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G o W N

Abstract: In this paper, the impact of an extended surface on the passage of a microchannel using
cylindrical ribs with variable sector angles on heat transfer rate is presented using computer simu-
lation. Extended surfaces in the form of cylindrical ribs of varying sector angles in the passage of
microchannel in a staggered manner have been designed. The sidewalls of a new kind of microchan-
nel incorporating five distinct ribs with sector angles ranging from 45° to 80° have been analyzed.
Ansys Fluent workbench software has been exploited to simulate this novel design of a microchannel
heat sink. A three-dimensional heat transfer and fluid flow model of the microchannel heat sink
(MCHS) was developed, and the fluid and solid regions were discretized in very fine meshes. All
CFD simulations were performed for Reynolds numbers between 100 and 900. Nusselt numbers are
varied in the following ranges: 6.93 to 13.87, 6.93 to 14.38, 6.93 to 17.80, 7.15 to 27.86, and 7.20 to 37.38
at sector angles of 45°, 50°, 60°, 70°, and 80°, respectively. It is concluded that the Nusselt number is
strongly influenced by the Reynolds number. At an angle of 80°, the maximum friction factor and
pumping power requirements were observed. Additionally, a 45° angle has been proven to be the
minimal friction factor and pumping power requirement. It is revealed that the THPP has all values
larger higher than 1. At angles of 80° and 45°, the maximum and minimum values of THPP have
been discovered, respectively. In addition, thermo-hydraulic performance parameters have been
evaluated, which are greater than one for all sector angles.

Keywords: microchannel; Nusselt number; CFD; electronics cooling; heat transfer enhancement;
cylindrical ribs

1. Introduction

Electronic gadgets such as, mobile phone, projector, light emitting diode, microproces-
sor, integrated circuit, etc., generate a large amount of heat when they run continuously for
along time, and they can be damaged if excessive heat is not removed. In order to avoid this
damage to these devices, it is necessary to add or remove a fan or a cooling system that will
help in removing the excessive heat from these devices. This can be done using different
methods such as using fans and cooling systems. Therefore, thermal management of these
components/gadgets is a very crucial task in order to increase their life. Micro-channels are
one of the key components of electronics and play a significant role in heat removal from
these devices. Thermal management is a significant challenge for electronic components
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because they are often made of materials that conduct heat differently than air, and have
very high surface-to-volume ratios. Additionally, micro-channels helps in reduction in the
size of electronic equipment because of technological innovation is crucial, as countless
transistors are now mounted on a device [1-5]. Congestion at high temperatures and a
lack of available space poses serious problems with heat removal. Microchannel heat sink
(MCHS) are one of the options offered to solve this problem. MCHSs are employed to
remove the intensive heat from electronic components. Heat transfer enhancement using
the artificial roughness is very popular in some thermal systems [6-8]. The heat dissipation
rate from microchannels is accelerated using passive techniques, which include alteration
of microchannel passage geometry and increasing the convective heat transfer. The other
technique is to use the appropriate heat transfer fluid, which flows inside the microchannel
with Reynolds numbers between 100-900 [9].

