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Abstract: In the present study, the effects of using a corrugated porous layer on the forced convection
of a hybrid nanofluid flow over a 3D backward facing step are analyzed under the coupled effects
of magnetic field and surface rotation. The thermal analysis is conducted for different values of
the Reynolds number (Re between 100 and 500), the rotational Reynolds number (Rew between 0
and 2000), the Hartmann number (Ha between 0 and 15), the permeability of the porous layer (the
Darcy number, Da between 10−5 and 10−2) and the amplitude (ax between 0.01 ap and 0.7 ap) and
wave number (N between 1 and 16) of the porous layer corrugation. When rotations are activated,
the average Nusselt number (Nu) and pressure coefficient values rise, while the increment of the
latter is less. The increment in the average Nu is higher for the case with a higher permeability of the
layer. When the corrugation amplitude and wave number are increased, favorable impacts of the
average Nu are observed, but at the same time pressure coefficients are increased. Successful thermal
performance estimations are made by using a neural-based modeling approach with a four input-two
output system.

Keywords: flow separation; rotating surface; magnetic field; CFD; hybrid nanofluid; ANN

1. Introduction

Flow separation characteristics are important to be considered in many engineering
practices. Dynamics of drag forces, heat transfer (HT) and performance features are affected
by the flow separation in various systems, and examples can be found in aerodynamics,
turbo-machinery, building energy saving, power generation systems, cooling, thermal
management and many more. Flow over a backward/forward facing step (BFS/FFS)
includes separated flow regions, and the interaction between the main flow and established
complex vortex patterns becomes complicated. The size of the vortex behind the step and
separation dynamics are affected by many factors such as the Reynolds number (Re), step
size, expansion ratio of the channel and other geometrical and operating parameters. In the
experimental work of Armaly et al. [1], an LDA method was used for the analysis of the
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flow over a single BFS in a channel and reattachment lengths by using air for the Re range
between 70 and 8000. They observed different flow regimes while numerical predictions
were also conducted for the 2D BFS configuration. In the review work of Chen et al. [2],
basic modeling features and parameters for the flow over BFS were discussed in depth,
while different application examples were provided.They considered HT aspects and
control design applications with future trends and challenges. Many studies considered
the 2D flow over BFS with HT [3–6] and 3D aspects of BFS flow were studied in various
sources [7–11].

Many different techniques including active, passive and hybrid ones have been proposed
for the convective HT control considering separated flow over BFS. Flow pulsations [12–14],
installing fins/objects [15–17], considering stationary rotating cylinders [18–20] and using
nanofluids [21–27] are among some of the available methods. The nanofluids technology
has been used in many energy technologies including solar power, refrigeration, power
generation, cooling of electronics, energy storage and many others [23,28–34]. In the re-
view work of Salman et al. [35], applications of hybrid nanofluids on the performance
improvements of micro-scale BFS were explored by considering numerous experimental
and numerical studies. The potential of using nanofluids in the convective HT enhance-
ments for BFS flow were shown and future challenges were addressed. In another review
study by Mohammed et al. [36], basic procedures for nanofluid preparation, its behavior,
properties and application for convective HT of BFS flow were explored. Flow separa-
tion characteristics by using nanofluids were analyzed, while transport mechanisms and
stability issues of the suspension were discussed in detail. Other works that considered
the application of nanofluids in convective HT enhancement in BFS flow can be found in
Refs. [37–41]. The rotational surface effects in convective HT control have been considered
in many studies. The additional momentum and heat exchange by using speed controlled
objects provide flow and HT control. A rotating cylinder has been used in several studies
for convection control. The size, location and rotational speeds have been found as the most
influencing parameters on the performance improvements [42–44]. The coupled effects of
using nanofluid with rotational surface effects have been considered in various studies,
while nanofluids have been reported to improve the thermal efficiency where the amount of
enhancement depends upon the particle type and loading amount in the base fluid [45–50].

