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Abstract: In this study, confined slot nano-jet impingement cooling of a hot moving surface is
investigated under the combined utilization multiple rotating cylinders and magnetic field. Both
convective heat transfer and entropy generation analysis are conducted using a finite element method.
Parametric variation of the rotational Reynolds number (Rew between −500 and 500), velocity ratio
(VR between 0 and 0.25), Hartmann number (Ha between 0 and 20) and the horizontal location
of cylinders (Mx between −8 and 8) are considered. Rotation of the cylinders generally resulted
in the degradation of cooling performance while increasing the wall velocity, and the horizontal
location of the cylinder was found to positively contribute to this. Heat transfer rate reductions of
20% and 12.5% are obtained using rotations at the highest Rew for the case of stationary (VR = 0)
and moving wall (VR = 0.25). When magnetic field at the highest strength is imposed in the rotating
cylinder case, the cooling performance is increased by about 18.6%, while it is reduced by about
28% for the non-rotating cylinder case. The hot wall movement contributes, by about 14%, to the
overall cooling performance enhancement. Away from the inlet location of the rotating cylinders,
thermal performance improvement of 12% is obtained. The entropy generation rises with higher
hot wall velocity and higher horizontal distances of the rotating cylinders, while it is reduced
with a higher magnetic field for non-rotating cylinders. The best configurations in terms of cooling
performance provide 8.7% and 34.2% enhancements for non-rotating and rotating cylinders compared
with the reference case of (Rew, VR, Ha, Mx) = (0, 0, 0, 0), while entropy generation becomes 1% and
15% higher.

Keywords: magnetic field; slot jet impingement; finite element method; multiple rotating cylinders;
entropy generation; moving wall
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1. Introduction

The use of impinging jets has been considered for effective cooling in many thermal ap-
plications, including solar power, drying, electronic cooling and materials processing such
as glass annealing, among others [1–3]. Higher localized heat and mass transfer coefficients
can be obtained by using impinging jets. The flow features and basic heat transfer (HT)
mechanism by using impinging jets have been provided with important design and operat-
ing parameters [4–6]. Due to the complicated nature of the flow field and its interaction
with the thermal field, complex geometry and pressure gradients, theoretical treatment of
the convective HT with impinging jets is challenging. Magnetic field (MGF) in jet impinge-
ment has been considered in several studies. The applications in jet flow with MGF may
be relevant in electromagnetic braking. The utilization of MGF in convective HT has been
considered in many studies as HT and flow control method. An external MGF, which may
be active, partial, non-uniform or time dependent, can be imposed for thermal system and
several studies used MGF in slot jet impingement (SJ-I) HT applications. The performance
of the SJ-I cooling can be improved by using nanofluids (NFs). This technology of NFs
has already been implemented in diverse engineering systems, including energy storage,
refrigeration, renewable energy and many more [7–9]. For electrically conducting fluids,
nanoparticles can be used in base fluid to alter the thermophysical properties, including
thermal and electrical conductivity, while application of MGF will be more efficient. Sheik-
holeslami and Rokni [10] performed a review for application of NFs in the existence of
MGF effects by analyzing many numerical and analytical studies. They also considered
the Brownian motion and thermophoresis effects of NFs. Improvements in the thermal
performance were reported with NFs while discrepancies between single and two-phase
models were noted. M’hamed et al. [11] performed an extensive review of the application
of MGF considering NFs. They noted successful application of the flow control with MGF,
while some challenges were also mentioned, such as the stability and cost of using NFs.
In jet impingement, NFs have been used. In their review work, [12] analyzed the existing
studies for NF applications in impinging jet HT. Many aspects of the NF were covered,
including non-Newtonian fluid behavior and single- and two-phase modeling approaches.
They noted that single-phase non-Newtonian models required higher pumping power
even if they had higher HT rates. They recommended considering the application of hybrid
NFs, multiphase model and erosion impacts of NFs in jet impingement applications. Even
though diverse studies have been considered for the application of NF in jet impingement
HT [13–15], there are few works that have considered the MGF and NF impacts with jets
together [16–18].

