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Abstract: Heat enhancement and heat removal remain important topics in engineering. Furthermore,
flow in a laminar regime can reduce the cost of cooling. In the present study, flow in mini channels in
a rectangular cavity is investigated with water as a circulating fluid. The height of the channel in the
cavity is varied and interaction of the free flow above the channel with flow through the channel
has been investigated. It is shown that a combination of these two flows can provide the optimum
heat removal at a Reynolds number of 750. This finding is valid if one ignores the friction effect
to the wall. The best configuration is for an aspect ratio AR = 6. If the pressure drop is taken into
consideration, then the performance evaluation criterion shows that the mini-channel with aspect
ratio AR =12 is the best configuration. Different correlations have been obtained between the Nusselt
number, pressure drop, friction factor, performance evaluation criterion, and the Reynolds number
and the height of the channels.

Keywords: mini channels; height; forced convection; finite element; experimental comparison

1. Introduction

Experimental and numerical analysis of heat transfer enhancement in porous and clear
channels has received a lot of attention lately. Researchers [1-10] focused on conducting
heat and fluid flow in porous channels with different types of permeability at a constant
porosity of 0.9. Such an approach proved to be effective in heat removal but at the expense
of large pressure drops. Different flow rates demonstrated that as the Reynolds number
increases, the heat removal increases accordingly. Water used in some analysis has been
replaced with nanofluid and hybrid nanofluid since this new type of fluid has higher
thermal conductivity. On one hand, it enhances further the heat removal by 5% to 7% but at
the expense of a large friction factor. Another issue with such fluid is sedimentation at the
bottom of the channel. Regardless of the fluid to be used, it was found that the thermal and
velocity boundary layers reduce further the heat rate removal. To overcome this problem
different twisted tape shape was introduced. The objective of this tape is on one hand to
create mixing even at the laminar regime but also destroy the formation of the boundary
layer. Location of the twisted tape is found to achieve higher heat enhancement.

Dominic et al. [11] conducted a detailed experiment to investigate the effect of relative
waviness on the performance of the mini channel. Different types of fluids such as water
and nanofluid have been used in their setup. A maximum performance factor of 2.6 is
achieved for a Reynolds number of 1900 by using a wavy mini-channel. They developed,
based on their experiment, temperature distribution and Nusselt number correlation for
different waviness cases.

Feng et al. [12] investigated experimentally the heat enhancement in the mini channel
in the presence of twisted tape. It was reported that a mini channel heat sink with twisted
tape inserts enhances the heat transfer performance, and also increases the pressure drop
when compared to a mini channel without twisted tape. It was determined the best-twisted
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tape to be used for heat enhancement. They reported that the thermal enhancement factor
increases with the twisted tape length and waviness.

Ho et al. [13-15] conducted a series of experiments aiming at investigating phase
change materials and heat enhancement in the mini channel. Water and Al,O3/water
nanofluid are used in the investigation. The nanoparticle concentration varied from
2%wt to 8%wt and nanoparticle phase change materials were also present. It is found
that the dispersion of Al,O3 nanoparticles in the water solution leads to a decrease in
wall temperature. Here again, it is confirmed that the usage of nanoparticles in water
outperforms the water solution when it comes to heat removal. Additional researchers
have investigated heat enhancement in the mini channel with special emphasis on using
nanofluid as the circulating fluid. It is also confirmed that nanofluid helps improve the
cooling process of a heat sink [16-23].

In our present study, we investigated numerically the usefulness of using water in heat
enhancement through mini channels. We consider 10 rectangular channel configurations
which are examined for different channel heights at various Reynolds numbers. The aim
is to investigate the interaction between flow in the channel and flow circulating above
the channels when the channel height is less than the cavity upper wall. Thus, the novelty
of this article is to study the interaction between the flow circulating in the mini channels
with the flow circulating above the height of the channels. Section 2 presents the problem
description and the boundary conditions. The formulation in the non-dimensional form
is presented in Section 3, followed by a comparison with experimental data for code
calibration, in Section 4. Section 5 presents the results and discussion, followed by the
conclusion in Section 6.