Since the ground-breaking work of Tuckerman and Pease in 1981 [10], there has
been a lot of interest by researchers in the study of microchannel cooling systems. They
addressed how the heat transfer coefficient for laminar flow in narrow channels is inversely
proportional to the channel width, which makes microscopic channels advantageous [10].
Predictions of heat transmission and entropy had been produced as a result of extensive
research into and optimization of heat sink size [11,12]. Microchannels with pins were
also perceived in both parallel and staggered forms to study the enhancement in the rate
of heat transfer [13]. Geometry modification influences the heat transfer enhancement,
which is known as the passive technique. Therefore, heat dissipation characteristics of
different shapes such as square, elliptical, round, rectangular, and other shapes were
also studied [13-16]. Meher et al. [17] presented a study on heat transfer and fluid flow
characteristics in MCHSs. The results show that it is incorrect to study performance metrics
using a Reynolds number, since each coolant has different thermophysical properties, and
that the use of nanofluids in MCHS is not feasible because water is more practical and
less hazardous. In another study, Vatsa et al. [18] investigated the results of silicon MCHS
using a two-sided wedge. According to their findings, a microchannel with a wedge
angle of 15° can increase both the Nusselt number and the thermohydraulic efficiency.
Chen et al. [19] presented a study on a cross-fin MCHS in which the fluid can rotate to
make the fluid itself rotate. It was demonstrated that a cross-ribbed microchannel improved
the cooling capacities by 28.6% and 14.3% when compared to rectangle-shaped (MC-R) and
horizontal-ribbed microchannels, respectively, although the pressure drop rose to 10.7 and
5.5 times, respectively. Ali et al. [20] analyzed the performance of a MCHS with innovative
fins in the shape of trefoil. Numerical analysis was performed comparing three different
configurations of trefoil ribs with smooth channels with no fins on the walls. The three
trefoil shape configurations consisted of: (1) trefoil fins on the side wall, (2) trefoil fins on
the base wall and (3) trefoil fins on the entire wall. It was found that all the configurations
with trefoil ribs had higher Nusselt numbers, but at a penalty of higher fluid friction factors.
The configuration with trefoil fins on side walls showed the highest thermal improvement
factor of 1.6. Yadav et al. [21] employed a rectangular microchannel with cylinder-shaped
micro fins in the passage of the microchannel. Three distinct configurations, including
upstream, downstream, and fully finned, have been simulated numerically. As a result,
the microchannel structure with upstream fins turned out to have a higher heat transfer
efficiency than the one with downstream fins.

Apart from the numerical work, researchers have also demonstrated the experiments
in order to validate the theoretical models. Therefore, Jia et al. [22] conducted experiments in
an oval-shaped microchannel to study different heat transfer and fluid flow characteristics
in a laminar flow with a Reynolds numbers between 157 and 668. It was reported that
the microchannel with oval-shaped pin fins was more effective than conventional simple
microchannels. Isaev et al. [23,24] experimentally evaluated the anomalous enhancement
of the separated flow and heat transfer phenomenon in slanted oval dimples. In addition,
Isaev et al. [25] studied turbulent flow around longitudinal plate fragments in terms of
convective heat transfer enhancement. Eneren et al. [26] presented a comprehensive review
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of various experimental studies and addressed different nanofluid parameters such as
thermal conductivity, stability, and particle-surface interactions such as erosion, abrasion,
corrosion, and particle clumping that could hinder the heat transfer rate in microchannels.
Huang et al. [27] carried out an experimental analysis of heat transfer and fluid flow
properties in microchannel heat exchangers with fan-shaped cavities. To compare the
advantages of fan-shaped cavities, conventional microchannel heat exchangers were also
tested in similar conditions. The results show that fan-shaped microchannel heat exchangers
can perform better than straight microchannel heat exchangers in terms of heat transfer
and pressure drop. Chai et al. [28] carried out an experimental study on MCHS with an
alternate expansion—constriction cross-section. Heat transfer and fluid friction properties
were assessed relatively to the effects of the alternate expansion—constriction cross section.

Passive techniques for performance improvement of MCHS are becoming increasingly
important due to their ease of use. These techniques include the geometry modification
in passages such as trapezoidal grooves [29], V ribs [2], hemisphere cavities [30], dimple
ribs [31,32], tree-like branching with dimples [33] and cavities on side walls [34]. These
designs achieve larger Nusselt numbers and substantially smaller pressure drops. In ad-
dition, the combination of more than one geometry modification is also explored as a
possibility to enhance the heat transfer rate. Interlinked double-layer matrix structures and
complex double-layer structures for microchannels were studied further. The numerical
findings demonstrate that the matrix’s periodic slot sub-channel had a sizable impact on
heat transfer and fluid flow properties [35]. In another study, grooves for wavy microchan-
nel heat exchangers were investigated. The optimal design improved the heat transfer and
friction factor by 1.55% and 3.00% when compared to the referent design [36]. Thermal
performance in MCHSs of various sizes of micro-inserts were studied. Micro-inserts had
the best heat transfer performance, with an improvement of 1-9% and 14.5% increase in
pressure drop in the range of Reynolds numbers between 56 and 2242 [37]. In the literature,
there is a lack of parametric studies on the micro-channel geometric design, especially
extended surfaces having circular ribs. Various modifications are widely investigated,
but parametric studies on that geometry are not available. This paper seeks to bring to
light the fact that microchannel and cylindrical ribs are not as well-known within the field
of engineering as they should be. Specifically, it is intended to provide information on
how these two types of structures can be used together to provide an improved design
for a certain application. Cylindrical ribs are commonly used to increase the strength of
a material, as well as to provide added rigidity to a structure. However, there is a lack
of research on how these ribs can be used in microchannel applications to enhance heat
transfer. In this work, we will describe how cylindrical ribs can be applied to enhance the
heat transfer of microchannels. From the previous literature review, it can be concluded that
different geometrical modifications have already been investigated; however, parametric
studies on a given geometry are not yet widely available.