The application of a magnetic field (MaF) is relevant in many engineering practices
such as in geothermal energy extraction, microfluidic pumps, coolers of nuclear reactors,
metals processing, biomedical applications, convection and many more systems [51]. In the
review study of Kabeel et al. [52], MaF applications in diverse engineering systems have
been presented with the impacts on the HT and fluid flow. In applications where separated
flow may be encountered such as flow over BFS, the MaF can suppress the flow recirculation
and may improve the HT performance [53–55]. The MaF in convective HT applications
has been used with nanofluids [56–61]. M’hamed et al. [62] performed an extensive review
for the applications of MaF with nanofluids while two major challenges were addressed.
The cost and stability issues were mentioned as the challenges. In another review study
by Sheikholeslami and Rokni [63], convective HT of nanofluids under MaF effects were
studied by using several numerical and analytical models. Single and two phase approaches
of nanofluid were considered, while constant and variable MaF cases were analyzed. In
separated flow with MaF, nanofluids were included in several studies, while further thermal
efficiency enhancement were reported [64–66].

Porous inserts can also be utilized in convection control and HT performance improve-
ments, while applications may be encountered in drying, chemical processes, filtering,
thermal management and cooling [67]. Analytical methods have been used to analyze
the porous layer–fluid systems with HT [68–70]. Combined utilization of magnetic field
and porous layers for convective HT have been considered in several studies including
mixed convection of lid-driven cavity [71], natural convective HT in an inclined cavity [72],
transient natural convection with heat generation within a square enclosure [73] and many



Nanomaterials 2022, 12, 2466 3 of 22

others [74–76]. Coupled effects of using nanofluids and MaF in porous media applications
can be found in Refs. [77–82].

The present study focuses on analyzing the coupled effects of surface rotation, mag-
netic field and installation of a porous layer on the convective HT for flow over 3D BFS
geometry. The porous layer is a wavy one installed near the abrupt area change, while it has
a rectangular type corrugation. Flow separation dynamics and convective HT performance
are analyzed under coupled MaF effects, surface rotation and hybrid nanofluids. The men-
tioned methods may be already available in the system such as rotating heat exchanger
with area expansion, or MaF effects may also be present. In the literature, convective HT
control by using the combined effects of MaF, rotations and installation of a wavy porous
layer has never been considered for flow in a channel with area expansion. A neural
modeling approach is used for fast thermal predictions of HT and pressure coefficients with
different influencing input parameters for assisting the high fidelity computational fluid
dynamics (CFD) simulations. As thermal management and flow control for channels with
area change are important to be considered in many thermal engineering systems such as
heat exchangers, electronic cooling, micro-fluidic devices and many more, the outcomes of
the present work will be helpful for optimization and energy efficient product development
in various energy system technologies.

2. Computational Model
2.1. Thermo-Fluid System and Governing Equations

The effects of using a wavy PL and surface rotation on the flow separation and HT char-
acteristics for hybrid nanofluid flow over 3D BFS is analyzed under MaF effects. Figure 1
shows the schematic view of the thermo-fluid system with the installed PL. The inlet
distance to the step is L1, while L2 and H denote the distance of step to exit and step height.
The inlet channel height is H. A wavy PL is used with length of Lp, and its thickness is ap.
The form of the corrugation is a rectangular type with height of ax and length b, where N is
the number of corrugation waves. The cold fluid stream enters with velocity of ui and cold
temperature of Ti. The wall downstream of the step is at hot temperature of Th while it is
also rotating with speed of ω. A water–Ag–MgO hybrid nanofluid is selected as the HT
fluid. The correlations for the viscosity and thermal conductivity of the hybrşd nanofluid
can be found in Ref. [83]. We considered a single phase approach of the nanofluid modeling,
while fluid is Newtonian. The nanoparticle loading amount in the base fluid fluid is 2%.
The MaF is acting radially, and it is uniform throughout the computational domain.

