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Abstract. In this study, the effect of stationary and oscillating blades on the forced convection heat transfer in a channel is
studied numerically. Simulations are performed in a fully-developed, laminar, unsteady, and incompressible flow with Reynolds
number and Prandtl number equal to 100 and 1, respectively. The effects of the blade geometry, oscillating speed and oscillation
angle on heat transfer and pressure drop are studied. The results are presented in terms of time-averaged Nusselt number,
temperature, and vorticity distribution and the pressure drop. The results indicate that the oscillation angle, oscillating speed of
the blade, and the number of the blades, affect the thermal performance of the channel. In most cases, it is observed that the
effect of the oscillation angle is more than that for the oscillating speed on heat transfer enhancement. However, increasing the
number of blades does not necessarily help to enhance the heat transfer, but it can slightly decrease the pressure drop.

Keywords: Convection heat transfer, Oscillating blade, Blade configuration, Pressure drop, Vortex shedding.

1. Introduction

Because of increases in energy systems, high-density heat flux dissipation is recently interested in many pieces of research
and has various industrial applications such as electronic chip, photovoltaic cells, high-power microwave devices, and vehicle
batteries. Heat transfer enhancement technique can be used to design more efficient heat exchangers, which play a significant
role in the energy system size and performance, controlling indirect emission of greenhouse gases, global warming, and ozone
depletion.

Methods of heat transfer enhancement can be classified into two categories: active and passive [1]. Passive methods do not
require external energy; rather heat transfer can be increased by modifying the surface shape [2], roughing the surface [3], using
extended surfaces [4], adding vortex generators [5, 6], and inserts [7], modifying fluid properties by adding solid particles [8-10] or
using the effects of vortex-induced vibration [11-13]. However, in the active method, external energy such as electrostatic field,
acoustic vibration, injection, mechanical auxiliary devices (stir fluids by mechanical instruments or rotation of the pipe surface)
and surface or fluid vibration is being used, which can be utilized with proper efficiency to enhance heat and mass transfer.