2. Problem Description and Boundary Conditions

This paper examines fluid performance for different configurations towards experi-
menting. Figure 1 presents the overall model under investigation. The numerical setup
consists of an inlet pipe, a mixing chamber, a flow-through insert (not shown in Figure 1),
and finally, an outlet for the fluid exiting from the opposite side. The bottom of the plate is
in direct contact with an aluminum block heated with thermal resistance (contact is called
the interface). The empty chamber where the insert is located has an external length of
37.8 mm and a height of 12.7 mm. The wall thickness of the chamber is 3.557 mm. Straight
mini channels insert will be used to investigate the flow effectiveness in extracting as much
heat as possible. Aluminum is used in our modeling to match the prepared experimental
setup. The fluid enters with a velocity u;, and a temperature Tj,. The temperature is
measured numerically 1 mm below the so-called interface located at the center of the block.
It is at this location where the experimental setup location of the thermocouples is. Water
is the fluid circulating thus Table 1 shows the physical properties of the water.

—

Inlet : - :

flow Outlet

flow

Heated Block 7

Figure 1. Experimental setup.
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Table 1. Water physical properties.

Fluids (kg/m/s) (kg/m?3) cp(J/kg/K) k(W/m/K)
Water 0.001002 998.2 4182 0.613

Figure 2a represents another view of Figure 1. The mini channels insert is shown in
Figure 2b. Each mini-channel has a width of 1.615 mm and a length of 37.8 mm. Four
different aspect ratios (AR) for this insert will be investigated which are AR =3, 6 9,
and 12 corresponding to channel height of 3.41 mm, 6.82 mm, 10.21 mm, and 12.7 mm,
respectively. When the aspect ratio is set equal to zero that means no insert is present and
the flow travels in a rectangular chamber before exiting the experimental setup. The inlet
pressure is measured at the center of the intersection plan between the inlet cylinder and the
mixing chamber. Similarly, the outlet pressure is calculated at the center of the intersection
between the exit mixing chamber and the outlet cylinder. Therefore, the pressure drops
calculated are for the entire system. As shown in Figure 2b, the insert is composed of
10 channels. The channels wall has an identical thickness to the channel opening which is
3.557 mm.

(b)

Figure 2. Geometrical model with different inserts. (a) Experimental setup; (b) Insert mini channels.

3. Finite Element Analysis

The finite element method has been used to solve the set of the differential equation
using COMSOL software. The Navier-Stokes equation together with the energy equation
was solved in the current model.
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3.1. Fluid Flow Formulation

To make the governing equations of the physical model dimensionless, we define the
following set of transformations.

|=

— — — — — Vv T — pD _ tujy — (TfTin)kw
X=§Y=52=§U=% V=, W=2 p=F2 7=t g= I jpk ()

Q=
O
W/l
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The dimensionless parameters such as Reynolds number (Re)and the Prandtl number

(Pr) are defined by;

inD
%’ pr:K )

Re =
where ujj, is the velocity at the inlet and D is the characteristic length which is set equal to
18.97 mm.

The full Navier-Stokes equations in the three-dimensional form are as follows:
X-direction

SR IR R N R
Y-direction
L ] L]
Z direction
e[ U2 ][R P B
where U, V, W are the velocities along the X, Y, and Z directions.
3.2. Heat Transfer Formulation
The energy equation for the fluid portion is as follows:
RePr ae+Ua +V86+W86} [826 +829+826 (6)
ot = 9X oY oz ax*  oY?  9Z?