Forced convection of hybrid nanofluid for flow over 3D BFS is considered, while effects
of thermal radiation, free convection and viscous dissipation are neglected. The induced
MaF effects, joule heating and displacement currents effects are also ignored. In the
PL domain, the Brinkman-extended Darcy porous model is considered. The governing
equations in compact form are stated as in the following [84,85]:

∇.~u = 0 (1)

1
ε2 (~u.∇)~u = −1

ρ
∇p +

ν

ε
∇2~u− ν

κ
~u +

σ

ρ

(
~u× ~B

)
× ~B (2)

(~u.∇)T = α∇2T. (3)

In the above given equations, Lorentz forces due to the imposed MaF are obtained.
A uniform MaF acting only in the radial direction is considered with contributions as [86]:

Fm,r = 0, Fm,z = −σwB2
r . (4)
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Non-dimensional parameters are the Re, Rew, Da and Ha which are described as in
the following:

Re =
ui Hρ

µ
, Rew =

ω(H)2ρ

µ
, Da =

κ

H2 , Ha = BH
√

σ

ρν
. (5)

The solid volume fraction of particles in the hybrid nanofluid is taken as 0.02. The tem-
perature and velocity at the inlet are uniform with the values of Ti and ui. An axis–
symmetrical model is used with ∂T

∂r = 0. Pressure outlet boundary condition is used at the
channel exit. The bottom wall downstream of the step is maintained at a hot temperature
of Th. Other walls are considered to be adiabatic. The hot surface is also rotating with a
speed of ω. Here, the tangentially moving wall velocity is 0 and the angular component
is ωr. At the interface between the fluid and PL, the heat flux continuity is considered as:(

k ∂T
∂n

)
p
=
(

k ∂T
∂n

)
f
.

inlet

ui ,Ti

L1

L2

Lp

ap
ax

b

rotating
surface

Rew

axis
symmetric

H H

B⃗
T=Th

outlet

wavy
porous layer

(PL)

externalMaF

Figure 1. Schematic view of flow over BFS with wavy PL under coupled effects of rotations and MaF.

2.2. Solution Method

The GWR-finite element method (FEM) is selected as the solution method. The founda-
tions and theory of FEM for fluid flow and HT problems can be found in several reference
textbooks [87–89]. Successful applications of FEM in convective HT with separated flow
have been reported [90–92].
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In the method, field variables (g) approximation is made by using with different
ordered Lagrange FEM as:

g =
Ns

∑
r=1

Ψs
rGr (6)

where Ψs and Gr denote the shape function and nodal value. The weighted average of the
residuals is set to be zero as: ∫

V
WRdV = 0 (7)

with W denoting the weight function and R as the residual. To handle local numerical
instabilities, artificial diffusion with the streamline upwind Petrov–Galerkin method (SUPG)
is considered, while the Biconjugate gradient stabilized iterative method solver (BICGStab)
is utilized for fluid flow and heat transfer modules of the solver. Convergence criteria
of 10−7 is used.

2.3. Grid Independence and Code Validation

Grid independence of the solution is assured, and test results are given in Figure 2a.
The average Nu for different grid sizes at Rew = 0 and Rew = 2000 are shown in the plot.
A grid system G5 with 178,353 number of elements is used. Figure 2b shows the grid
distribution near the step, while refinement is performed at the interfaces and towards
the walls.

element number ×10
5

0 0.5 1 1.5 2 2.5 3 3.5 4

N
u

m

1.6

1.8

2

2.2

2.4

2.6

Rew=0

Rew=2000

G1

G1

G2

G2

G3

G3

G4

G4

G6

G6G5=178353

G5=178353

(a)

(b)

Figure 2. Numerical test results for grid independence at two Rew (a) (Re = 250, Da = 10−1, Ha = 7.5,
ax = 0.25 ap, N = 4) and distribution of grid (b).
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The code is validated by various sources available in the literature. In the first valida-
tion study, the effects of using MaF on convective HT in a differentially heated cavity is
considered, and results in [93] were utilized. Comparisons of average Nu for three different
MaF strengths at Grashof number of 2× 105 are shown in Figure 3. The highest difference
below 5% is achieved between the results. In the second validation study, convection in a
differentially heated porous enclosure is considered. Average Nu at two different Rayleigh
numbers are shown in Figure 4 with the available results in two different sources [94,95].
As the last validation study, flow separation in a bifurcating T-channel is analyzed under
laminar flow conditions. Figure 5 shows the comparison results of normalized reattachment
length versus Re available in Ref. [96] for a Newtonian fluid. These results show that the
present solver is capable of simulating the effects of MaF and porous media impacts on
convective HT, while predictions for flow separation effects can also be performed.