Over the last decades, various and extensive researches have been done in the field of the active methods of heat transfer
enhancement. Khan et al. [14] numerically investigated the mixed convection heat transfer in a rectangular channel equipped
with a variable speed rotational cylinder. The effects of the speed and direction of rotation of the cylinder as well as the Reynolds
number on flow pattern, isothermal lines, and average and local Nusselt numbers were studied. The results showed that the
direction of rotation and angular velocity of the cylinder has a significant effect on the temperature distribution and heat transfer
characteristics. Esmaeilzadeh et al. [15] investigated the application of the electro-hydrodynamic actuators as an active method.
The main focus was on the effect of the electric field intensity on the thermal performance in the wide range of Reynolds
numbers. The results indicated that for the flow with Reynolds number less than 1000, single wire-plate electrode is suitable for
enhancing the local heat transfer. By increasing the number of wires to three, it would be possible to use this method for
turbulent flow up to the Reynolds number 2000. Eid and Gomaa [16] experimentally examined the effect of the vibration of the
thin planner fins on the heat transfer enhancement. The fins were heated by an electric heater and vibrated at a frequency
between 12.5 to 50 Hz. They concluded that vibration at higher frequencies is more effective. Raguraman et al. [17] experimentally
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investigated the effect of geometric parameters on the heat transfer coefficient for agitated vessels. In this research, the effect of
important design parameters such as type of stirrer, angle and shape of the blades and its position were investigated and
optimized. The results showed that these parameters have same effect on the overall heat transfer coefficient, but the speed of
the blade is most effective. Page et al. [18] numerically studied the natural convection heat transfer from the counter-rotating
cylinders in a tandem arrangement. They found that by increasing the Rayleigh number, the optimum distance between the
cylinders is reduced, and also the heat transfer rate for optimized structures enhances with increasing the rotational speed.
According to the results, the heat transfer rate of the rotating cylinders enhances compared to that of stationary ones. Beskok et
al. [19] simulated the convection heat transfer of the uniformly heated walls of a straight channel in the presence of a rotationally
oscillating adiabatic cylinder. The study was conducted to find the proper angle of rotation and the effects of the frequency on the
heat transfer. They found that the vortex dynamics, the thermal boundary layer thickness and Prandtl number play an important
role in increasing heat transfer. It was observed that formation of high-intensity vortices close to the channel wall is highly
desirable since it caused the flow rotation and, as a result, the displacement of the hot fluid near the wall and the cold fluid in the
center of the channel. It was also found that by increasing the oscillation frequency of the cylinder to more than 0.85 normal
frequencies of the vortex shedding, the heat transfer decreases, but as the oscillation angle increases, heat transfer enhances
continuously. Léal et al. [20] investigated the main techniques for increasing the heat transfer between the solid wall and fluid for
single-phase and two-phase systems. They also studied the techniques that used the time-periodic variations of the wall. They
indicated that these variations in the wall, by disrupting the boundary layer, increases the heat transfer. Pourgholam et al. [21]
investigated enhancing the heat transfer in a channel equipped with the rotating and oscillating blades in an angular direction.
Their main focus was on studying the effect of the angular velocity of the rotation and oscillation of the blades as well as the
Prandtl number on heat transfer. They concluded that the increase in heat transfer for the oscillating blade and the stationary
blade is more than other cases in Reynolds number 50 and 100, respectively. Yeom et al. [22] experimentally simulated the
piezoelectric translational agitator with high frequency oscillating blades in a channel equipped with the micro pin-fins, and
studied its effect on increasing heat transfer. The results showed a 25% enhancement in heat transfer compared to that in a non-
agitator channel. Izadpanah et al. [23] numerically studied the effect of rotating and oscillating blade motion on increasing the
heat transfer of Newtonian and non-Newtonian fluid in a channel. Non-Newtonian fluid under investigation was purely viscose
and was modeled using the power-law relationship. The results showed that, depending on the power law index range, stationary
or oscillating blade have more influence on the heat transfer enhancement. It was also observed that by increasing the power law
index, the amount of heat transfer decreases. It was concluded that the presence of the blade for all the fluid indexes has a
positive effect on enhancing the heat transfer. Kankariya et al. [24] experimentally investigated the effect of rotational speed of an
impeller on the improvement of heat transfer mechanically fluidized reactor. They indicated that the overall heat transfer
coefficient increases with the increment of the rotational speed.

Although several works have been done in the field of active methods, there are very few researches studding the effect of
oscillating blades with different configurations on the heat transfer in microchannels. The main objective of this research is to
investigate the effect of using the oscillating blades on increasing the heat transfer in a channel, which can be used in micro-
electro-mechanical-systems (MEMS). Accordingly, the main focus is to investigate the effect of number of blades on the amount of
heat transfer and pressure drop to achieve the optimum configuration with respect to the straight channel. In addition, the effect
of the angle and the speed of oscillation of the blades on vortex shedding pattern and, finally, the enhancement of the heat
transfer and pressure drop are studied.

2. Theoretical Formulation

In this section, first the problem under investigation is defined. In the following, the governing equations are presented. The
boundary conditions of the problem, including the boundary condition of the velocity and temperature at the flow inlet and
outlet and on the walls, are introduced in this section. In the end, the used non-dimensional parameters are defined.

2.1 Problem statement

Numerical results are presented for two-dimensional (b>>3D), incompressible, laminar, and unsteady Newtonian fluid flow for
26 different test cases. First case is a straight channel (without blade) and 2 to 6 geometries are channels equipped with blades
with different geometrical shapes (Fig. (a) to (e)) which will be studied for stationary and oscillating states. Also, the results are
compared with the results of the channel including stationary and oscillating blade type ]| and the stationary and oscillating
circular cylinder which were previously studied in [21]. The constant heat flux condition is applied to the upper and lower walls of
the channel. The blade with length D is located at the distance 4D from the inlet of the channel, and can be stationary or
oscillating in angular direction. Blockage ratio (the ratio of the blade size to the width of the channel) is 1/3, and the channel
length is 31D.