This work presents the effect of circular ribs of same diameter and pitch at the side
walls of microchannel passage in staggered manner on the performance of microchannel
using computer simulation. The geometry of the ribs has been governed by varying sector
angles from 45° to 80°. The goal of the work is to analyze the performance parameters
due to these sidewall modification with a Reynolds number varying from 100 to 900. The
outcomes have then been compared with those of a simple microchannel to offer theoretical
benchmarks for a wide range of heat sink applications.

2. Computational Model of MCHS
2.1. Design and Computational Model

The computation domain of the MCHS has been the computational MCHS, along with
domain of water, was created in the design modular of Ansys Fluent. The domain is three-
dimensional considering the following assumptions, i.e., non-isothermal at steady state, and
uses a single-phase fluid (water). The microchannel consists of 50 channels with rectangular
cross-section, which require substantial computing resources and a prohibitively long time
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to complete. Therefore, a single channel of the MCHS represents the computational domain
that has been considered for simulation in all cases. The single channel has been shown in
Figure 1 with the following dimensions, i.e., a length of 10 mm, a height of 0.35 mm and a
width 0.2 mm. The ribs on the passage wall are designed with sector angles varying from
45° to 80°, while rib pitch is set fixed at 0.4 mm and rib radius is set fixed as 0.025 mm. The
top view of the cylindrical ribs on the passage wall are shown in Figure 2.

o,

0.2 mm

Wwee'o

A o

(a) (b)

0.2 mm

(c)

Figure 1. Single microchannel’s 3D computational domain having cylindrical protrusion ribs in a

staggered manner (a) isometric view, (b) front view, and (c) top view.

2.2. Numerical Models

In this subsection, numerical models have been presented and discussed. Governing
equations of conservation of mass, conservation of momentum and energy equations of
heat transfer fluid and MCHS have been exploited and presented below. The following
assumptions have been made in order to solve these equations. The flow is considered
as laminar in steady state conditions. Since water is employed as a heat transfer fluid,
therefore, it is considered as incompressible fluid.

The conservation of mass or equation of continuity:

Ju Jdv oJw

aﬁ‘@%‘g =0 @)

The conservation of momentum in x, y and z directions are given below as Equations (2)—(4),
respectively.
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The energy equation for heat transfer fluid:

oTy  oT k ?*Ty  *T; 0T
L ( ;P f) )

f R
x Ty T daxz oy  09z?

) ay 9z pfCpy

The energy equation for MCHS (silicon):

aszc aZT 82T
Kume ax2 +oa+ 822 =0 (6)

(e)
Figure 2. Cylindrical rib on the passage wall of the microchannel (top view) of angle (a) 45°, (b) 50°,
(c) 60°, (d) 70°, and (e) 80°.
2.3. Properties of MCHS and Heat Transfer Fluid

In the present study, two computational domains, namely; the domains of MCHS and
fluid have been employed. The thermophysical properties of MCHS (silicon material) and
fluid (water) have been presented in Tables 1 and 2, respectively.
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Table 1. The thermophysical properties of water (T = 300 K).

Dynamic Viscosity Specific Heat Density Thermal Conductivity
us [Pa-s] cp ¢ [J/kg K] ps [kg/m®] k¢ W/m K]
0.001 0.60 998.2 4182

Table 2. The thermophysical properties of silicon.

