. The effects of the flow configuration, heat flux and
mass flow rate on the thermal and hydraulic characteristics of the SMCHS were studied numerically and experimentally. Fernando
et al. [8] proposed various unconventional patterns of liquid-cooled SCHS. Their new flow patterns consist of an inlet flow in the center
of the heat sink to feed the radial serpentine channels and several flow outlets on the outside of the heat sink. Different cases were
studied numerically by changing the channel number, channel length and spiral number. Based on the temperature uniformity on the
heating surface, the heat sink thermal performance is compared with all flow patterns. Chen et al. [9] performed a multi-objective
structural design of SCHS. In the structural modeling of the SCHS, the following design variables were defined: channel number,
channel height, channel width, fin width, inlet water velocity and input and output locations to reduce the thermal resistance and
pressure drop of the SCHS. The experimental and numerical results achieved the structure model of the channels and the water velocity
at the inlet, thereby ensuring a smaller thermal resistance and lower pressure drop. Vajravel et al. [10] conducted numerical and
experimental studies on the thermal performance of a new MCHS involving four parts, each equipped with inlet and outlet for cooling
water and rectangular channels with two bends in each channel. The flow in the MCHS is divided in four entrances and exits, which
contribute to the high reduction in the temperature difference compared with the conventional rectangular MCHS under the same
laminar flow conditions. Zhang et al. [11] numerically and experimentally investigated the transient thermal characteristics of liquid
cooling for electronic chip using rectangular micro-channel heat sink. The heat sink is analyzed with three different channel con-
figurations, namely, straight, serpentine, and U-shape. For the different channels, the impacts of flow rate and heat flux on the

- Inlet water - Outlet water

Fig. 1. Schematic of the SMCHSs (a) Conventional, (b) Design A (orthogonal arrangement) and (c) Design B (diagonal arrangement).
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temperature changes over the time were studied. The influence of using secondary channels for connecting the main channel through
turning along the length on the performance of the laminar water flow inside SMCHS is studied numerically by Singh et al. [12].
Different secondary channel angles were examined, and the effect on the pressure drop and Nusselt number of SMCHS is investigated.
They reported that the secondary flow with angle of 40° provides minimum pressure drop compared with the conventional SMCHS,
whereas the angle of 10° gives maximum Nusselt number. Sivakumar et al. [13-15] conducted an experimental and theoretical study
on the fluid flow and heat transfer characteristics of serpentine micro-channel heat sink using nanofluids. The effects of the hydraulic
diameter, Reynolds number, heat input, type of nanofluids and nanofluid concentration on performance were studied.

Despite the large volume of literature devoted to analyzing the thermal performance of heat-sink mini-channel, the effect of the
flow fragmentation on the characteristics of the fluid flow and heat transfer of the SMCHS has not been explicitly analyzed. Most of the
research work is devoted to studying the effect of the various parameters, such as the configuration of the channel, mass flow rate and
heat flux. Almost all of these studies focused on the improvement of the thermal performance, but the increase in the pressure drop was
not considered. Hence, most of these improvements are accompanied with high pressure drop. Accordingly, the present work en-
deavors to fill the research gaps in the aforementioned area by suggesting two new designs of SMCHS and by studying the effect of the
flow fragmentation on the hydrothermal performance through an experimental study backed by CFD modeling. The two new designs
have two inlets and two outlets to assure uniform temperature distribution on the surface of the heat sink. All the cases are conducted
under various boundary conditions regarding the heat flux and mass flow rate of the working fluid under laminar flow conditions. In
addition, experimental tests are conducted to validate the reliability of the numerical simulation, as well as to compare the overall
hydrothermal performance (Nusselt number and pressure drop) for the models under study.