Ha
0 50 100

N
u

m

1

2

3

4

5

6
current code

Zhang and Che (2016)

Figure 3. Code validation 1: Average Nu comparisons of convection in a differentially heated cavity
for different Ha at Grashof number of 2× 105.
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Figure 4. Code validation 2: Average Nu comparisons available in different sources for convective
HT in a differentially heated porous cavity at two different Rayleigh numbers.
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Figure 5. Code validation 3: Comparisons of normalized reattachment length for different Re for the
flow in a T-branching channel by using the results in Ref. [96].
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3. Results and Discussion

The flow separation effects for a nanofluid over a BFS under the combined effects of
using a wavy porous layer, MaF and surface rotation are numerically assessed. A rect-
angular type of corrugation is considered for the PL, while the part downstream of the
step is considered to be hot and rotating. The thermo-fluid configuration is analyzed for
different values of the Reynolds number (Re: 100–500), the rotational Reynolds number
(Rew: 0–2000), MaF strength (Ha: 0–15), permeability of the medium (Da: 10−5–10−2)
and amplitude (ax: 0.01 ap: 0.7 ap) and eave number (N: 1–16) of the PL corrugation.
Performance estimations are conducted by using NNets.

Distributions of flow patterns for different Re are given in Figure 6 at two different
permeability values of the PL for fixed values of (Rew = 1000, Ha = 7.5, ax = 0.25 ap, N = 4).
For the lowest value of permeability, the PL resists more to flow, while the presence of
corrugation becomes effective. The main fluid stream flows below the wavy layer, while a
recirculation zone is established behind the step and another one above the main stream.
As the value of Re is increased, the size of the vortices increases. However, the increment
in the vortex size behind the step is significant with higher Re when the PL with a higher
permeability is considered since in this case, the resistance of the PL to the main flow stream
is minimum. The reattachment size extends from 0.5 H to Hat the lowest permeability
while it extends from 1.5 H to 5.1 H at the highest permeability when Re is increased from
Re = 100 to Re = 500. The presence of the surface rotation of the hot wall downstream of
the step affects the vortex distribution behind the step which is significant when the PL
with higher permeability is considered. The reattachment length size reduces from 3 H to
1.7 H when the rotations are activated from Rew = 0 to Rew = 2000. Near the walls behind
the step, fluid velocity rises due to the rotation, while the main fluid stream is affected, and
the vortex size is reduced (Figure 7).

(a) Re = 100 (b) Re = 300 (c) Re = 500

(d) Re = 100 (e) Re = 300 (f) Re = 500

Figure 6. F-P variations with varying Re at two different permeabilities of the PL ((a–c), Da = 10−5),
((d–f), Da = 10−1) (Rew = 1000, Ha = 7.5, ax = 0.25 ap, N = 4).
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(a) Rew = 0 (b) Rew = 1000 (c) Rew = 2000

(d) Rew = 0 (e) Rew = 1000 (f) Rew = 2000

Figure 7. Effectsof Rew on F-P variations at two different permeabilities of the PL ((a–c), Da = 10−5),
((d–f), Da = 10−1) (Re = 250, Ha = 7.5, ax = 0.25 ap, N = 4).

The average Nu rises with higher values of Re and Rew considering the lowest and
highest PL permeability as shown in Figure 8a,b with (Ha = 7.5, ax = 0.25 ap, N = 4). The
Nu values are higher when PL with lower permeability is considered. This is attributed
to the more deflection of the main fluid stream toward the hot wall for the object with
the lower permeability. At Re = 100, the Nu values are 13% higher when cases with the
lowest and highest Da are compared, while this amount is further increased to 25% at
Re = 500. The additional momentum added to the main stream and suppression of the
recirculation with higher rotational speeds resulted in higher average HT values. The rise
in the average Nu becomes 47.6% and 42.5% when the cases at Rew = 0 and Rew = 2000
are compared for the PL with the highest and lowest permeability. The vortex suppression
with rotation is significant for the case when PL with lower permeability is considered. The
pressure coefficient also rises with higher rotational speeds of the surface when PL with
lower permeability is considered (Figure 8c). In this case, the value of Cp rises by about
13%, while less than 2% variation is seen when configuration at Da = 10−2 is considered.
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Figure 8. Effects of Re on the average Nu variations at two different permeabilities of the PL (a) and
effects of Rew on the variation of average Nu (b) and pressure coefficient (c) (Ha = 7.5, ax = 0.25 ap,
N = 4).