Many different methods of HT enhancement have been considered in J-I cooling.
MGF and NF applications have been discussed above. The utilization of rotating circular
cylinders (CCs) in HT has been considered before in many studies. The size, rotational
speed, conductivity ratio and location of the CCs are some of the most influencing factors
for the overall thermal performance [19–21]. In J-I systems, cooling of rotating hot surfaces
has been considered in several studies [22–24], but rotating CCs as a control method for
cooling performance of SJ-I onto a hot flat surface has only been considered in [25].

Entropy generation analysis (EG-A) can be used in thermal system for performance
evaluations and design optimizations. The basics and some applications of EG minimiza-
tion can be found in several sources [26–28]. The HT and fluid friction irreversibility
analysis can be performed by using EG studies in convective HT. EG-A have been con-
sidered in NF studies [29–31]. A review of EG in NF systems has been performed by
Mahian et al. [32]. They considered different NF and various geometry with different
boundary conditions. They noted that the EG can be reduced by using NF depending
upon the geometry and flow regime while in viscous dominated micro-channels, and using
NFs resulted in increased EG. In another review, Huminic and Huminic [33] presented an
overview of the NF and hybrid NF applications for EG of different thermal systems. Micro-
channel flow and cavities were considered while both experimental and numerical studies
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were covered. The potential of using NFs in EG minimization was explored. In MGF with
NF, EG-A has been been performed in many different studies [34–36].

In this study, slot J-I (SJ-I) cooling of moving hot surface under the combined effects
of using MGF and multiple rotating CCs are considered. The combined method can be
considered either as a novel HT enhancement technique for SJ-I or rotating CCs or MGF
can be present in the thermal system. In the literature, utilization of MGF and NF together
has been considered in several studies, while only one study exists for a single rotating
CC in SJ-I cooling. As novel contributions to the exiting literate, multiple rotating CCs are
used, and movement of the hot surface to be cooled is considered along with the MGF
and NF. The study also includes EG analysis for the evaluation of system performance.
Figure 1 shows the schematic view of the available HT enhancement methods that can
be used for J-I cooling system with the jet and wall features considered in this study. The
coupled impacts of moving wall, rotation of multiple CCs and MGF will be explored for
cooling of an isothermal hot surface by using confined SJ-I. Performance of the system
for varying parameters of interest is indicated in terms of EG, which results in higher
possibility to assess the system performance. The outcomes of the current work are useful
in initial design and optimization studies for development of cooling systems with SJ-I.
The applications can be encountered in microfluidic devices, photovoltaic (PV) /thermal
systems, material processing, drying and diverse HT equipment.

Jet Impingement
CoolingMethods

Magnetic
Field

Electric
Field

Rotating
Cylinders

Mechanical
Stirring

Vibrating
Surfaces

Oscillating
Fins

ACTIVEMETHODS

PASSIVEMETHODS

PhaseChange
Materials

Nanofluids
Geometry

Modifications

Helical
Coils

Twisted
Tapes

JET:
Single
Confined

WALL:
Flat

Moving
Isothermal

Figure 1. Different available methods that can be used for flow control and thermal performance
improvement of jet impingement cooling.



Mathematics 2023, 11, 1891 4 of 17

2. Numerical Model

We consider SJ-I cooling of a hot moving wall under the combined utilization of three
identical rotating CCs and inclined MGF effects. A schematic view is given in Figure 2.
Cold fluid enters with velocity of uc and temperature of Tc, while a hot wall is moving with
velocity uw and is kept at a temperature of Th. Velocity ratio (VR) is defined as VR = uw/uc.
The slot size is wj, and the hot plate length is L = 150wj and the vertical distance between
them is H = 7wj. The rotating CCs are identical and have radius of r = 0.1H and are rotating
with same speed of ω. Their center locations are (xc1, yc1) = (0.5L + Mx, 0.35H), (xc2,
yc2) = (0.5L + Mx + 0.6H, 0.35H) and (xc3, yc3) = (0.5L + Mx + 0.3H, 0.65H). An external
uniform MGF is imposed with inclination of γ with horizontal. The hybrid NF, which
contains Ag–MgO nanoparticles in water, is utilized while the solid volume fraction of
2% is considered. The Pr of the base fluid is 6.9. The flow is 2D and laminar. The MGF
is uniform, and induced MGF effects along with the electric currents are not taken into
account. The impacts of natural convection, radiation and viscous dissipation are ignored.

uc ,Tc

wj

L

r

r

r

H

uw

T=Th x

y

outlet outlet

inlet

ω

ω

ω

(xc3 , yc3)

(xc2 , yc2)

(xc1, yc1)

B⃗0
γ

Figure 2. Schematic description of the SJ-I cooling system for a moving hot wall under combined
effects of MGF and multiple rotating CCs.