2. Problem description

The conventional SMCHS, as shown in Fig. 1a, consists of one channel with one inlet and one outlet; a corrugated path passes
through alternating turns along the heat sink. It is characterized by its high thermal performance as an inevitable result of the
continuous mixing of runoff at the turns. At the same time, it is characterized by the negative effect on the hydraulic performance as a
result of the increase of the pressure drop through the heat sink, which requires a high pumping power. The results of Imran et al. [7]
indicated that the dividing the flow into two serpentine channels instead of one serpentine channel plays an important role in
improving the performance of SMCHS. Therefore, to improve the overall performance, flow fragmentation in the SMCHS should be
based on the two following principles: (1) better flow distribution tends to improve the heat transfer, as it ensures a better heat ex-
change with the entering cooling water; and (2) it reduces the pumping power of the cooling liquid. The pumping power is propor-
tional to the pressure drop, and the pressure drop increases with increasing the channel path length. New channel configurations can
be developed using these two principles. Therefore, two new models are proposed in the current work, namely, orthogonal flow and
diagonal flow arrangements regarding the inlet and outlet flow to the SMCHS. The difference between the conventional model
(serpentine) and proposed models is in the number of inlets and outlets of the working fluid, as shown in Fig. 1b and c. Despite this
difference, the same length of the track is maintained in the proposed models compared with the conventional model.

3. Numerical method
3.1. Physical model of the SMCHS

The geometrical parameters of all SMCHSs under consideration in this study can be defined as follows: length of SMCHS (L = 150
mm), width of SMCHS (B = 100 mm), height of SMCHS (H = 10 mm), channel width (B, = 4 mm) and channel height (H., = 2.5 mm).
The heat dissipated from the electronic chip is represented by a constant heat flux applied on the bottom surface of the SMCHS. The
heat transfer is from the lower surface to the solid (copper) by conduction and then rejected from the surface of the channels to the
cooling fluid (water) by forced convection. For conventional SMCHS, the Reynolds number for cooling liquid is less than 1100. 3D heat

transfer and fluid flow for SMCHS are solved under the assumptions of single-phase incompressible, Newtonian fluid, steady-state,
laminar flow. Furthermore, the radiation dissipation effects, body forces and gravity are not considered.

3.2. Conservation equations and boundary conditions
The governing equations for continuity, momentum, and energy are listed as follows [16,17]:
3.2.1. - Continuity equation
V.U=0 @
3.2.2. - Momentum equation

N 1 N
V.UU= ——VP+v,V2.U (@)

w
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3.2.3. - Energy equations

V.UT= —2-N*T (water) 3

kNV*.T=0 (copper) “@

where ﬁis the velocity vector. P, p, v, Cp, T and k are the pressure, density, kinematic viscosity, specific heat, temperature and thermal
conductivity, respectively.

To solve the abovementioned governing equations, several assumptions are defined for the fluid and solid domains of the heat sink.
Water is assumed to be the cooling fluid with a constant inlet temperature of 293 K and constant velocity. Based on the desired mass
flow rates, the inlet water velocity is calculated. At the outlet, the pressure is assumed to be atmospheric pressure. Copper is used as the
material of the heat sink. For all heat sink walls, a no-slip boundary condition is applied. Also, the outer walls of the heat sink are
assumed to be perfectly insulated with the exception of the bottom wall, which is exposed to uniform heat flux. The heat flux between
the solid and the liquid is equal at the walls of the channels. Table 1 shows details of the applied hydrothermal boundary conditions and
their locations.

3.3. Simulation implementation

ANSYS fluent 18 program is utilised for the simulation of the fluid flow and heat transfer through the SMCHS. The computational
domains for water and copper are partitioned into a large number of unstructured grids. For all the SMCHSs designs under study,
tetrahedral grids are used to provide high accuracy with minimal calculation time. Fig. 2 represents the grid-generated sampled for the
SMCHS design B simulation. The governing equations with the defined boundary conditions are solved by the finite volume method.
To solve the differential equations for the combined pressure and velocity, the SIMPLE algorithm is used. By using the order upwind,
the convective and diffuse terms are discretised. For all the considered variables, when the residual values are less than 107°, the
simulation calculations are approved.