Poisson’s Ratio ot¢ ~ Thermal Conductivity kmc Young’s Modulus Density Specific Heat cp,mc Thermal Expansion
0.28 [W/m-K] Emc [GPa] Pme [kg/m®] [J/kg-KI Ome [1/K]
0.28 130 170-10° 2329 700 261076

2.4. Boundary Conditions and the Computational Process

For all simulations, the design module of Ansys Workbench is used to build a com-
putation domain for a single microchannel and fluid domain. As seen in Figure 3, a
multizone-structured fine mesh has been created. To demonstrate mesh independence,
several simulations have been run for grid sensitivity by changing the numbers of elements
and nodes in the ranges of 115,725 to 1,376,206 and 154,541 to 154,854, respectively. The
values of the friction factor and the corresponding error for two consecutive friction factor
numbers are shown in Table 3 along with the number of nodes and elements. It is evident
that when the number of nodes increases from 154,541 to 1,208,153, the error decreases
from 6.15 to 0.64 percent. As a result of the fact that a further increase in node count does
not significantly alter the friction factor, therefore, 1,208,153 nodes are taken into account
for the remainder of the simulation. An iterative technique of the solution process used the
SIMPLE method to account for velocity—pressure coupling. To obtain solution convergence,
an iterative solution is employed with a convergence criterion of 1 x 10~ for energy and
1 x 107 for the momentum and velocity component. According to the chosen Reynolds
number, which can be between 100 and 900, the fluid’s inlet velocity is provided. The outlet
of the flow was considered as out flow in the atmospheric; therefore, zero gauge pressure is
provided at the outlet. Symmetric boundary conditions are provided to sidewalls, whereas
a constant heat flux of 1.0 10® W/m? is introduced to the bottom of MCHS.

Figure 3. The mesh for the microchannel and fluid zone.
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Table 3. Mesh independence test.

S. No. Nodes Elements FI;r::(:i()(;) Varf;li‘f;nitzie(%)
1 154,541 115,725 0.078977 —
2 488,261 403,033 0.084155 6.152932
3 796,066 681,794 0.085051 1.053486
4 1,208,153 1,061,406 0.085606 0.648319

2.5. Data Reduction

Numerical solutions in the flow domain and microchannel domain are used to obtain
copious amounts of data. To display the results in terms of analytical parameters and
performance parameters, data reduction was done. These parameters are given below:

Reynolds number:

Re — Pe e Dn @
[8;
Dy, is hydraulic diameter is calculated as given below:
2-W-H
Dp=——
"W+ H ®)
The conjugated area average temperature is:
= [T-dA
Te ="+ 9
The mass-weighted average temperature of heat transfer fluid:
_ T-o¢-dA
T — LT pdd (10)
Jps-dA
The average Nusselt number (Nu):
Ni = - Dn (11)
ke
where, average convective heat transfer coefficient is:
— -A
. . (12)
Ace (Tmc - Tf)
The Average friction factor is:
- Ap-D
=i 13
. pf . . uf

2.6. Model Validation

Well-known experimental results acquired by Chai et al. [28] were used to verify
the results by using a numerical model. Numerical results of smooth MCHS (without
geometrical modifications) have been compared with the experimental results. Figure 4
depicts the comparison of the numerically acquired Nusselt numbers and friction factors
of the MCHS with experimental values of friction factors and Nusselt number operating
under similar conditions. The numerical findings are in line with the experimental findings,
proving the validity of the mathematical model employed in this study. This suggests that
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the present numerical results are trustworthy and that the subsequent simulations can be
carried out using this numerical approach.
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Figure 4. Comparison between numerical experimental results data for (a) Nusselt numbers and
(b) friction factors [28].