Finally, the temperature in the solid part of the model is studied by solving the heat
conduction formulation. The local Nusselt number is known as the ratio of the convective
heat coefficient multiplied by the characteristic length over the water conductivity (i.e.,
2—5). So, based on the non-dimensional adopted earlier, it becomes the inverse of the

temperature. Thus,
hD 1
= — = — 7
Nu P (7)
The friction factor for a pipe is known as being the ratio of the pressure drop to the

kinetic energy of the fluid. The friction factor used in our analysis is:
AP
f=02529 x — 8
* Re ®

To detect the most efficient configuration for heat enhancement, the performance
evaluation criterion (PEC) is known to be the ratio of the average Nusselt number over
the friction factor. In the current paper the performance evaluation criterion is defined

as follows:

Nuaverage



Energies 2021, 14, 7020

50f13

Finally, it is important to investigate the amount of heat removed from the system for
the different configurations and flow rates under investigation. Equation (14) represents
the non-dimensional heat removal. Thus:

Q = Re * Pr* Ooyt (10)
All the above parameters will be investigated in our current study.

3.3. Boundary Conditions

The model is insulated all around so no heat leak could occur. As shown in Figure 1,
at the inlet a non-dimensional temperature of zero is applied and a normal velocity equal
to unity. At the outlet, an open outflow is assumed. The heated block is subject to a heat
flux having a value of 1.

3.4. Mesh Sensitivity

Table 2 presents the total number of elements used for each mesh. Using the average
Nusselt number calculated 1 mm below the interface, Figure 3 shows this variation for
different mesh levels.

Table 2. Mesh information for a different level of meshing.

Extra coarse mesh 17,888 total number of elements
Coarser mesh 30,763 total number of elements
Coarse mesh 68,890 total number of elements
Normal mesh 112,088 total number of elements
Fine mesh 321,591 total number of elements
Finer mesh 919,451 total number of elements
6
5
3
E4
H
z.
&
B 2
z
1
1]
Extra Coarser Coarse Normal Fine Finer
Coarse
Mesh Size

Figure 3. Mesh sensitivity analysis.

A normal-level mesh will be suitable to be used in the COMSOL model since the
average Nusselt number difference between the normal, fine, and finer mesh is less than 4%.

4. Comparison with Experimental Data

To confirm the accuracy of our model, a comparison with experimental data is con-
ducted. Plant et al. [24] conducted an experimental measurement of heat enhancement
using an identical setup as the one explained earlier. The insert used in the experiment
consisted of three-channel configurations with each channel having a width of 5.35 mm and
a height of 12.7 mm and 37.8 mm long. All other heating conditions and geometrical shapes
are identical to the current model explained in Figure 1. The comparison is conducted for
water circulating in the channel for a Reynolds number equal to 500. The temperature is
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measured experimentally and calculated numerically at 1 mm below the interface at the
same location as our current case. Figure 4a presents the temperature variation and the cor-
responding Nusselt number is shown in Figure 4b. A good agreement is obtained knowing
that some heat losses occurred experimentally as well as considering the measurement
errors. It is evident that heat enhancement is obvious along with the flow entry and as the
thermal boundary layer is developed, the heat enhancement drops.

0.045
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0.035 %
0.03 #® Experimental =——Numerical
0.025
e
0.02
0.015
0.01
0.005
o
0 0.5 1 L5 2
¥4
(a)
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- 25
-
=
E
=
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-]
2
]
g 15 ® Experimental ——Numerical
=
]
=
10
5
0
o 0.5 1 L5 2
Z

Figure 4. Comparison with experimental data for three-channel configurations. (a) Temperature
variation along with the flow; (b) Local Nusselt number along with the flow.

With a mesh sensitivity showing a good number of elements is used in our model
and with a good agreement between the experimental and numerical results, the proposed
finite element model is accurate and is adopted in our study.
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5. Results and Discussions

As indicated earlier mini channels inserts will be used to find the best aspect ratio for
heating enhancement. The fluid used in our analysis is water at 20 degrees Celsius. Water
will circulate in the mini-channel thus the formation of velocity and thermal boundary
layers is imminent. The flow is assumed laminar, and a steady-state condition is applied.