3.4. Grid sensitivity

The accuracy of the numerical solution is highly dependent on the quality of the grid. Thus, to ensure the results’ sensitivity to the
nature of the grid, an independent study of the grid is conducted. At the flow rate of 0.001 kg/s and heat flux of 12 kW/m?, the
sensitivity of five different numbers of grids ranging from 0.45 to 1 million is tested based on the results of the Nusselt number. Table 2
summarises the tests conducted for the three studied SMCHSs designs. The Nusselt number difference decreases by increasing the
number of grids. The grid number is adopted when the difference in the Nusselt number reaches less than 1x10~#, which was found to
be 0.843, 0.712 and 0.958 million for the conventional serpentine, design A and design B, respectively.
4. Experimental method

4.1. Experimental test rig

The test rig under study consists of the following main parts: test clip, heat sink, heat exchanger, water tank, water pump, globe

Table 1
Hydrothermal boundary conditions.

Thermal boundary condition

Hydraulic boundary condition

Conventional Design A Design B Conventional Design A Design B
Inlet (x,y,z) in mm T =Ty =293K U = Uy
vV=w=0
(-75,7.5, -36) (0,7.5,4-50) (4+75,7.5,+50) (-75, 7.5,-36) (0,7.5,+50) (4+75,7.5,+50)
(0,7.5,-50) (-75,7.5,-50) (0,7.5,-50) (-75,7.5,-50)
Outlet (x,y,2z) in mm 92 T; o Py = 1 atm
x2
(+75,7.5,+36) (+75,7.5,0) (+75,7.5,-50) (+75,7.5,+36) (+75,7.5,0) (+75,7.5,-50)
(-75,7.5,0) (-75,7.5,+50) (-75,7.5,0) (-75,7.5,4+50)
Interface surfaces u=v=w=0
JTy dTs
k, =ks——
; T
Top surface 7 _ o u=v=w=0
ke on 011 0, ks on 0
Lower surface q" = constant u=v=w=0
Other surface Uu=vy=w=0
JTy JTy
Kon =0 krgn =0
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Fig. 2. Grid distribution for design B: (a) whole computational domain, (b) near the flow inlet.

Table 2
Grid sensitivity test on the Nusselt number at mass flow rate 0.001 kg/s and heat flux 12 kw/m.2.
No 1 2 3 4 5
Conventional Grid number 475393 569305 658259 724008 843639
Nusselt number 9.0961 8.995 8.895 8.7821 8.782
Nusselt number difference 0.314 0.213 0.113 0.00009 0
Design A Grid number 360813 461805 584659 660113 712193
Nusselt number 9.751 9.603 9.1972 9.1971 9.197
Nusselt number difference 0.554 0.406 0.0002 0.0001 0
Design B Grid number 403684 492646 598483 711494 958419
Nusselt number 9.4677 9.395 9.273 9.18609 9.186
Nusselt number difference 0.2997 0.191 0.015 0.00009 0

valve, flow meter, digital manometer to measure pressure, thermocouples for temperature measurement, data logger, dispersion
heating system, tubes and connectors, as shown in Fig. 3. The purpose of the water pump is to circulate the cooling water within the
whole experimental rig, i.e. from storage tank to test section, then to the heat exchanger and return back to the tank. The type of this
mini-pump is GP-3360, and it works by 220 V and 50 Hz. The maximum flow rate is 500 L/h (0.138 kg/s of water). To control and
measure the flow rate of the cooling water, the globe valve and the flow meter are used, respectively. The flow meter under study can
measure flow rates between 3 and 30 L/h with an error of +0.2%. Digital manometer (PDMMO01) was used to measure the pressure
drop between the inlet and outlet of the heat sink with accuracy of +0.3%. The material of SMCHSs under study is copper, with general