3. Results and Discussion

Numerical simulations of the MCHS with cylindrical protrusions in a staggered
manner on passage of the microchannel are performed for Re = 100-900. A heat flux of
1.0 x 10° W/m? is uniformly applied to the microchannel’s base. The distribution of
pressure drops and velocity within the sphere of flow has been shown and explained to
understand the fluid flow characteristics. Additionally, the distribution of temperature in
the microchannel and fluid domain has been discussed to analyze the heat dissipation rate.
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3.1. Velocity Contour

The velocity contour of flow due to different angles has been presented and compared
at two values of Reynolds numbers (100 and 900) as shown in Figure 5. It is evident that
for a Reynolds number of 100, the velocity increases steadily with an increasing angle from
45° to 80°. However, for a Reynolds number of 900, the velocity reduces somewhat with an
increasing angle from 45° to 70° before rising dramatically at 80°. In addition, a significant
reduction in velocities is observed when Reynolds changes from 100 to 900. This occurs
as a result of the creation of turbulence and formation of eddies around the ribs and an
increase in the total convective surface area of MCHS with an increasing angle. Greater
heat dissipation to the water is provided due to greater convective surface areas.

Reynolds Number = 100 — Flow Direction
_— =

Angle 45°

e ——————————————————

Angle 50°

e e e e e  — |

Angle 60°

e —— ¢ |

Angle 70°

Angle 80°
Velocity e
velocity [m s”-1]

Location of Velocity Contour

(@)

Reynolds Number = 900 — Flow Direction
e ———————————
Angle 45°

e ———

Angle 50°

e = X
Angle 60°

_ ==
Angle 70°

Velocity Angle 80°
velocity [ms*1]

Location of Velocity Contour

(b)

Figure 5. Distribution of velocity in microchannel’s fluid domain at (a) Re = 100 and (b) Re = 900 at

various angles.
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3.2. Pressure Drop Contour

Figure 6 shows the pressure distribution in the fluid domain of the MCHS for Reynolds
numbers between 100 and 900. The pressure decrease in the flow field along the length
of MCHS as shown in the Figure. The case of angle 80° results in the most pressure drop,
whereas angle 45° results in the lowest pressure drop at Reynolds number of 100. Similar
trends in pressure loss caused by different angles can be seen for Reynolds number of
900. Additionally, there is a significant change in pressure drop are observed as a result
of altering the angle of protrusion ribs. The pressure drop at a particular angle and the
Reynolds number of 900 is significantly greater than the pressure loss at a similar angle for
the Reynolds number of 100, as seen by these contours. At increasing Reynolds numbers,
the flow is found to be constrained by the water’s viscosity.

Reynolds Number = 100 {ESSSS Flow Direction
L[ [/ U U R B S | n

Angle 45°
A I B I S | |
Angle 50°
I [ | P | I I |
Angle 60°
L [[ 5 I A R l l [
Angle 70°
[ T I I B . | l ||
Angle 80°
Pressure
pressure [Pa]

|

W TONOODONOD®M®AN™O
OCOMN-B®NOOT®ONOO
TERe83Iq8I0008 :
2
o unu N O N © 0 O N ©
coeRSNyeEcaye Location of Pressure Contour
egede

(a)
Reynolds Number = 900 — Flow Direction
L B B B

Angle 45°
L R A B B B
Angle 50°
[ [/ I S IR R R
Angle 60°
[T 1 A T B B e I | B |
Angle 70°
I P Emm i ! |
Angle 80°
Pressure ge
pressure [Pa]

OCONIOENOO)QLD%(‘)‘—O
S MmN =IO ®MOOTONO© O
N wweo o ohNhMNOOWOoOOowOoO O O
T MO — OO M- 0O WU M~ O -
52238225$82988F9$§ -
€ .
: 2
OO0 0 NS OO o0 Location of Pressure Contour

(b)

Figure 6. Pressure distribution in the fluid domain at (a) Re = 100 and (b) Re = 900.
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3.3. Temperature Contour

The temperature contour of the fluid and MCHS has been shown at the mid-plane of
fluid and MCHS domain as shown in Figure 7 for various angles and two distinct Reynolds
numbers (100 and 900). The highest temperature is displayed at the base of the microchannel
wall where electronic chips are mounted. Fluid temperature increases gradually along the
flow in the MCHS and attend maximum at the exit of MCHS. Similar observations have
been found for all angles at both Reynolds numbers. However, the increase rate of the
temperature decreased slightly when the angle increased from 45° to 80°. This is happened
at both Reynolds numbers. The higher rate of heat dissipation is indicated as a result of
relatively lower temperatures. The maximum temperature also drops precipitously once
the Re varied from 100 to 900. The viscous laminar layer deteriorated at higher Reynolds
numbers, which draws out more heat in more efficient ways.