2.2 Flow field governing equations

Considering the above assumptions and assuming that the thermodynamic properties of the fluid are constant, and
regardless of the buoyancy force and the term of viscous dissipation, the conservation equations of mass, momentum and energy
are as follows:

Vi =0, (1)
M | o oy .
pg-l-(u-v)u =—-Vp +uV<, 2
pcp[%{+ﬁ-w]:kva, ?3)

A\V'A Journal of Applied and Computational Mechanics, Vol. 8, No. 1, (2022), 114-128



116 Ehsan Izadpanah et. al., Vol. 8, No. 1, 2022
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Fig. 1. Schematic of (a) geometry of the channel with blade type + and different configurations of blade (b) X, (c) X, (d) %, () & (the diameter of
the middle cylinder is 7/8D)

where ﬁ,p,t,p,u,cp,T and k are the velocity vector with u, and u, components, density, time, pressure, dynamic viscosity,

specific heat, temperature and thermal conductivity of the fluid, respectively.

2.3 Boundary conditions
At the inlet, the flow is considered to be fully developed hydrodynamically with constant temperature:

2
-t
1.5D

and T, are the mean velocity of the fluid along x and y directions and free stream temperature,

Mx,in = 1'5ux,m

» Uy, =0T =T, (4)

where u u

x,in ? y,in

respectively. On the walls of the channel for velocity, the no-slip boundary condition and for the temperature, the boundary
condition of the constant flux is applied. On the surface of the blades, the no-slip and the adiabatic boundary conditions are
considered. At the outlet, the opening boundary conditions, allowing the fluid to cross the boundary surface in either direction,
are used.

2.4 Non-dimensional parameters
One of the important parameters for evaluating the heat transfer rate from the upper and lower walls to the fluid is the

overall time averaged Nusselt number Nu . To determine this parameter, first, the local Nusselt number Nu(x,t) is calculated as

follows:

q ”Dh

Nu(x,t) T R(T, (x,t) - T, (x,t)) ’

where q”,D, and T, are respectively thermal flux, hydraulic diameter and wall temperature. The bulk temperature T, is

defined as follows:

3 quTdy
T, = W (6)

As a result, the time averaged Nusselt number of the wall during each period of blade oscillation is determined as follows:
N 1
N == | Nu(x,t)dt
u(x) . f u(x,t) (7)

where 7 is the period of the oscillating blade. Finally, the overall time averaged Nusselt number, which is the spatial average of
the Nusselt number obtained from Eq. (7) along the channel, is evaluated as follows:

Nu :%fﬁ(x)dx ®)
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Fig. 2. Grid generated by the sliding mesh method (a) oscillating and (b) stationary domain
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Fig. 3. Grid shown for 6#=n/4 at five different times of blades movement t = (a) 0, /2, t and (b) v/4, 31/4

where L is the length of channel. The Reynolds number Re and Prandtl number Pr for the Newtonian fluids are also defined
as follows:

Py Dy,
Re=—"
. ©)
C 1
Pr=-E- 10
. (10)

3. Numerical Considerations

This section deals with the numerical solution of the problem. The discretization method of the governing equations, the
accuracy of the parameters, the utilized grid, grid independency and numerical validation are expressed.

3.1 Numerical method

Numerical results are obtained using ANSYS CFX software [25]. This software uses the element-based finite volume method to
solve the governing equations. A high-resolution scheme is used to discrete the advection terms. Moreover, the implicit second

order backward scheme is utilized to investigate the problem in unsteady state. The computational time step is chosen 10*
seconds, which is 0.01 of minimum time required for an oscillation period of the blade. The convergence criterion of simulation

(based on the root mean square of residual) is considered 5x10°. For this value, the convergence of some variables (such as
velocity, temperature, and pressure) in the desired point and consequently relevant integrated quantities such as overall Nusselt
number is achieved. Moreover, lowering this criterion does not change the results.