Fig. 3. The experimental set-up.
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dimensions of 150 mm long, 100 mm wide and 10 mm deep. The height and width of the channel are 2.5 and 4 mm, respectively. Fig. 4
is a photo of the heat sinks under study: the conventional model and the two new designs A and B, which are manufactured using CNC
machine. Therefore, Fig. 4 shows the final form of the test section assembly. To minimize heat loss from the test section, an insulation
layer was added on the bottom surface of the heat sink. The test section is equipped with 12 thermocouples type K with an error of
+0.3 °C, 10 thermocouples to measure the temperature of the SMCHS base and two thermocouples to measure the water temperature
at the inlet and outlet. All thermocouples were calibrated before installation into the specified locations. Furthermore, a data logger is
used to measure the temperatures and to record them on a personal laptop. To provide a clear view of the flow field within the
dispersion channels, a transparent Perspex cap is installed on the top surface of the dispersion. An electric heater is installed on the
lower surface of the heat sink to supply power to the test section and ensure a uniform heat flux to the heat sink. The amount of heat
supplied is controlled using a voltage regulator. The voltage and current were measured using the multi-action meter. The water is
pumped at ambient temperature to enter the disperser and then acquires heat as it passes through the dispersion channels. To cool the
water that exits from the dispersion before returning to the tank, a heat exchanger with finned tubes is used. In addition, all the
measuring instruments used to test dispersion performance were calibrated before installing them. Data required at a flow rate from
0.001 kg/s to 0.0025 kg/s were tested to ensure that the flow is still laminar. Firstly, to start the test, the tank is filled with water. Then,
the pump is turned on, and the flow rate is adjusted by using the globe valve. Secondly, the heater is turned on, and the voltage and
current are adjusted. The water inlet temperature is fixed at 293 K during the test by using the heat exchanger. A sufficient duration of
time is set between the readings to ensure a steady state of the test depending on the flow rate and heat flux under the study. Af-
terwards, the voltage, current, inlet and outlet temperatures of water, dispersion base temperature, pressure drop and flow rate are
recorded. These steps are repeated for each studied flow rate and heat flux. All previous steps are repeated for all dispersions under
study.

4.2. Uncertainties analysis of the experimental measurements

To ensure the reliability and accuracy of the results obtained from the experimental work, error analysis is carried out. Every
measurement device used has a certain inaccuracy. The calculation of the total uncertainty is analyzed using the following equation
[18,19]:

=N /oR 2 1/2
; (a_x,-ui) ] (5)

where, u; is the uncertainty of the independent variables.
Accordingly, the uncertainties of heat gain, Nusselt number, heat transfer coefficient, thermal resistance and pumping power can be
defined as follows:

Heat gain (QW):

UR:

Screws < Inlet
:, N {

Adiabatic

¥ 3
Perspex glass \T\§ ~~

Rubber ring

Copper SMCHS

Heat source

Insulation base
block

Outlet

Fig. 4. Fabricated test SMCHSs and schematic diagram of the conventional SMCHS test section assembly.
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vo, | (uw,\’, (uv ucpw>2 (u(TW - Tw-)>2
QW‘KAJ'+<v>+(qw (0, —1)

Logarithmic mean temperature difference (LMTD):

ULMTD Ku(m - Tw.i)>2 (u(Tb.av - Tw.,v)> . <u(Tb,av - Tw.o)ﬂ -
= + +
ip [\ (T, —T.,) (Tywr — 7o) (Tywr — Tos)
Heat transfer coefficient (1 ):
2 %
Uh uQ, (uA(.h) 2 (uLMTD) 2
h 0, Ach LMTD

Nusselt number (Nu ):

UNu

123

(-6

Thermal resistance (6):

Nu=

w

2 LMTD 0,

U (uLMTD)2 u
0

Pumping power (Wp):

N\ 2 Vs
uwp | (uv)" uAP\>
wp |\ Vv AP

©)

7

(8)

©)]

10

(11)

Using the abovementioned equations and by relying on Table 3, which includes the inaccuracy of the various physical variables
measured directly, the total error ratios are calculated for all the studied performance determinants and as follows: Nusselt number Nu
4.87%, the coefficient of heat transfer h 4.77%, the thermal resistance 6 4.76%, and the pumping power Wp 11.2%. From the presented
uncertainty analysis, it can be concluded that the error in the measurements of the performance parameters is within an acceptable

range.
5. Results and discussion

5.1. Comparisons between the numerical and experimental results

To verify the accuracy and credibility of the numerical simulation model, three comparisons are conducted for the results obtained
experimentally under the same geometry and operating conditions (heat flux of 12 kW/m?) for the conventional design, design A and
design B, as shown in Fig. 5. The pumping power required to circulate cooling water during SMCHS can be expressed in terms of

pressure drop and volumetric flow rate [20], as follows:

W,=V x AP

Table 3
Uncertainty of the experimental measurement
parameters.
Parameter Uncertainty (%)
Pw +1
Ky +1
Cprw +1
A +0.2
(Tp,av-Tw,i) +1.7 to +6
(Tb,av-Tw,0) +1.7 to +6
(Tw,o-Tw,1) +0.6 to +3
AP +2 to +£11
v +0.3t0 2.5

(2)
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(c) Design B

Fig. 5. Comparisons between the results of the numerical simulation and experimental test for different channel designs.

where V is the volumetric flow rate of water. AP is the pressure drop through the channels of the heat sink. Fig. 5 (left) shows good
convergence between the numerical and experimental results in the general behavior as well as the values of the pumping power ratio
(Pumping power/maximum pumping power of the conventional SMCHS) and average wall temperature distribution under various
mass flow rates of the cooling water. Furthermore, Fig. 5 reports that the maximum deviation between the experimental and numerical
results of the pumping power ratio is 10.5%, 10.4% and 5.6% for the conventional design, design A and design B, respectively. The
deviation of the average surface temperature is 1.54%, 1.98% and 1.89% for the conventional design, design A and design B,
respectively. According to the above, the highest difference between the experimental and numerical results is recorded with the
pumping power ratio, whereas the lowest difference is recorded with the temperatures. The reason for this is the fact that the pumping
power depends on two variables, which are the pressure drop and the flow rate, whereas the temperature depends on one variable.
Thus, the error increases as a result of the accumulation of composite errors.

The overall thermal resistance is an important indicator typically used to evaluate the thermal performance of the MCHS and can be
defined as follows [21,22]:

_ LMTD
0.

0 13)

where LMTD is logarithmic mean temperature difference and Q,y is the heat gain. Fig. 5 (middle) depicts the comparison between the
numerical and experimental results for the pressure drop and the thermal resistance. This figure shows a good convergence between
the numerical and experimental results. Moreover, the maximum difference percentages for pressure drop are 8.9%, 10.83% and
5.62% for the conventional design, design A and design B, respectively. The percentage differences of the thermal resistance are 3.4%,
3% and 4% for the conventional design, design A and design B, respectively.

One of the most important parameters used in evaluating the thermal performance of heat sinks is the Nusselt number, which is a
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non-dimensional number representing the ratio between the convection heat transfer to the conduction heat transfer. Eq. (14) can be
used to estimate the average Nusselt number [23]:
m_@_ Qth _mwcp,w (Tw.o - Tw,i)Dh

= = 14
kv  Aa(LMTD)k, A (LMTD)k,, a9

where his the average convection heat transfer coefficient, Q,, is the heat gain, Dy, is the hydraulic diameter of the channel, A, is the
heat transfer area, ky, is the water thermal conductivity, my, is the water mass flow rate, Cp,, is the water specific heat, Ty, is the outlet
water temperature and T,; is the inlet water temperature. Fig. 5 (right) shows the comparison between the numerical and experi-
mental results of the Nusselt number and the exit temperature of the cooling water. This figure shows that the convergence between the
numerical and experimental results is significantly good: the maximum error percentages for the number of Nusselt are 2.5%, 4.7% and
3.7% and for the exit water temperature are 3.52%, 3.08% and 3.92% for the conventional design, design A and design B, respectively.
According to the above findings, we can state that reasonable differences exist between the numerical and experimental results for all
models and parameters under study. Plausible explanations for the differences could be the thermal losses, measurement errors and
numerical assumptions. For all the studied parameters, the maximum difference between the numerical results and the experimental
measurements is found to be less than 11%. Therefore, the developed numerical approach is considered accurate enough and can be
applied to the investigation of heat transfer simulations and fluid flow of the heat sink, thereby leading to the prediction of the hy-
drothermal performance of the heat sink mini-channel.