The conservation equations under the above assumptions are:

∂u
∂x

+
∂v
∂y

= 0 (1)

u
∂u
∂x

+ v
∂u
∂y

= − 1
ρn f

∂p
∂x

+ νn f

(
∇2u

)
+

σn f B2
0

ρn f

(
v sin(γ) cos(γ)− u sin2 γ

) (2)

u
∂v
∂x

+ v
∂v
∂y

= − 1
ρn f

∂p
∂y

+ νn f

(
∇2v

)
+

σn f B2
0

ρn f

(
u sin(γ) cos(γ)− v cos2 γ

) (3)

u
∂T
∂x

+ v
∂T
∂y

= αn f∇2T. (4)
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The related non-dimensional parameters and numbers are:

X =
x

Dh
, Y =

y
Dh

, U =
u
uc

, V =
v
uc

, P =
p

ρn f u2
c

θ =
T − Tc

Th − Tc

Pr =
ν f

α f
, Re =

ucDh
νn f

, Ha = B0Dh

√
σn f

ρn f ν f
, Rew =

ωDhDh
νn f

(5)

where Dh = 2w is the characteristic length.

∂U
∂X

+
∂V
∂Y

= 0 (6)

U
∂U
∂X

+ V
∂U
∂Y

= − ∂P
∂X

+ b1
1

Re

(
∇2U

)
+ b2

Ha2

Re

(
V sin(γ) cos(γ)−U sin2 γ

)
(7)

U
∂V
∂X

+ V
∂V
∂Y

= − ∂P
∂Y

+ b1
1

Re

(
∇2V

)
+ b2

Ha2

Re

(
U sin(γ) cos(γ)−V cos2 γ

)
(8)

U
∂θ

∂X
+ V

∂θ

∂Y
= b3

1
RePr

∇2θ. (9)

In the above representation, b1 =
νn f
ν f

, b2 =
ρ f
ρn f

σn f
σf

and b3 =
αn f
α f

.
In dimensional form, the boundary conditions are given as:

• Jet inlet, u = 0, v = −uc, T = Tc

• Outlet: ∂u
∂x = ∂T

∂x = 0, v = 0
• At the target plate: u = u0, v = 0, T = Th

• Upper plate walls: u = v = 0, ∂T
∂x = 0

• At the rotating cylinder walls: u = −ω(y− yci), v = ω(x− xci), ∂T
∂n = 0

Local and average Nusselt numbers (Nu) are used for thermal performance evalua-
tions, which are given as:

Nus = −
kn f

k f

(
∂θ

∂n

)
, Num =

1
L

∫ L

0
Nusds. (10)

The EG equation is stated as in the following:

S =
kn f

T2
0

[(
∂T
∂x

)2
+

(
∂T
∂y

)2
]
+

µn f

T0

[
2

((
∂u
∂x

)2
+

(
∂v
∂y

)2
)
+

(
∂u
∂x

+
∂v
∂y

)2
]

+
σn f B2

0

T0
(u sin γ− v cos γ)2

(11)

where impacts of HT, viscous dissipation and MGF effects are represented by various terms
in the above equation.

The Galerkin weighted (GW) residual finite element method (R-FEM) is employed as
the solution method. The application of FEM and basic steps in modeling for HT and flow
problems can be found in many sources [37,38]. The FEM-based solution of convective
HT problems including SJ-I cooling has been considered in many studies [39–41]. In the
method, the field variables ( f ) are approximated by using different ordered Lagrange finite
elements as in the following:

f =
N f

∑
k=1

Ψ f
k Fk, (12)
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where Ψ f denotes the shape function and F is the nodal value. The weighted average of
the resulting residual (R) is set to be zero as:∫

V
WRdV = 0. (13)

SUPG method is used to handle the numerical instability while BICGStab is considered
for the flow and HT modules of the code. The convergence of the solution is assumed when
the relative error for each of the variables satisfy convergence criteria of 10−6.