Reynolds Number = 100 — Flow Direction

1

Angle 45°

1

Angle 50°
[ *
Angle 60°
| —
Angle 70°
[ S —
Temperature Angle 80° )
temp K]
O MO O — NN O MO O~ I =~
SVOITM= OBOINT N :
SR8855u888 ?ﬁ e | Location of Temperature Contour
(a)

Reynolds Number = 900 (=== Flow Dircction

Angle 45°

Angle 50°

Angle 60°

Angle 70°

Temperature Angle 80°

temp [K]

O N WK~ OON S © 0 v~ MW O O

SY®NGQ 1o ®Mm®ON©QOW®

O w N & OV I 00 O «~ N < 1 N

O O 0O O 0O O O O 55 5ie =i ' - .
®OO00n00o000000 Location of Temperature Contour

(b)

Figure 7. Temperature profile at the mid plane of the microchannel and fluid domain at (a) Re = 100
and (b) Re =900.
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Figure 8 depicts the temperature distribution at the microchannel base for different
angles and two extreme Reynolds numbers, that is 100 and 900. The temperature variation
throughout the microchannel’s base is roughly equivalent; however, the maximum temper-
ature slightly drops as the angle increases from 45° to 80°, when the Reynolds numbers are
100 and 900, respectively. This hardly noticeable shift in maximum temperature suggests
that the significant heat loss should be seen at a somewhat higher angle. However, when the
Re varied from 100 to 900, the maximum temperature at the microchannel base decreases
dramatically from 349.8 K to 318.5 K and from 348.4 K to 310.2 K, respectively, for angles
of 45° and 80°. This appreciable drop in maximum temperature suggests that altering the
Reynolds number has a major impact on how heat is exchanged between the microchannel
and fluid.

Reynolds Number = 100 — Flow Dircction

e — |
Angle 45°
[ — B ——
Angle 50°
L — e —
Angle 60°
Angle 70°
Angle 80° .
Temperature
temp base [K]
O MO D= T NOM®O®D = TN~
S®OEITM=0O0DBOIN= 0N
SCONT~TWONGOOYT ANV O :
288 s ssNNYTILRIITS Location of Temperature Contour
(a)
Reynolds Number = 900 — Flow Direction
L e B —— e —— |
Angle 45°
| - e — B e —— ]
Angle 50°
e — B e — |
Angle 60°
T e — N S
Angle 70°
Angle 80°

Temperature
temp base [K]

e

ommnmm%ow‘—mmmo
STWABC-Ho®n®oNGCSNn
B8B83 383nmwmenm Location of Temperature Contour

(b)

Figure 8. Variation of temperature at the base of the interface between fluid and MCHS at (a) Re = 100
and (b) Re =900.
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3.4. Performance of the MCHS

As previously stated, a thorough analysis of the MCHS is required. It has been
demonstrated and investigated how different MCHS properties affect heat transmission
and fluid flow. The responses of Nusselt number, the temperature of the base wall, friction
factor, and pumping power are plotted for different Reynolds numbers to numerically
assess the functionality of the MCHS with various angles of circular protrusions ribs on the
passage walls of the microchannel in a staggered manner.

The Nusselt number of an MCHS varies with Reynolds numbers for various angles,
as seen in Figure 9. The trend of Nusselt numbers is shown to be gradually growing when
compared to them for various angles. However, the maximum Nusselt number values are
discovered for an angle of 80° for all Reynolds number values, while the lowest values are
found for an angle of 45°. The following ranges of Nusselt numbers from 6.93 to 13.87, 6.93
to 14.38, 6.93 to 17.80, 7.15 to 27.86, and 7.20 to 37.38 have been found at an angle of 45°,
50°,60°, 70°, and 80°, respectively. The highest Nusselt number in the case of angle 80° is
found because the heat transfer area is increased and ribs contribute to higher turbulence,
which helps to suppress the sublaminar layer. The temperature contour outlined in the
preceding subsection can be used to explain this.

40
—m— 450
36 ||—®—50°
A 60°
32 v 70°
¢ 80°
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Figure 9. Nusselt numbers and Reynolds numbers in relation to various angles.