MaF has the potential to suppress large recirculation regions and to enhance the HT
coefficient which has been shown in previous studies of convective HT. In this study, an
external MaF in radial radiation is imposed which is uniform throughout the computational
domain. The impacts of Ha on the FP variations are shown in Figure 9 for the flow over 3D
BFS having the PL at two different permeabilities with fixed values of (Re = 250, Rew = 1000,
ax = 0.25ap, N = 4). The vortex size reduction is very effective for the case when PL with the
highest permeability is considered, while a large recirculation zone is established behind
the step for this configuration. However, for the case with PL at Da = 10−5, the vortex size
behind the step is slightly affected with MaF strength. The average Nu rises with higher
MaF strength at Da = 10−2, while at the highest Ha, the amount of increment is 21.8%.
However, for the configuration with PL permeability of Da = 10−5, the variation in the
average Nu is less than 2% when varying the MaF strength. The pressure coefficient is
higher for the case with lower permeability of PL. The discrepancy between the Cp values
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becomes 28% in the absence of MaF and 11% at Ha = 15 when cases of lowest and highest
permeability are compared (Figure 10).

(a) Ha = 0 (b) Ha = 5 (c) Ha = 15

(d) Ha = 0 (e) Ha = 5 (f) Ha = 15

Figure 9. Impacts of MaF strength on the FP distributions at two different PL permeability
((a–c), Da = 10−5), ((d–f), Da = 10−2) (Re = 250, Rew = 1000, ax = 0.25 ap, N = 4).

Comparisons of average Nu and pressure coefficients for different Da at stationary
and rotating wall cases are shown in Figure 11 for fixed values of (Re = 250, Ha = 7.5,
ax = 0.25 ap, N = 4). Lower permeability configurations with rotating surfaces lead to
higher HT and pressure coefficients. The impacts of rotation of the variation of Cp reduces
with permeability. The impacts of rotation on the reduction of average Nu with higher
permeability becomes less. The amount of reduction in the average Nu between the lowest
and highest Da cases becomes 14% and 52.7% at Rew = 2000 and Rew = 0.
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Figure 10. Average Nu and pressure coefficient variations for different MaF strengths at two different
PL permeabilities (Re = 250, Rew = 1000, ax = 0.25 ap, N = 4).
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Figure 11. Effects of PL permeability on the variation of average Nu (a) and pressure coefficient
(b) for stationary and rotating surface (Re = 250, Ha = 7.5, ax = 0.25ap, N = 4).

The PL is a wavy one with rectangular type corrugation. The corrugation height
is denoted by ax, while the number of corrugation waves is denoted by N. Corrugation
wave amplitude effects on the flow pattern variations are shown in Figure 12 for two
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permeabilities of the PL at (Re = 250, Rew = 1000, Ha = 7.5, N = 4). The impact of
corrugation height is effective for the case with lower permeability, while vortices are
formed in the small cavities of the corrugation at the interface between the PL and fluid.

(a) ax = 0.01 ap (b) ax = 0.4 ap (c) ax = 0.7 ap

(d) ax = 0.01 ap (e) ax = 0.4 ap (f) ax = 0.7 ap

Figure 12. Effects of corrugation height of the PL at two different permeabilities ((a–c), Da = 10−5),
((d–f), Da = 10−2) (Re = 250, Rew = 1000, Ha = 7.5, N = 4).