Grid independence test results are shown in Figure 3a considering average Nu varia-
tions with different grid sizes at two different rotations of CCs (Rew = 0 and Rew = −500).
A grid with 470,870 number of triangular elements is selected, and its variation in the
domain near the CCs is given in Figure 3b. Near-wall refinement is performed.

0 1 2 3 4 5 6 7 8 9

x 10
5

2.7

2.8

2.9

3

3.1

3.2

3.3

3.4

3.5

3.6

element number

N
u

m

 

 

Rew=0

Rew=−500

(a)

(b)

Figure 3. Test results for grid independence: Average Nu for different grid sizes considering rotating
and non-rotating CCs (a) (Ha = 5, Mx = −1) and grid distribution near the CCs (b).

Validation of the code is performed by using different available studies. In the first
work, convection in a differentially cavity under MGF effects is analyzed. Comparison
results of average Nu at three different MGF strength are shown in Figure 4a by using the
available results in [42]. The value of the Grashof number is fixed to Gr = 2× 105 while
Ha values of 0, 50 and 100 are taken. The highest difference is seen at Ha = 0, and it is
below 5%. For SJ-I cooling, the results available in [43,44] are used. An isothermal plate is
considered while Re values of 100 and 300 are taken. The maximum difference between the
available results is below 4% (Figure 4b). The MGF effects in convection and SJ-I cooling
effects are accurately captured by using the current solver.
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Figure 4. Code validation 1: Average Nu comparisons at three different Ha considering the convec-
tion in a differentially heated enclosure. Results in [42] are used, and Grashof number is fixed to
Gr = 2× 105 (a). Code validation 2: Stagnation point Nu comparison for SJ-I cooling of an isothermal
surface by using the reference results in [43,44] at Reynolds number 100 and 300 (b).

3. Results and Discussion

Convective HT and EG analysis for confined SJ-I cooling of a moving hot surface
under the combined effects of using MGF and triple rotating CCs is conducted. The CCs
are identical and rotating at the same speed, while the hot wall is moving with constant
speed. The numerical study is conducted for various values of rotational speed of the
CCs (Rew between −500 and 500), velocity ratio (VR between 0 and 0.25), MGF strength
(Ha between 0 and 20) and horizontal distance of the rotating CCs to the jet entrance (Mx
between −8 and 8). EG-A is also conducted for the varying parameters of interest. Hybrid
nanoparticles volume fraction is considered as 2%.

Figure 5 shows the impacts of rotational speeds of the CCs on the streamline variation
at two different velocity of the hot wall. In the case of non-moving wall and without the
activation of the CCs, vortices form near the inlet due to confinement and entrainment,
while the right vortex is smaller in size due to the existence of the CC. A large elongated
vortex near the right CC is formed, which extends toward the upper plate. When the
CCs start to rotate with higher speeds, the sizes of the inlet region vortices are reduced,
while vortices near the left and right CC on the bottom wall are established, and their sizes
increase with higher speeds. When the hot bottom wall moves in +x direction without
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rotation of the CCs, a large vortex on the left bottom wall is formed. When the value of Rew
is increased, this vortex zone expands in vertical direction while suppression of the inlet
vortices with rotations of the CCs is obtained with higher Rew. Due to the wall movement,
no vortex is formed on the right part of the inlet near the bottom wall which exists at
VR = 0.

(a) Rew = −500, VR = 0 (b) Rew = −250, VR = 0 (c) Rew = 0, VR = 0

(d) Rew = −500, VR = 0.25 (e) Rew = −250, VR = 0.25 (f) Rew = 0, VR = 0.25

Figure 5. Effects of Rew on streamline variations considering two different velocities of hot wall
(Ha = 5, Mx = −1).