The base temperature of the passage is depicted in Figure 10 at various angles as a
function of the Reynolds number to explain the behavior of the heat dissipation rate. It
has been shown that at all angles, the base temperature falls as the Reynolds number rises.
At low Reynolds numbers, there is a quick drop in temperature, while higher Reynolds
numbers result as somewhat asymptotic for all angles. In the case of an 80° angle, the
lowest value of temperature is found, while in the case of 45°, the highest value of the base
temperatures is found for all Reynolds numbers. The low temperature at the base of the
passage indicates that the MCHS dissipates heat at the fastest possible rate for passages
with an angle of 80°.
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Figure 10. Variation of temperature at the fluid and MCHS interface base wall with Reynolds numbers
for different angles.

Figure 11 shows the variation of the Nusselt number with the convective heat transfer
area of the passage at various Reynolds number areas. It is seen that the Nusselt number
increases with the increase of heat transfer areas at all Reynolds number. However, the
most important observations are the rate of increment of Nusselt number with convective
heat transfer areas. When the area increased corresponding to ribs sector angles from 45°
to 60°, the Nusselt number does not increase significantly. Thereafter, there is a significant
increase in Nusselt number when area correspond to ribs sector angles increase from 60° to
80°. This shows that at higher rib sector angles, turbulence as well as the convective heat
transfer area have a significant impact on the Nusselt number.

Figure 12 illustrates the variation of the friction factor of a heat transfer fluid in an
MCHS as a function of the Reynolds number at various angles. For all angles, the friction
factor reduces as the Reynolds increases. It has been found that the declination rate in
the friction factor is faster at low Reynolds. For all Reynolds numbers, the maximum
friction factor is observed at an 80° angle and the lowest at a 45° angle. It is because the
MCHS passage with an 80° angle restricts and disturbs the flow significantly in comparison
to other angles, thereby leading to a higher heat dissipation rate. Although, a higher
friction factor is undesirable in the context of high pumping power requirements. In this
regard, fluid pumping power requirements have been evaluated in MCHS passage with
various protrusion rib angles concerning Reynolds numbers (Figure 13). It can be seen
that pumping power increases with an increase in the Reynolds for all angles. The rate of
increment of pumping power is highest in the case of an 80° angle, while the angle 45° has
the lowest rate of increment. This trend confirms the behavior of the friction factor due to
various angles of ribs in the passage of MCHS.
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Figure 11. Dependence between Nusselt number and heat transfer area for different Reynolds
numbers.
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Figure 12. Friction factor varies with Reynolds number at various angles.

Figure 14 shows the dependence between friction factor and heat transfer area for
different rib sector angles in the passage and for different Reynolds numbers. It is seen that
the friction factor increases with an increase in heat transfer area at all Reynolds numbers.
Similar observations have been found in the case of the Nusselt number. The heat transfer
area causes a slight increase in the Nusselt number, when the rib sector angle varies from
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45° to 60°. Considerable increase is observed in the friction factor with the heat transfer

area when the rib sector angles increase from 60° to 80°.
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Figure 13. Pumping power varies with Reynolds number for various angles.
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Figure 14. Friction factor variation with heat transfer area at various Reynolds numbers.

In the previous discussion, it is seen that the passage with rib sector angle of 80°
exhibits maximum friction factors and Nusselt numbers. In this regard, the dependance
between Nusselt numbers and pumping power is plotted in Figure 15. For various ribs
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sector angles, it is seen that the Nusselt number increases with the pumping power re-
gardless of the sector angle. However, the rate of increment in the Nusselt number with
pumping power is highest at the angle of 80°. Conversely, the rate of increment of the
Nusselt numbers with the pumping power is lowest when the angle is 45°. Additionally,
for a given pumping power requirement, the highest Nusselt number is observed at the
angle of 80°.
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Figure 15. Dependence between Nusselt number and pumping power for different angles.