The impacts of the corrugation geometric parameters on the average Nu and pressure
coefficients are effective for the case with the lower permeability of the PL as shown in
Figures 13 and 14 with (Re = 250, Rew = 1000, Ha = 7.5). A higher value of the corrugation
height results in higher HT and pressure coefficients. This is due to the reduction in the
gap between the rotating hot surface and corrugated PL interface where at lower values of
Da, local fluid velocity rises, and thermal transport enhances. The PL acts as an obstacle
that redirects the main fluid stream toward the hot wall for lower permeability. The HT
and pressure coefficients rise by about 42% and 62.8% when increasing the wave amplitude
from ax = 0.01 ap to ax = 0.7 ap. However, the amount of rise becomes only 9.7% and
14.46% when the wave number is increased from N = 1 to N = 16. It is seen that the
hydro thermal performance can be controlled in a good way by varying the permeability
and wavy geometrical parameters of the PL. The permeability of the PL and corrugation
amplitude have the highest impacts of the HT and pressure coefficient variations.
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Figure 13. Corrugation amplitude (a) and wave number (b) on the average Nu variations (Re = 250,
Rew = 1000, Ha = 7.5).
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Figure 14. Pressure coefficient variations with different corrugation amplitude (a) and wave number
(b) at two different PL permeabilities (Re = 250, Rew = 1000, Ha = 7.5).
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Artificial neural networks (ANNs) and other soft computing methods are commonly
used in thermal engineering systems for fast performance predictions and in assisting the
high fidelity parametric computational fluid dynamics (CFD) simulations. Correlations
for the HT and pressure coefficients can be devolved based on neural modeling. In the
present study, the trends in the curves of average Nu and pressure coefficient (Cp) for
varying Re, Rew, Da and Ha are captured by using a mathematical model based on NNs.
The range of parameters are taken as: (Re between 100–500), (Rew between 0–2000), (Ha
between 0–15), (Da between 10−5–10−2). Table 1 shows the input variable names and their
ranges. The basic steps and procedures of the NN based modeling can be found in different
textbooks [97–99]. Output is given for the neuron modeling of NNs:

uj =
N

∑
i=1

wijyi (8)

where inputs and weights are denoted by yi and wij. The model structure of NN has
different layers; input layer, output layer and at least one hidden layer. Each layer weights
are used for the connections, while each unit sums its inputs and bias terms. Mean
squared error (MSE) and coefficient of determination (R2) are commonly used as the NN
performance indices which are given as:

MSE =
1
N

N

∑
i=1

(yi − y∗i )
2. (9)

R2 = 1− ∑M
i=1(yi − y∗)2

∑M
i=1(yi − ȳ∗)2 . (10)

The data set number is given by N, while the average value is represented by ȳ.

Table 1. Input–output data set.

Parameter Name Range Number of Values

Reynolds number (Re) 100–500 7
rotational Reynolds number (Rew) 0–2000 7
permeability of porous layer (Da) 10−5–5× 10−2 7

magnetic field strength (Ha) 0–15 7

Updating of the weights is accomplished during the training of the NN, while the
MSE or other performance metrics are utilized. The schematic view of the NN with the
input–output data set and different layers is given in Figure 15.

In total, a 2401 data set from CFD simulations is used, while data is divided randomly
into training, validation and testing data sets; 70% of the data is used for training, while the
remaining 15% of each data set is used for validation and testing. One hidden layer is used
with the hyperbolic tansig as the activation function ( f (x) = 1/(1 + e(−x))). The hidden
layer has 25 neurons, while Levenberg–Marquardt with backpropogation is considered as
the learning algorithm of NN [100,101]. An initial value of 10 neurons in the hidden layer is
considered, and performance of the NN is explored by using different numbers of neurons,
while NN structure with 25 neurons gives the best performance. Table 2 shows the neural
model properties. The performance of NN is shown in Figure 16a. During the initial stage
of training, the MSE value is high, while after the iteration proceeds, its value is further
reduced and best performance is achieved at epoch 372. Figure 16b presents the regression
plot for the validation data set. The correlation coefficient is high, while the scattering of
points is minimum. Table 3 presents the performance of the neural network model for
different data sets. The variations of the average Nu and pressure coefficients with change
in the parameters of interest (Re, Rew, Ha and Da) estimated by the NN approach are given
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in Figures 17 and 18. The trends in the curves of average Nu and Cp are very well captured
with the NN procedure. The model has a mathematical form in terms of input–output
relations (four input–two out system) via network weights and bias terms which allow fast
estimation results for the parameters of interest within the range.
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Figure 15. A schematic view of the NN structure with inputs, outputs and layers.
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Figure 16. NN performance with different iterations for different data sets (a) and regression plot for
validation data set (b).
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Figure 17. Comparison of average Nu (a,c) and pressure coefficients (b,d) variations obtained with
CFD and NN.
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Figure 18. Comparisons of average Nu and pressure coefficient variation with MaF strength (a,b) and
permeability of PL (c,d) obtained with CFD and NNs.