To investigate oscillating blade in angular direction, there is a need for a grid that has the minimum deviation or elongation
during the rotation. Therefore, the sliding mesh method is applied. The used grid for all the cases is in accordance with Fig. 2,
which consists of two rotating (Fig. 2 (a)) and stationary (Fig. 2 (b)) regions. As shown in Fig. 3. The moving region rotates and
transfers the information to the stationary region through the middle layer. It can be seen that this grid does not have any
deformation, both oscillating and stationary grids are slipped on each other, the grid overlap does not happen and consequently,
no negative volume is produced during the solution. Using this method, there is no need to adapt the point to the point of the
grid in the middle plane.
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Fig. 4. Grid independence study for the stationary blade type +

3.2 Grid independence and results validation

The grid independence study was performed for three different grids with the number of structured elements 33820 (Grid 1),
49832 (Grid 2) and 59040 (Grid 3). The results were compared for the stationary blade type + at Reynolds number 100 and Prandtl
number 1. The overall time averaged Nusselt number for these three grids was obtained 18.56, 18.68 and 18.73 respectively.
Moreover, in Fig. 4, the wall time averaged Nusselt number along the channel was compared for the three above-mentioned grids.
According to Fig. 4, it is observed that the results obtained from Grid 2 and Grid 3 are closed. Therefore, Grid 2 with the number of
49832 elements consisting of 9032 elements in the oscillating region and 40800 elements in the stationary region was chosen as
the computational grid.
The present results for fourth different cases of fluid flow and heat transfer characteristics were compared with those presented in
the literature. In the first validation case, the flow around a stationary heated circular cylinder at Re=100 and Pr=0.7 was
studied. The values of Nusselt number Nu, Strouhal number St, drag coefficient C, and lift coefficient C, were compared
with experimental [26, 27] and numerical [28, 29] results also with correlation obtained experimentally [30, 31] as reported in
Table 1. In the second validation test case, the fluid flow characteristics around a rotating circular cylinder at Re =100 and
different non-dimensional rotational velocity a(=rw/U_) were compared with the results presented in [32, 33] as shown in
table 2. In the third validation test case, the verification was performed for flow around a circular cylinder confined in a channel
at Re=100 and Pr =1 and the values of the local time averaged Nusselt number were compared with the values of the Nusselt
number provided by Beskok et al. [19]. This validation and verification can be found in [21]. On the other hand, in order to validate
the accuracy prediction of thermal behavior of the channel flow in the presence of an oscillating circular cylinder, the
comparison was done with the numerical results presented by Beskok et al. [14] and Celik et al. [29]. In the present validation, the
boundary conditions, flow conditions and geometric dimensions were completely matched to the simulated samples in [19] and
[34]. Table 3 presents the comparison of the overall time averaged Nusselt number for different excitation frequencies
F = f,/f, (where f, and f, are cylinder excitation and natural vortex shedding frequency, respectively) with a constant

f=m/4 atRe =100 and Pr = 5.0. Comparison of present results with those in the related literature in fourth cases declares that
the results are reliable and have acceptable levels of accuracy.

Table 1. Comparison of present results with those in the related literature

Source Nu St Ca G

Present study 5.16 0.167 1.38 +0.341

Norberg [26] - 0.168 - +0.18 to +0.54

Tritton [27] - - 1.25 -

Mahir and Altag [28] 5.179+0.003 0.172 1.368+0.029 +0.343
kumar and Jayavel [29] 5.187 0.164 1.337 -
Knudsen and Katz [30] 5.19 - - -
Churchill and Bernstein [31] 5.16 - - -

Table 2. Comparison of present results with those in the related literature

a=0 a=1 a=2
Source
C“I Cd C“I Cd Cl Cd
Present study 0 1.355 -2.523 1.135 -5.535 0.493
Stajkovic et al. [32, 33] 0 1.36 -2.46 1.1 -5.47 0.47
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Table 3. Comparison of present results with those in the related literature

Nu
Source
F=0.5 F=0.75 F=1
Present study 26.57 28.84 27.58
Beskok et al. [19] 28.83 31.58 29.60
Celik et al. [34] - 24.43 -