The heat transfer and fluid friction properties due to cylindrical protrusions in a
staggered manner on the passage of the microchannel have been analyzed. Both the Nusselt
and the friction are found to be superior at an angle of 80°. However, these values do not
decide the best configuration because superior values of Nusselt numbers are preferred,
whereas the highest value of friction values are undesirable. The best configuration yields
higher values of Nusselt number, which leads to higher thermal performance, and lower
values of friction factor, which lead to lower pumping power (i.e., hydraulic performance).
It is important to evaluate both the thermal and hydraulic performance at the same time,
which affects the overall performance, and to separate the impact of the angle on the friction
factor and the heat transfer. As a result, the influence of angle on the overall performance
of the MCHS has been demonstrated using the thermal-hydraulic performance parameter
(THPP). THPP is more crucial than all other individual performance parameters for effective
design. Additionally, values of THPP more than unity shows the effective configuration.
THHP is calculated as given below.

_ Nu/Nug (14)

(f/f)'?

The values of THPP have been evaluated for different angles as an attribute of the
Reynolds number, as shown in Figure 16. The values of THPP rise for all angles as the
Reynolds number rises. For angles 45° to 60°, the plots rise steadily, while for angles 45°
to 60°, it rises significantly. The ranges of THPP correspond to angles of 45°, 50°, 60°, 70°,
and 80° are found as 1.47 to 1.65, 1.47 to 1.70, 1.45 to 2.05, 1.48 to 3.02, and 1.46 to 3.79,
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respectively. It has been noticed that values of THPP are higher than 1, and maximum
values have been found at an angle of 80°. Therefore, cylindrical protrusions in a staggered
manner on passage of microchannel have an advantage over a smooth passage.

THPP
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Figure 16. Dependence between THPP and the Reynolds number.

4. Conclusions

Cylindrical protrusions in a staggered manner on the passage of the microchannel

having angles 45° and 80° have been taken into account in this new design of the mi-
crochannel. The heat transfer and fluid movement in the microchannel are modeled using
computational fluid dynamics in Ansys Fluent, with water serving as the heat transfer
fluid. The numerical results that were obtained led to the following conclusions.

There is an increase in heat transfer and fluid friction when the rib sector angles change
from 45° to 80°. However, it is evident that the convective heat transfer area plays an
important role in the Nusselt number enhancement when the angle changes from 45°
to 60°. However, significant enhancement in Nusselt number is observed due to flow
turbulence when angle changes from 60° to 80°.

The Nusselt number is greatly influenced by the Reynolds number. Nusselt numbers
are varied in the following ranges 6.93 to 13.87, 6.93 to 14.38, 6.93 to 17.80, 7.15 to 27.86,
and 7.20 to 37.38 at an angle of 45°, 50°, 60°, 70°, and 80°, respectively.

The maximum friction factor and pumping power requirement have been found at an
angle of 80° while the lowest friction factor and pumping power are found at an angle
of 45°.

The maximum heat transfer enhancement is 4.57 in the case of rib sector angle of 80°.
Similarly, the maximum increase of friction factor is 1.52 when the rib sector angle
is 80°.

The maximum and minimum values of THPP are found at rib sector angles of 80°
and 45°, respectively. In addition to this, all values of THPP are found to be more
than unity.

Following ranges of THPP values are found as 1.47 to 1.65, 1.47 to 1.70, 1.45 to 2.05,
1.48 to 3.02, and 1.46 to 3.79 for corresponding angles of 45°, 50°, 60°, 70°, and
80°, respectively.
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Nomenclature

Convective heat transfer area (m?) Ac
Base area of channel (m?) Aq
Specific heat (J/kg-K) Cp
Hydraulic diameter (mm) Dy,
Young module (GPa) E
Friction factor f
Length (mm) L
Convective eat transfer coefficient (W/m?-K) h
Height of passage (mm) H
Thermal conductivity (W/m-K) K
Nusselt number N
Pressure (Pa) P
Pressure drop (Pa)
Pumping power (W)

Heat flux (W/m?)
Reynolds Number
Temperature (K)

Velocity (m/s)

Width of microchannel (m)
Greek letters

Poisson’s ratio

Thermal expansion [1/K]
Dynamic Viscosity (Pa-s)
THPP

Density (kg/ m?)
Subscripts

Microchannel base

Fluid (coolant)
Conventional

ss-povy

TSI g R

N
3
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