(¢) Design B

Fig. 6. Temperature distribution in the solid domain (left) and Pressure distribution of the fluid domain (right) for the three SMCHSs under a heat
flux of 12 kW/m? and a mass flow rate of 0.0025 kg/s.
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5.2. Numerical results

Fig. 6 depicts the numerical results for the temperature and pressure drop counters of the heat sink for all models considered in this
study at a mass flow rate of 0.0025 kg/s and a heat flux of 12 kW/m?2. The minimum heat sink temperature is at the channel inlet, and
the temperature increases gradually up to the outlet of channel. The increase in the temperature of the cooling water during the
passage in the channel of heat sink leads to a reduction in the heat transfer rate. Furthermore, this figure shows that flow fragmentation
has an effect on the reduction of the heat sink temperature. Flow fragmentation in the new models leads to more contact between the
cooled water and the hot region of the heat sink, thereby resulting in better temperature uniformity of the heat sink and increased rate
of heat transfer. Hence, the thermal stresses are reduced. In addition, increase of channel curves in the new models enhanced the
mixing of the cooling water, thereby contributing effectively to the reduction of the maximum temperature of the heat sink. Although
the temperature in the region of the outlet in the new models is higher as compared with other regions of the heat sink, the temperature
of this region is lower than that of the conventional model. For instance, in comparison with conventional SMCHS, the maximum
temperature reductions for designs A and B are 4.1 and 2.4 K, respectively. A higher pressure drop happens at the inlet region of the
heat sink for all models, and it decreases gradually, reaching its least value at the outlet region. In addition, the pressure drop value for
the new models is about three times smaller than that of the conventional model. This result is due to the fact that the flow frag-
mentation improves the hydraulic performance of the heat sink significantly. The advantage of the two proposed models is the
presence of two inlets, which leads to the division of the flow and the reduction of the velocity of the cooling water in each channel,
thereby reducing the hydraulic friction loss. This in turn reduces the total pressure drop of the heat sink. Furthermore, very small
differences exist between the proposed designs (A and B) regarding pressure drop.

Fig. 7 shows the variation of the Nusselt number with the a mass flow rate of the cooling water under heat flux values of 6 kW,/m?
and 12 kW/m?2. The Nusselt number increases with increasing the mass flow rate of the cooling water for all models considered in the
present study. The reason behind this is the increase in the heat transfer rate by convection within the channel of the heat sink.
Furthermore, the Nusselt number for the three models at the lower mass flow rate is smaller compared with the higher mass flow rate.
In addition, the Nusselt number of both new models is larger compared with that of the conventional model. This thermal enhancement
becomes more apparent at the higher flow rate for which the ratio of the Nusselt number enhancement (Nusselt number of modified
SMCHS/Nusselt number of conventional SMCHS) reaches 1.23 and 1.12 for the proposed designs A and B, respectively. The Nuesselt
number enhancement ratio is almost equal for the two heat fluxes. Comparatively, under constant flow rate, a noticeable increase in
the Nusselt number is observed with the higher heat flux, however, this increase is not remarkable compared with the increase in the
Nusselt number caused by the increased flow rate.

According to these results, flow fragmentation orthogonally or diagonally has a small effect on the pressure drop, as observed from
Fig. 8. This figure shows the effect of the flow rate on the pressure drop for all cases under consideration and shows that the increase of
the flow rate leads to an increase in the pressure drop for all cases. The flow fragmentation means that rather than using a long single
channel path, the flow is divided into four short paths by splitting the flow into two parts. Then, every part is divided into two branches.
This process effectively reduces the friction force of the flow, which in turn reduces the pressure drop. In addition, this decrease of
pressure drop due to the new design becomes more effective when flow rates are increased. The pressure drop ratio (pressure drop
through the modified SMCHS/pressure drop through the conventional SMCHS) decreases by approximately 2.7 and 3 for the proposed
designs A and B, respectively; however, the difference in the pressure drop between the two new models is small.

The effective improvement of the cooling thermal performance of the proposed SMCHS as compared to the conventional SMCHS

16 16
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Fig. 7. Influence of the channel design on the average Nusselt number for different mass flow rates; (a) under a heat flux of 6 kW/m? and (b) under a
heat flux of 12 kW/m?2.
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Fig. 8. Influence of the channel design on the pressure drop for different mass flow rates.

based on the enhancement of the average Nusselt number ratio relative to the pressure drop ratio is given by the overall hydrothermal
performance factor (OHPF). The OHPF is calculated by Eq. (15) [24,25].