Table 4. Description of studied cases

Case no. Situation Shape of the blade
. Stationary blade (SB1)
1 Oscillating blade (OB1), § =« /6,7/4, rpm =300,600
2 Stationary blade (SB2) ‘ ‘
Oscillating blade (OB2), ¢ =x/6,7/4, rpm =300,600 H
Stationary blade (SB3) \ y
3 Oscillating blade (OB3), 6= /6,7/4, rpm =300,600 J
Stationary blade (SB4)
4 Oscillating blade (OB4), ¢ =« /6,7/4, rpm =300,600
s Stationary blade (SB5) a

Oscillating blade (OB5), § =« /6,7/4, rpm =300,600

. Stationary blade (SB7)
6 Oscillating blade (OB7), § =« /6,7/4, rpm =300,600 )

Stationary blade (SB7)
Oscillating blade (OB7), § =« /6,7/4, rpm =300,600

‘Data is from [21]

4. Results and Discussion

4.1 Description of cases

As previously mentioned, to investigate the heat transfer enhancement, 35 states were studied numerically including cases 1
to 7, which compared with straight channel under the same boundary conditions (see Table 4). In order to investigate the effect of
generated vortices due to the presence of blades on the wall thermal boundary layer and as a result of the heat transfer, the local
time averaged Nusselt number is studied.
In Fig. 5, the local time averaged Nusselt number over 0<t <7/2 for both upper and lower surfaces of the channel and the local
time averaged Nusselt number over 0<t <7 are presented for OB2 withrpm =600. As it can be seen, the Nusslet number

oscillates at both upper and lower surfaces. These Nusselt number variations are related to the effects of vortices that are
generated in the direction of the flow behind the oscillating blades. When the vortex flow approaches the upper wall, the
thickness of the thermal boundary layer decreases and the Nusselt number increases. At this time, the thickness of the thermal
boundary layer on the lower wall increases, and as a result, the Nusselt number decreases. This process is frequently repeated. In
other words, the instantaneous Nusselt number profile for the upper and lower walls has a phase lag. The oscillations amplitude
of the Nusselt number along the flow decreases, since the size of the vortex is diminished due to the dissipation. The first
increase in the Nusselt number is related to the location of the blades and does not correlate with the vortexes separated from
the body. At the blades location, the cross-sectional area of the flow decreases and the fluid velocity increases, which results in
reducing the thickness of the boundary layer and increasing the Nusselt number. This increase is also visible in all subsequent
figures.

4.2 Results of case 2

Figure 6 (a) to (c) indicates the distribution of vorticity ¢ and non-dimensional temperature T respectively for the straight
channel and channel with SB2 and OB2. As it can be seen in Fig. 6 the thermal boundary layer starts to grow alonge the flow
through the channel. According to Fig.6 (b) for stationary blades, both blades are perpendicular to the fluid flow path, which
minimizes the cross-sectional area of the flow and increases the flow velocity. In this figure, the flow separation and vortex
shedding (with the positive and negative rotations) are visible. Vortices move toward the wall that results in reduceing the
thickness of the thermal boundary layer. Moreover, the movement of the vortex toward the wall results in moving cool fluid from
the channel center to the wall and mixing of cold and hot flows, which can have a positive effect on the increase of heat transfer.
Figure 6 (c) shows the flow on the oscillating blades with 6 =7/4 and rpm = 600, respectively. As it can be observed, in this case
there is a vortex flow as well, but the difference is that the vortices have been stretched more than the stationary blades, its
separation time has increased and the pattern of shedding has changed. Because of the blades oscillation, the rate of blockage
and the angle of separation of the flow have been changed, and the effect of the blades on generation of vortex flow decreases. In
comparison with the stationary state, due to the weakening of the vortices, the thermal boundary layer is less affected from the
vortices. These differences are recognizable from the comparison of Fig. 6 (b) and (c). So, it seems that the stationary blades have a
greater influence on the increase in heat transfer.
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Fig. 6. Vorticity and temperature contours (a) straight channel and channel with (b) SB2 and (c) OB2 at rpm = 600 and
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Fig. 7. Variations of the time averaged Nusselt number of the channel with SB2 and OB2 at rpm = (a) 600 and (b) 300.
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Fig. 8. Vorticity and temperature contours (a) straight channel and channel with (b) SB3 and (c) OB3 at rpm =600and 6=m/4.