Impacts of hot bottom wall velocity on the flow pattern distribution are shown in
Figure 6 for two cases of CCs. In the case of non-rotating CCs, on the left part of the bottom
wall, a large elongated vortex is formed with higher values of VR. This is attributed to the
higher velocity of the hot wall, which induces drag force on the fluid while the flow field is
distorted. A vortex is also formed below the left CC, and this region becomes larger with
higher VR. When rotations become active, the existence of this elongated vortex on the left
part is also seen due to the hot wall movement. Some slight modifications of the vortices
near the upper CCs are observed. At highest speed wall velocity (VR = 0.25), rotation of
the cylinders results in formation of the large vortices near the right CC adjacent to top
wall, while the vortex near the left CC extends in size. The inlet vortex on the left part
elongates toward the left due to the rotations of the CCs. Characteristics of the HT are seen
in Figure 7 considering the variation of average Nu with respect to changes in Rew and
VR. The rotation of the CCs results in reduction of HT performance for CW rotations of the
CCs for both stationary (VR = 0) or moving wall (VR = 0.25) cases. In the case of VR = 0,
the reduction amount becomes 20%, while it is 12.5% at VR = 0.25 when configurations with
rotations CCs at Rew = −500 are compared with the case of non-rotating CCs. The impact
of rotation on the HT reduction becomes lower with movement of the hot wall due to the
increased HT. When CCW rotations are considered, there is 10% reduction at VR = 0.25,
while it becomes 2% increment at VR = 0 when configuration of non-rotating (Rew = 0) and
rotating CCs at Rew = 500 are compared. The wall velocity is small compared with the jet
velocity, whereas the shear-driven impacts due to wall movement are not significant when
the rotations of the CCs are the determining factors. When VR is increased, the average Nu
becomes higher for the case of rotating or non-rotating CCs. In both cases, the movement
of the wall at the highest velocity contributes 14% increment in the average Nu compared
with the stationary wall configuration.
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(a) Rew = −500, VR = 0 (b) Rew = −500, VR = 0.15 (c) Rew = −500, VR = 0.25

(d) Rew = 0, VR = 0 (e) Rew = 0, VR = 0.15 (f) Rew = 0, VR = 0.25

Figure 6. Effects of hot wall velocity on streamline variations for rotating and non-rotating CC cases
(Ha = 5, Mx = −1).
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Figure 7. Average Nu versus Rew (a) and versus VR (b) (Ha = 5, Mx = −1).

The impacts of MGF strength on streamline variations are shown in Figure 8a–h
considering both rotating and non-rotating CC cases. When CCs are not rotating (Rew = 0)
at Ha = 0, large vortices near the bottom wall (left part), near the right CC on the top wall
and near the inlet are established. When MGF strength is increased to Ha = 5, the top
and bottom wall vortices are significantly suppressed while at the highest MGF strength
(Ha = 20), and most have disappeared. Similar observations can be made with higher MGF
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strength when the rotations of the CCs become active. In the case of no MGF, two large
elongated vortices are formed in the left and right part of the bottom wall that result from
the combined utilization of rotation and movement of the hot wall. As the Ha value is
increased, the extent of this vortex is largely suppressed. The suppression of vortices due to
the complex interaction of the SJ-I, shear effects due to the wall movement and rotation of
the CCs are seen by imposing the MGF and increasing its strength. The HT behavior shows
different characteristics when imposing the MGF effects depending upon if the rotations
are active or not. When the rotations of the CCs are not considered, reduction of the HT is
seen until Ha = 10, and after this Ha, it is slightly varying. The amount of HT reduction
becomes 28% until Ha = 10 at Rew = 0 (Figure 8i). However, when rotations become active
at Rew = −200, the average Nu rises by about 18.6% by increasing the MGF strength at
Ha = 5. Further increment of MF strength has little influence on the variation of average Nu.
As the rotations of the CCs are activated, the average Nu values are higher until Ha = 10
compared with the non-rotating cylinder case and then become almost identical after this
value until Ha = 20. This is attributed to the rotations of the cylinders, which deflect the
fluid flow toward the upper wall in the left region of the inlet while effective impinging to
the hot wall is hindered. When MGF is used for rotating case, the amount of deflection of
this fluid flow toward the upper wall becomes reduced.