OHPF = Nugsvicns / Nucsmcns

(15)

{/A Peswcrs/p Pesmens

where Nugsymcys is the Nusselt number of the modified SMCHS, Nucswmcys is the Nusselt number of the conventional SMCHS, APgsyichs
is the pressure drop through the modified SMCHS, and APcsmcus is the pressure drop through the conventional SMCHS. According to
Figs. 7 and 8, which represent the Nusselt number and pressure drop, respectively, the best performance of the heat sink regarding
enhancement the heat transfer with minimum pressure drop can be determined. Table 4 shows the variation in the overall hydro-
thermal performance factor OHPF, which is calculated from Eq. (15) at various mass flow rates of the cooling water for the new models.
For the two proposed SMCHSs, the table emphasises that the flow fragmentation effectively contributes to the improvement of the
overall performance of the heat sink. For heat flux 12 kW/m? and at the highest flow rate, the OHPF is about 1.72 and 1.62 for designs
A and B, respectively, compared with the conventional SMCHS. The overall performance factor increases with increasing the mass flow
rate despite the increase in the pressure drop. The pressure drop in both new models is lower than that in the conventional model, as
shown in Fig. 8. Thus, the denominator of the equation becomes smaller, which leads to an increase in the performance factor.
Furthermore, the Nusselt number enhancement increases with the increasing flow rate, whereas the ratio of the pressure drop de-
creases. Hence, the performance factor increases accordingly. At the lowest flow rate, it is noted that design B has a higher OHPF than
design A, but when the flow continues to increase, design A has higher OHPF. The reason for this is due to the fact that the rate of
improvement in heat transfer is close at the lowest flow rate, but the pressure drop of design B is relatively smaller than that of design
A. However, with the increase in the flow rate, it is clearly noted that the heat transfer improvement of design A is higher compared to

Table 4
Comparison of the overall hydrothermal performance factor (OHPF) between designs A and B; (a) under a heat flux of 6 kW/m? and (b) under a heat
flux of 12 kW/m.%

Mass flow rate [kg/s] Overall hydrothermal performance factor (OHPF)

Design A Design B

6 kw/m?* 12 kW/m? 6 kW/m? 12 kW/m?
0.001 1.489 1.490 1.514 1.532
0.0015 1.534 1.559 1.498 1.516
0.002 1.602 1.621 1.551 1.570
0.0025 1.702 1.719 1.604 1.609
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design B. For different passive heat transfer improvement techniques of the MCHSs, the OHPF decreases with increasing the mass flow
rate of the cooling water, as mentioned in previous studies [26,27]. However, the results of the current study show the opposite in
terms of the pressure drop. Design A has the best OHPF under all mass flow rates in this study. A large convergence of the OHPF values
exists under the two values of heat flux as shown in Table 4. The reason for this is the convergence of the values of the ratio of Nusselt
number enhancement.

5.3. Experimental results

To further demonstrate the effect of the flow fragmentation on the overall thermal performance, the thermal resistance of and
pumping power ratio the new SMCHSs is compared with that of the conventional SMCHS. Fig. 9a demonstrates the effect of the mass
flow rate on the thermal resistance for all SMCHSs under study. This figure confirms that flow fragmentation effectively contributes to
the reduction of thermal resistance, which results in improved thermal performance. At a higher flow rate, the decrease in the thermal
resistance are approximately 23% and 10.5% for designs A and B, respectively, compared with the conventional SMCHS. The thermal
resistance declines as the flow rate increases due to the increase in the rejected heat, which is in inverse relationship with the thermal
resistance (reduced average surface temperature). Furthermore, design A has a lower thermal resistance compared with design B for all
mass flow rates under consideration. The main aim of the performance improvement of any micro/min-channel heat sink is to achieve
the highest heat dissipation with the lowest pressure drop, thereby ensuring the lowest pumping power [28]. Variations of the
pumping power ratio (Pumping power/maximum pumping power of the conventional SMCHS) for the studied SMCHSs under various
mass flow rates are illustrated in Fig. 9b. As expected, the pumping power increases with increasing the flow rate for all cases in the
study due to the increase in both the pressure drop and flow rate. A remarkable decrease in pumping power is seen for designs A and B
compared with the conventional SMCHS at the same flow rate. The reason for the decrease in pumping power is the decrease in flow
resistance within the new SMCHS caused by the flow fragmentation. The most important advantage that makes the new design of the
SMCHS better than the conventional design is the apparent decrease in pumping power. The pumping power difference increases
dramatically with increasing the flow rate. The decrease of the pumping power for designs A and B is estimated to be 294% and 353%
respectively, compared with the conventional model. However, the effect of flow rate on the pumping power of the conventional
SMCHS is higher compared with those of the new models. An exponential increase in the pumping power is observed with increasing
the flow rate of the conventional SMCHS, whereas the increase in new SMCHSs is almost linear. Thus, at high flow rates, the flow
fragmentation is an ideal solution to reduce the high pumping power. The difference in the pumping power for designs A and B is very
small, however, design B shows a slight lower pumping power than design A.