Figure 7 (a) and (b) indicate variations of the time averaged Nusselt number over the straight channel and channel with SB2 and
OB2 with §=7/4 and =n/6,also rpm =600 and 300. In the straight channel, while boundary layer growing along the channel,
the local Nusselt number decreases uniformly. According to this figure, there are several increments in the Nusselt number curve.
The first increase is the same for almost all states and is related to the location of the blades. Further increases are due to the
effect of vortices on the surface and the separation of the boundary layer from the channel wall. In all cases, the use of the blades
enhances the heat transfer with respect to the straight channel. The maximum heat transfer rate is related to the stationary
blades, since according to Fig. 6 the blades oscillation makes the vortices weaker and its effect on the boundary layer becomes
lower, and consequently the heat transfer rate is less enhanced. Also, from the comparison of Fig. 7 (a) and (b), it can be said that
by increasing oscillating speed, the difference between the Nusselt number curves is increased in different cases. For § =7/4
and rpm =600, due to stretching the vortex, its effect on the wall and the separation of the wall boundary layer, and finally
increasing the local Nusselt number occurs far away, that as oscillation speed decreases the stretching the vortices decreases and
the position of local increase becomes closer to the blades.

4.3 Results of case 3

Figure 8 (a) to (c) shows the vorticity and temperature contours for the straight channel and the channel with equipped with
SB3 and OB3. As it can be seen, the shape and pattern of vortex shedding for SB2 (Fig. 6 (b)) and SB3 (Fig. 8 (b)) are completely
different. For the stationary blades, according to their position in the flow, the flow separation occurs from the front and behind
the blades. The vortices formed behind the blades are stretched and quickly disappeared in the flow and has no significant effect
on the boundary layer. This indicate the importance of the blades position in the flow. In the oscillatory state, the vortex
stretching decreases, and it takes more distance to destroy. These vortices also move toward the wall and have a greater impact
on the boundary layer. Blades oscillation increase the flow obstruction and vortex shedding becomes faster.

Figure 9 (a) and (b) compare variation of the time-averaged Nusselt number over the straight channel and channel with SB3 and

OB3 for ¢§=7/4 and /6 and rpm =600 and 300. As can be seen, the maximum Nusselt number is related to the oscillating

blades with 6 =7/4 and rpm =600. Of course, according to Fig. 8, this was predictable. Unlike OB2 in OB3, oscillation helps
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enhancing heat transfer with respect to the stationary case. Therefore, the blades position in the channel can have a significant
effect on the heat transfer. The blades oscillation with ¢ =7/4 and rpm = 600, in addition to the overall effect, have significant

local effects on the Nusselt number and the enhancement in heat transfer. But in SB3 case, the results related to the part of the
end of the channel are closer to the results of the straight channel, which indicates the thermal boundary layer growth.
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Fig. 9. Variations of the time-averaged Nusslet number of the channel with SB3 and OB3 at rpm = (a) 600 and (b) 300

4.4 Results of case 4

Figure 10 (a) to (c) indicates the vorticity and temperature contours for the straight channel and the channel in the presence
of SB4 and OB4. In this case, the number of blades is 6. Flow separation (from the first and the last blades) and vortex shedding
have occurred for the stationary blades, but in comparison with the oscillating state, vortices are weaker and less effective on the
boundary layer. Comparing Fig.s 6, 8, and 10 exhibits that changing the blades geometry affects the vortex shedding pattern. In Fig.
10, it is seen that after the blades, the vortices are separated from the surface. In addition, the vortices generated by the blades hit
the surface which complicates the flow behavior analysis. Therefore, at first behind the blades, two vortices with the same
direction and one vortex in opposite direction are visible. In the flow path, the two vortices with the same direction are merged,
and eventually they disappear through the flow due to dissipation. Figure 11 compares variations of the time-averaged Nusslet
number over the straight channel and channel with SB4 and OB4 for § =7 /4and n/6, and rpm =600 and 300. As it can be seen
and predicted from the contours, the maximum Nusselt number is related to the channel equipped with the oscillating blades

with #=7n/4 and rpm = 600. In this case, increasing the oscillating speed, increases the results differences.
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Fig. 11. Variations of the time averaged Nusslet number of the channel with SB4 and OB4 at rpm = (a) 600 and (b) 300