The horizontal location of the multiple rotating CCs influence on the flow patterns, as
shown in Figure 9a–f considering rotating and non-rotating CCs. When the rotating CCs
are away from the inlet jet, large recirculations are formed near the inlet while effective
impinging of the jet onto the hot moving plate is obtained. When the rotating CCs are near
the inlet jet, due to the rotations of the CCs, inlet vortices are damped out and mechanism
of the HT is mainly due to the rotating effects of CCs in contrast to jet impingement HT.
When rotations are not used at location Mx = 0, the deflection of the impinging jet on the
hot surface is seen due to the presence of stationary bottom cylinder, while below it, a small
vortex is established. Average Nu versus location (Mx) of the CCs is shown in Figure 9g.
The horizontal location closer to the inlet results in lower HT rates when rotations are
active at Rew = −500. Higher Nu values are obtained when the rotating CCs become way
from the inlet in horizontal direction. Compared with the case of Mx = 0, average Nu
enhancements of 12% and 7.5% are obtained for cases with locations of Mx = −8 and 8.
For both rotating and non-rotating CC case, the location of Mx = −2 provides the lowest
value of average Nu, where the upper CC is just located below the inlet jet and horizontal
distance between the cylinder center and jet center becomes 0. A sudden increment in
average Nu is seen when the rotations are not active if Mx is increased from Mx = −2 to
Mx = 0, which is not the case with rotations of the CCs due to the rotational effects that
hinder the effective impingement of cold fluid onto the hot surface.

EG-A is also considered for the SJ-I problem under combined effects of rotational CCs
and MGF. Variations of normalized EG with respect to changes rotational speed of the
CCs (Rew) and hot wall velocity (VR) are given in Figure 10. As the velocity of the hot
wall is not significant, the shear-driven effects due to wall movement are not profound.
The SG values show the dominance of HT irreversibility, while EG generation achieves the
minimum value when non-rotating CC case is considered. Higher velocities of the moving
wall result in higher entropy production due to the higher HT and viscous irreversibility.
At the highest VR, the discrepancy between the rotating and non-rotating increases. The EG
rises by about 6.25%/5.25% for non-rotating/rotating cases when comparing the moving
wall case (VR = 0.25) with the stationary wall case (VR = 0). The reductions of the EG by
activation of rotations in CW direction of the CCs at the highest speed become 18.5% and
16.5% for cases of VR = 0 and VR = 0.25. Depending upon whether the rotations are active
or not, the EG shows different behavior with higher MGF strength. For stationary CCs, EG
is reduced by about 23% at the highest MGF strength, while it is increased by about 66% for
non-stationary CCs at Rew =−200. The behavior shows similar trends as in the average Nu
variations due to the higher irreversibility in the HT, as the wall velocity is not significant.
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The location of the rotating CCs closer to the inlet position in horizontal direction produces
less entropy, while for both cases the EG rises with higher Mx (Figure 11).

(a) Ha = 0, Rew = −200 (b) Ha = 5, Rew = −200

(c) Ha = 10, Rew = −200 (d) Ha = 20, Rew = −200

(e) Ha = 0, Rew = 0 (f) Ha = 5, Rew = 0

(g) Ha = 10, Rew = 0 (h) Ha = 20, Rew = 0
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N
u

m

 

 

Rew=−200
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(i) Ha = 20, Rew = 0

Figure 8. Impacts of MGF strength on the streamline distributions considering rotating (a–d), non-
rotating CC cases (e–h) and on the average Nu variations (i) (VR = 0.25, Mx = −1).

A summary of different cases in terms of thermal performance and production of
entropy is shown in Figure 12. Case 1 (C1) shows the reference configuration for the set
of parameters (Rew = 0, VR = 0, Ha = 0, Mx = 0) where non-rotating CCs with stationary
hot wall is considered without MGF effects. When rotations are active at Rew = −500,
the best case is obtained for (Ha, VR, Mx) = (0, 0.25, −4wj), while thermal performance
improvement becomes 8.7%, and without rotation, improvement of up to 34.2% is obtained
at (Ha, VR, Mx) = (20, 0.25, −8wj). When no cylinders are installed in the SJ-I system,
thermal performance improvements of 14.2% and 5.9% are obtained compared with the
reference case at Ha = 0 and Ha = 20. When EG performances are compared, the highest
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EG is obtained for case 3, which is 15% higher than the reference case. Case 2 has only 1%
higher EG than the reference case. When movement of the wall is not considered, even
without installation of CCs, the EG becomes higher either with (Ha = 20) or without MGF
effects (Ha = 0).