Table 2. NN model properties.

Property Name-Value

data division dandom
training algorithm Levenberg-Marquardt

performance metric mean squared error (MSE)
number of inputs 4

number of outputs 2
number of hidden-layer 1

activation function tansig
training samples 1681

validation samples 360
testing samples 360
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Table 3. NN performance for different data sets using 25 neurons in the hidden layer.

Data Set Samples MSE R2

Training 1681 0.00835 0.99998
Validation 360 0.0207 0.99997

Testing 360 0.0259 0.99997

4. Conclusions

Effects of surface rotation, MaF and installation of a wavy porous layer on the convec-
tive HT of hybrid nanofluid flow in a 3D channel with area expansion are examined. The
following conclusions can be drawn:

• The average Nu increases as the value of Re and Rew increase, while the HT values
are higher for the case when the PL with lower permeability is installed. The Nu
values are 13% higher at Re = 100, while they are 25% higher at Re = 500 when the
cases between the lowest and highest PL permeability are compared.

• The average Nu increment up to 47.6% is obtained when the rotation of the surface is
activated at Rew = 2000. The suppression of the vortex behind the step with rotation
is profound for the PL with higher permeability, while the pressure coefficient rises by
about 13%

• When MaF is imposed, significant impact on the vortex suppression is seen for the
case with higher permeability of the PL. The average Nu rises by about 21.8% at the
highest MaF strength at Da = 10−2, while it is less than 2% at Da = 10−5.

• In the absence and presence of MaF effects, by using the PL with the lowest and
highest permeability, the difference between the pressure coefficient becomes 28%
and 11%.

• By using wavy PL and varying its parameters, convective HT control can be achieved
while highest effects on the thermal performance improvements are achieved.

• Wave amplitude is more influential on the thermal performance improvement as com-
pared to wave number of the corrugation. When wave corrugation amplitude rises,
the increments in the average Nu and Cp become 42% and 62.8%. However, when the
wave number is increased from 1 to 16, they increase by about 9.7% and 14.46%.

• Thermal performance estimations are made by using 25 neurons in the hidden layer.
The ANN model with four inputs (Re, Ew, Da, Ha) and two outputs (average Nu,
pressure coefficient) is considered. Fast and accurate thermal predictions are made
with neural modeling of convective flow over 3D BFS considering the coupled effects
of MaF, surface rotation and installation of a wavy porous layer.

The present work can be extended to include different wave forms, non-uniform MaF
effects, and channel expansion ratio effects. Different soft computing techniques such as AN-
FIS (Adaptive-Network Based Fuzzy Inference Systems), SVM (Support Vector Machines)
can also be used and their performances can be compared with ANN model performance.
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Abbreviations
The following abbreviations are used in this manuscript:

a wave amplitude
Da Darcy number
Gr nodal value
H step height
Ha Hartmann number
k thermal conductivity
L length
n unit normal vector
N wave number
Nu Nusselt number
p pressure
Pr Prandtl number
Re Reynolds number
Rew rotational Reynolds number
T temperature
u, v, w velocity components
r, z cylindrical coordinates
Greek Characters
ν kinematic viscosity
ρ density of the fluid
φ solid volume fraction
ω rotational speed
ε porosity
κ permeability
Ψ shape function
Subscripts
c cold
h hot
m average
nf nanofluid
p solid particle
Abbreviations
ANN artificial neural net
BFS backward facing step
CFD computational fluid dynamics
FP flow pattern
HT heat transfer
MaF magnetic field
MSE mean squared error
PL porous layer
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