4.5 Results of case 5

Figure 12 shows the vorticity and temperature contours for the straight channel and the channel equipped with SB4 and OB4.
In this case, the number of blades is 6 as well, but its layout has been changed compared to the previous one.
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Fig. 12. Vorticity and temperature contours (a) straight channel and channel with (b) SB5 and (c) OB5 at rpm =600and 6=m/4
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Fig. 13. Variations of the time averaged Nusslet number of the channel with SB5 and OB5 at rpm = (a) 600 and (b) 300

It can be seen that vortex shedding occurs in the stationary blades, but this phenomenon becomes weaker due to the blades
oscillation. In addition, the blades oscillation causes irregularity in the separation pattern and flow on the wall. Figure 13
compares variations of the time averaged Nusselt number over the straight channel and channel with SB5 and OBS for §=7/4
and 1/6, and rpm =600 and 300. As it can be seen, the maximum Nusselt number is related to the oscillating blades with
0=7/6 and rpm = 600. It can be observed that changing the blades layout from SB4 to SB5 could help heat transfer
enhancement. Of course, the Nusselt number in the OB4 case is more than OB5, which is due to more flow obstruction in OB4 at
both oscillation angles with respect to OBS.
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Fig. 14. Vorticity and temperature contours (a) straight channel and channel with (b) SB7 and (c) OB7 at rpm = 600 and the §=7/4

40
clhannel
sk === SC7
————————— oCc78 =16
— = - OC78=n/4
30

10

LY

a L L L L I 1 1 1 1 I L 1 L L I 1 1 1 1 I L L L 1 I
5 10 15 20 25 30
x/D

=

Fig. 15. Variations of the time averaged Nusslet number of the channel with SB7 and OB7 at rpm = (a) 600 and (b) 300

4.6 Results of case 7

Figure 14 indicates the vorticity and temperature contours for the straight channel and the channel in the presence of SB7 and
OB7. In this case, the blades with height of 1/8D are located on a circular cylinder with a diameter of 7/8D. In both stationary and
oscillating cases, the vortex shedding is weakened and does not have any signeficant influence on the thermal boundary layer.
Moreover, the vortex shedding pattern is similar to each other. Therefore, the blades height can affect the heat transfer
enhancement. In Fig. 15, variations of the time averaged Nusslet number over the straight channel and channel equipped with
SBS and OBS for §=7/4and n/6, also rpm = 600 and 300 are presented. Due to the similarity of the vortex shedding pattern, the
variation of the Nusselt number is similar at rpm = 300, but with increasing oscillating speed, this pattern changes slightly,
which results in some differences between the results.

4.7 Comparison of cases

Inserting actuators or blades are specifically effective for heat transfer enhancement in meso-scale channels such as micro-

heat exchangers. However, it is evident that inserting a blade results in a pressure drop penalty, but, in such cases, the main
purpose is to enhance the heat transfer. In this section, the main objective is to show that the thermal and hydraulic
performances of the blades are directly dependent on the state and shape of the blade. It is shown that the shape and state of
blades can influence the pressure drop remarkably and restricts their applications for the thermal systems working under limited
pumping power conditions, such as the case for electronic cooling. Therefore, the designer can select the blade shape and state
based on these results.
First, to investigate more precisely the effect of blades number and angular velocity of the oscillation on the heat transfer
enhancement, in Fig. 16, the total time-averaged Nusselt number (Nu) with respect to the averaged Nusselt number of the
straight channel (Nu, ) is plotted for different oscillating speeds and oscillation angles, in which Nu, =Nu /Nu, . In this figure,
the results of the channel equipped with stationary blade type | (SB1), oscillating blade type ]| (OB1), stationary cylinder) SC6), and
oscillating cylinder (OC6) [21] are presented as well. As shown in Fig. 16, the maximum increase in Nusselt number with respect to
the straight channel is 63.8% and is related to the channel with SB1. The minimum heat transfer enhancement is related to the
channel with SB7 and OC6 and is about 19%. The maximum effect of the oscillation angle on the increase of Nusselt number with
respect to the stationary state is observed for case OB3 with 6§ =nx/4 which is about 42%.
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Fig. 16. Comparing the total time-averaged Nusselt number (ﬁ ) of the channel in the presence of various blades layouts with respect to the
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Fig. 17. Channel pressure drop with different blades layouts with respect to the straight channel at rpm = (a) 600 and (b) 300