The model was investigated for five different flow rates corresponding to a Reynolds
number of 250, 500, 750, 1000, and 1250, respectively. All other initial conditions remained
the same. Figure 5 presents the temperature distribution as well as the local Nusselt number
distribution along with the flow, 1 mm below the interface as indicated earlier. In this
particular case shown in the figure, the channel aspect ratio is 6, meaning the channel
height occupies half of the test volume. The flow can circulate freely above the channels.
The heat enhancement is effective at the beginning of the channels as shown in Figure 5a
and as the flow progresses the development of the boundary layer leading to a decrease
in heat extraction towards the end of the channel. After a certain traveled distance, the
temperature slope decreases to become flat.

S s B el e Ron LS —e—Re=250 Re=500 Re=750 Re=1000 ——Re=1250
45 I
40§
N
%] 35 AN
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- ‘.‘.\
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(a) (b)

Figure 5. Temperature and local Nusselt number variation in mini-channel configuration (AR = 6). (a) Temperature

distribution. (b) Local Nusselt number variation.

The local Nusselt number shown in Figure 5b demonstrates this effect with a high
Nusselt number in the beginning then a negative slope variation leading to a flat slope
at the end. Saghir et al. [25] demonstrated that the use of twisted tape helped to disturb
the boundary layer and thus increasing the heat enhancement. In the present study, the
channels are so thin that it is impossible to manufacture such tapes.

Figure 6 presents the flow behavior for all cases at a Reynolds number equal to 1250 in
two different locations at the center of the test cavity and near the wall. Four different
aspect ratios are displayed in two locations, at the middle (channel#5) of the test section
and near the wall of the test section. As shown in Figure 6a—d, as the height of the channels
starts increasing backflow is evident as the velocity is found to have a negative value thus
counterflow. When the aspect ratio is 3, the counter flow is weak because the height of
the channel is not effective in creating reverse flow. However, as the aspect ratio increase
further, the counter flow is evident. It was also noticed that when the height of channels
increases, it acts as a fin leading to higher heat enhancement by examining the local Nusselt
number. Figure 6e-h shows the flow behavior near the wall of the test section. It appears a
strong flow is encountered near the wall above the mini-channels height. As the aspect
ratio increase, this high flow spread inside the channels.
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(d) (h)

Figure 6. Flow distribution at the middle of the test section (a—d) and near the wall (e-h).

The backflow due to friction is occurring at an early stage when the aspect ratio is
3 and progresses to the highest aspect ratio of 12. This concludes that the generation of
backflow is similar to the use of twisted tape aiming at enhancing heat removal.

Figure 7 presents the temperature distribution along with the flow in two different
locations at the center of the test section and near the wall for a Reynolds number of 1250.
It is interesting to notice that the temperature slope has a non-linear shape when the aspect
ratio is AR = 3. Then, an increase in the temperature slope is observed when the aspect
ratio is AR = 6. As the aspect ratio increase, the slope of the temperature becomes more
moderate and lower than the case of aspect ratio AR = 6. This may be an indicator that there
is an optimum height for which heat removal is at its optimum level. Further investigation
will be conducted to examine the best channels height.

Figure 8 can summarize the average Nusselt number for all cases for all Reynolds
numbers in our study. It is evident that as the Reynolds number increase, the Nusselt
number increases accordingly regardless of the channel height. Such a finding is evident
because the increase in flow rate improves the heat transfer. A correlation between the
average Nusselt number and the aspect ratio and Reynolds number is determined. It was
found that

NUaverage = 0.3225x AR* 3322, Rel4111 (11)
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Figure 7. Temperature distribution at the middle of the test section (a—d) and near the wall (e-h).

BAR=3 WAR=6 AR=9 AR=12

Lad
i

tad
=

[
tn

=

BE
o L | 18
R

e=150 Re=500 Re=750 Re=1000 Re=1250

Average Nusselt number
[
=

o
n

[
=]

Figure 8. Average Nusselt number for all cases.