6. Conclusions

The aim of this investigation is to study the effect of the fluid flow fragmentation on the hydrothermal performance characteristics
of a serpentine mini-channel heat sink (SMCHS) under laminar flow conditions. Two novel designs were investigated, a perpendicular
(orthogonal) design and a diagonal design, related to how the fluid flow is fragmented in the SMCHS, named as design A and design B,
respectively. The flow fragmentation in the two new designs is made by making two entrances and two exits of the cooling water,
where the flow in each entrance is then divided into two branches. The performance of the new designs were compared, numerically
and experimentally, with a conventional design that has one entrance and one exit.

Based on the results of numerical and experimental analyses, the following conclusions can be made:

1. In general, the thermal resistance and pumping power are greatly reduced due to the fragmentation of the flow compared with
single flow under the same operational conditions.

2. The flow fragmentation contributes to a more uniform temperature distribution on the surface of the SMCHS.

3. In comparison with the conventional SMCHS, the heat transfer is enhanced effectively when the flow of the heat sink is fragmented.
Such enhancement becomes more apparent at high flow rates. Accordingly, under heat flux of 12 kW/m?, the ratio of Nusselt
number enhancement (Nusselt number of modified SMCHS/Nusselt number of conventional SMCHS) reaches 1.23 and 1.12 for the
proposed designs A and B, respectively.

4. The pressure drop of the cooling water is effectively reduced when the flow is fragmented in the SMCHS. The pressure drop ratio
(pressure drop through modified SMCHS/pressure drop through conventional SMCHS) decreases by approximately 2.7 and 3 for
the proposed designs A and B, respectively.

5. Under the same mass flow rate, the overall hydrothermal performances of the new SMCHS models (with fragmented flow) are much
better compared with the conventional SMCHS. This improvement in the overall hydrothermal performance is proportional to the
flow rate. Compared with the conventional SMCHS under heat flux of 12 kW/m? and at the highest flow rate, the OHPF increased
1.72 times for design A and 1.62 for design B, respectively.
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Nomenclatures

Acy; heat transfer area, mm?

B: SMCHS width, mm

Bcp: channel width, mm

Cp: specific heat, Jkg 'K!

Dp: hydraulic diameter2(B., X Hen)/(Ben + Hen), mm
H: SMCHS height, mm

Hcp: channel height, mm

h: coefficient of heat transfer, Am%hm,Wm’z K!
k: thermal conductivity, Wm K

L: SMCHS length, mm

LMTD: log mean temperature difference

rin,,: water mass flow rate, p,,V , kgs !

(To.ay—Twi)~(Th.av—Two) K
In[(Tyay=Twi)/(Toav—Two) ]’

Nu: Nusselt number, %2, -

OHPC: overall hydrothermal performance coefficient
P: pressure, Pa

AP: pressure drop (P; — P,), Pa

Q- heat gain p, VCyy (Tyo — Twi), W

Re: Reynolds number, 2:22:

Tw,m: mean water tempelrlatureO.S(Tw,o — Twi), K

Tp: heat sink bottom wall temperature, K

7: average velocity, m s~*
V: volume flow rate, L min~
Wp: pumping powerV x nP, kWGreek Symbols
p: density, kg m™>

v: kinematic viscosity, m%s~
6: thermal resistance, K''Subscripts
c: copper

i: inlet

o: outlet

w: water
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