The effect of the oscillating speed is significant for OC6 and OB7 cases with ¢ = /4. Adding the blades to the cylinder and their
transformation into SB7/OB7 case did not have much effect on the heat transfer enhancement with respect to the SC6/0Cé6.
Comparing the results of blades with different layouts, it can be concluded that the number of blades has a great influence on the
heat transfer.

Putting the blades in the channel, in addition to the heat transfer enhancement, will increase the pressure drop. The channel
pressure drop with different blades with respect to the straight channel is shown in Fig. 17. In this figure, the results for SB1, OB1,
SC6 and OC6 [21] are also presented. According to the figure, it can be seen that the maximum pressure drop is related to the
channel with SB1 and the minimum pressure drop is related to the channel with SB3. According to Fig. 17, the variation of the
oscillation angle of the OB1 at rpm = 600 has the maximum (about 110%) and of the OB6 at rpm = 300, the minimum (about 3%)
effect in reducing the pressure drop. It was also observed that adding short blades to the cylinder (SB7/0OB7) does not affect the
blockage of flow and vortex shedding pattern with respect to the SC6/0C6, and so the pressure drop of these cases is close to each
other.

5. Conclusion

In this paper, the heat transfer enhancement in the presence of blades with different geometries and oscillating conditions for
a Reynolds number of 100 was numerically investigated. In order to investigate the rate of the heat transfer enhancement,
variation of time-averaged Nusslet number for an oscillating case with d=x/6 and 7/4 and rpm = 300 and 600 was
investigated. The sliding mesh method was utilized to simulate the oscillating blades. The results indicated that :

% The heat transfer from the channel with the blade type + in the stationary state was more than the blade type X. The
oscillation of blades ¥ increased the heat transfer relative to the stationary state while this trend was opposite for the blade
+.

% For the blade type X, the oscillation enhanced the heat transfer relative to the stationary state. This process was the

opposite in most cases of the blade type #*.
The results showed that adding the blades to the cylinder does not have much influence on the heat transfer enhancement
with respect to the cylinder.

X3

*
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% The maximum heat transfer and pressure drop among the different geometries of the blades were related to type ] in the
stationary state. The minimum heat transfer enhancement and pressure drop were related to the type X in the stationary
state.

“ In most cases, the effect of the oscillation angle is greater than the oscillating speed on heat transfer enhancement.

% Increasing the number of blades did not necessarily help to enhance the heat transfer, but it could affect the decrease in
pressure drop.

% The blades configuration in flow had a great influence in the vortex shedding pattern, vortex strength, heat transfer rate,
and pressure drop.

% The presence of the blades and their oscillation, in addition to the overall effect on the heat transfer enhancement, had

effects on the local heat transfer enhancement.

X3

*

The best thermo-hydraulic performance was related to OB3 for § =7/4 and rpm = 600.
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Nomenclature
Blockage length of blade [m ] Re Reynolds number
k Thermal conductivity [W /m .K ] St Strouhal number
Nu  Nusselt number t Time [s |
Nu,  Nusselt number of the straight channel T Temperature [K |

Nu, Normalized Nusselt number =Nu / Nu, T, Bulk temperature [K ]
Nu  Time averaged Nusselt number T,  Wall temperature [K ]
Nu  Total time averaged Nusselt number ¢ Vorticity [1/5]
p Pressure [Pa | 0 The maximum oscillation angle [rad ]
P, Normalized pressure drop (= Ap / Ap, ) #  Dynamic viscosity [N.s /m? ]
Pr  Prandtl number p  Density [kg /m?*]
q”  Heat flux (W /m?)
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