This equation is 95% accurate and it is valid for a range of Reynolds numbers from
250 to 1250.
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Continuing our investigation, Figure 9 provides the friction factor along the channels
for all cases. The higher the channel height leads to a higher friction factor. As the Reynolds
number increase, the flow creates less friction coefficient. A correlation between the friction
factor and the channel wall and flow rate is found to be equal to:

Friction factor = 0.6045% AR%-0038 4 Re—0-263 (12)

0.9 EAR=} WAR=6 WAR=9 AR=12

"3: ﬂl\ll\l[

Re=150 Re=500 Re=T50 Re=1000 Re=1150

Friction factor
=] = =] [—] =
Y tn = a e

=
1

=
Lo

Figure 9. Friction factor for all cases.

Here it is obvious from this formulation that as the Reynolds number increases the
friction factor decrease accordingly. Another way to observe this process is to examine the
pressure drop for all cases as shown in Figure 10.

1800
EAR=3 mAR=6 =AR=9 = AR=11

E

Pressure drop

Re=150 Re=500 Re=750 Re=1000 Re=1250

Figure 10. Pressure drop variation for all cases.



Energies 2021, 14, 7020

11 0of 13

It is shown that the pressure drop increase with the Reynolds number and the aspect
ratio. For small aspect ratio AR = 3, the pressure drop is low by comparison to the other
cases. However, since the friction factor is the ratio of the pressure drop to Reynolds
number leads to a decrease in friction factor as the aspect ratio increase. The correlation for
the pressure drop is found to be equal to

Pressure drop = 2.399+ AR" 08 Re0-7368 (13)

An increase in Reynolds number leads to an increase in the pressure drop is evident
from this correlation. If one combines Figures 8 and 9, we can evaluate the performance
evaluation criterion. It has been known that this parameter defined in Equation (9) provides
the optimum configuration considering the energy and the flow. Figure 11 provides this
coefficient for all cases. It is evident that as the aspect ratios increase, heat enhancement
represented by the Nusselt number increases, and the friction factor decreases. The reason
is that the flow is traveling through the channel for aspect ratio 12 compared to another
aspect ratio where the flow travels through the channel and on top of the test section where
no wall resistance is found. This leads to a larger pressure drop. One may conclude from
Figure 11 that the optimum configuration is with aspect ratio 12 regardless of the flow
rate or Reynolds number. This finding is based on a combination of flow behavior and
heat removal.

70
HAR=3 AR=6 AR=9 AR=12
60

50

40

PEC

30

L

Re=250 Re=500 Re=T50 Re=1000 Re=1250

Figure 11. Performance coefficient for all cases.

Since the performance evaluation criterion is an important parameter, a correlation
has been formed as a function of the aspect ratio and the Reynolds number. Equation (14)
shows a relation between PEC and the independent parameters which are the Reynolds
number and the height of the channels.

PEC = 0.38136:x AR?0309 x ReV-4988 (14)

If one ignores the flow effect and evaluates the heat removal solely, Figure 12 presents
the energy taken away from the hot plate for all configurations. It appears that the aspect
ratio AR = 6 is the configuration for which most of the heat is removed. This finding
applied to all Reynolds numbers. The best Reynolds number for such a configuration is
when Reynolds number is equal to 750 after which the heat removal decreases further.
One may recall the temperature profiles in Figure 6 where it is pointed out that the largest
temperature gradient is found for aspect ratio AR = 6. A positive temperature slope is
detected at this aspect ratio.
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il
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Figure 12. Heat removal for all cases.

6. Conclusions

In the present study, an effort is focused on investigating the importance of mini-
channel height in heat enhancement. The novelty of this present work is to investigate
the importance of channel height but more important is the interaction between flow in
mini-channel and free flow above the channel. The combination of these two types of
flow affected the heat removal. It is found that an aspect ratio of 6, meaning half the
channel height, is the best configuration possible. We have also demonstrated that such
configuration performs at a Reynolds number of 750 thus a laminar regime.
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