(a) Mx = −8wj, Rew = −500 (b) Mx = 0, Rew = −500 (c) Mx = 8wj, Rew = −500

(d) Mx = −8wj, Rew = 0 (e) Mx = 0, Rew = 0 (f) Mx = 8wj, Rew = 0
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(g)

Figure 9. Variations of streamlines with changes in the horizontal location of the multiple CCs consider-
ing rotational (a–c) and stationary (d–f) cases of CCs and impacts of horizontal location of CCs on the
variation of average Nu considering rotating and non-rotating CC cases (g) (Ha = 5, Mx = −1).

−500 −400 −300 −200 −100 0 100 200 300 400 500
0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Rew

S
G

 

 

VR=0

VR=0.25

(a)

Figure 10. Cont.
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Figure 10. Impacts of rotational Re on the variation of EG for stationary (VR = 0) and moving wall
(VR = 0.25) cases (a) and impacts of VR on EG for rotating (Rew = −500) and non-rotating CC cases
(Rew = 0) CC cases (b) (Ha = 5, Mx = −1).
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Figure 11. Effects of MGF strength (a) horizontal location of the CCs (b) on the variation of EG
considering rotating and non-rotating CC cases (VR = 0.25, Mx = −1).
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C2: Best case for Rew=−500,  (Ha=0, VR=0.25, Mx=−4wj)
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Figure 12. Comparison of best cases in terms of thermal performance (a) and EG (b) considering both
rotating and non-rotating CC case.

4. Conclusions

Convective HT and EG analysis of a SJ-I cooling system for a moving hot wall was
conducted under the combined utilization of MGF effects and multiple rotating CCs. Some
of the important outcomes can be listed as:

• Rotations of the CCs near the jet inlet have negative impacts of the HT enhancement
for both stationary and moving hot wall cases. Reductions in the average Nu of up to
20% and 12.5% are obtained by using rotations at Rew = −500 for stationary (V = 0)
and moving wall (VR = 0.25) cases.

• The wall movement contributes positively to the cooling performance while HT
enhancements up to 14% are achieved by wall velocity at the highest speed (VR = 0.25).

• Depending upon the activation of cylinder rotations, the impacts of MGF strength
on the HT characteristics are different. For non-rotating CCs, cooling performance
is reduced by about 28% until Ha = 10, while by using rotations at Rew = −200, it is
increased by about 18.6%.

• For the rotating CC case, average Nu variations up to 12% can be achieved by vary-
ing the horizontal location of the CCs while away from the inlet, higher cooling
performances are obtained.
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• When the hot wall starts to move at VR = 0.25, the EG increments up to 6.25% and 5.25%
are obtained for non-rotating and rotating CC cases compared with the stationary wall
(VR = 0) configuration.

• The MGF acts to reduce the EG by about 23% for non-rotating cylinders while incre-
ment of EG by about 66% is obtained for rotating cylinders at Rew = 200. Away from
the jet inlet, the EG rises.

• The best configuration for the case of non-rotating CCs is achieved at (Ha, VR, Mx) =
(0, 0.25, −4), and HT increment becomes 8.7% compared with the reference case of
(Rew = 0, VR = 0, Ha = 0, Mx = 0). For the non-rotating CC case, the optimum set of
parameters is achieved at (Ha, VR, Mx) = (20, 0.25, −8) with HT enhancement of 34.2%
compared with the reference.

• The maximum EG is obtained for configuration with (Ha, VR, Mx) = (20, 0.25, −8)
with non-rotating CCs, while the value is 15% higher than the reference case. When
rotations are active at Rew = −500, the case (Ha, VR, Mx) = (0, 0.25, −4) has only 1%
higher EG when compared to reference.
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Nomenclature

B0 Magnetic field strength
Ha Hartmann number
H separating distance
h heat transfer coefficient
k thermal conductivity
L plate length
n unit normal vector
Nus local Nusselt number
Num average Nusselt number
p pressure
Pr Prandtl number
r cylinder radius
Re Reynolds number
Rew rotational Reynolds number
T temperature
u, v x-y velocity components
uc jet velocity
uw wall velocity
VR velocity ratio
wj slot width
x, y Cartesian coordinates
Greek Characters
α thermal diffusivity
γ magnetic field inclination
θ non-dimensional temperature
ν kinematic viscosity
ρ density of the fluid
σ electrical conductivity
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φ solid volume fraction
ω rotational speed
Subscripts
c cold
h hot
m average
nf nanofluid
w wall
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