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ABSTRACT

An unsteady numerical investigation of fluid-structure interaction in forced magnetohydrodynamic
convection of a ferrofluid within a downward step configuration, aiming to analyze its influence on flow
dynamics and heat transfer mechanisms is presented. The research explicitly incorporates the deformation
of an elastic top wall under the combined effects of hydrodynamic, magnetic, and thermal forces. This
approach enhances the understanding of the interplay between wall deformation and forced convection
under dynamic magnetic fields, an aspect rarely addressed in existing literature. The study examines the
impact of key physical parameters, including the Reynolds number (100 < Re < 200), Hartmann number
(0 £ Ha £50), Cauchy number (1077 < Ca € 107%), magnetic field inclination angle (0°$)<60°), and
nanoparticle volume fraction (0 % < ¢ € 8 %) on flow structure, heat transfer, and wall deformation. The
numerical modeling is based on the arbitrary Lagrangian-Eulerian formulation, solving the coupled Navier-
Stokes, energy, and structural displacement equations using the finite element method. The results reveal
that increasing the Reynolds number enhances thermal agitation and vortex formation, leading to improved
heat transfer, while a decrease in the Cauchy number amplifies these effects. Conversely, a higher Hartmann
number strengthens Lorentz forces, suppressing flow motion and stabilizing the thermal boundary layer.
Furthermore, the inclination angle of the magnetic field significantly influences wall deformation, altering
the interaction between the ferrofluid and the elastic boundary.

KEYWORDS

forced convection ¢ magnetic fields ¢ elasticity ¢ heat transfer « Hartmann number « MHD « FSI

Citation: Derraz H, Bouzit M, Bencherif A. Modelling forced convection and magneto-elastic interactions in
a downward conduit using ferrofluid. Materials Physics and Mechanics. 2025;53(2): 83-103.
http://dx.doi.org/10.18149/MPM.5322025_8

Introduction

Convective heat transfer of fluids influenced by magnetic fields and nanoparticles has
become an increasingly significant research area within the scientific community. The
advent of nanofluids fluids containing nanometer-sized particles suspended in a base
fluid has further heightened interest in this field due to their unique thermophysical
properties. These nanofluids interact complexly with electromagnetic forces, making
them a crucial subject of study for understanding the mechanisms governing fluid
behavior under such conditions.

Researchers are actively exploring the wide range of potential benefits that this
technology offers across various domains. For instance, in electronics, nanofluids
subjected to magnetic fields are employed to cool electronic components, thereby
enhancing both their performance and longevity. In the medical field, this technology
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facilitates more effective and less invasive targeting and treatment of cancerous tumors.
Furthermore, in industrial processes, particularly in heating, ventilation, and air
conditioning (HVAC) systems, nanofluids improve energy efficiency, resulting in reduced
costs and a smaller environmental footprint for buildings. Precise temperature control
enabled by nanofluids also holds promise for more efficient manufacturing processes and
higher-quality products.

Recent studies have placed increasing emphasis on the effects of magnetic fields
on nanofluids, unveiling new possibilities for enhancing the performance of heat transfer
systems in sectors such as microelectronics, cooling systems, industrial processes, and
energy and biomedical technologies. These advancements have the potential to
revolutionize thermal management in electronic devices, optimize manufacturing
processes, and drive the development of innovative medical technologies.

In [1], it was studied forced convective flow within a backward step containing a
fixed-diameter rotary cylinder using the ferrofluid Fes04-H,0 in the presence of an
external magnetic field. Their findings demonstrated that while the average Nusselt
number decreases as the Hartmann number increases, the nanoparticle concentration and
the magnetic field's inclination led to an increase in the average Nusselt number.
In [2], it was examined the effects of step height on flow and heat transfer properties,
finding that both the average Nusselt number and the skin friction coefficient increase
with step height. Several other studies have investigated the effects of nanoparticles on
heat transfer in a backward-facing step configuration [3-6]. These studies consistently
found that the volume fraction of nanoparticles increases along with the average Nusselt
number. In [7], authors used the step length of the backward-facing step as a control
parameter in their numerical study and revealed that an increase in step length leads to
a higher Nusselt number. In [8], the impact of the ferrofluid Fes04-H,0 was examined on
a backward-facing step in the presence of an inclined magnetic field using a forced
convective current. They found that when the cylinder rotates counterclockwise, the rate
of heat transfer increases. Additionally, it was studied forced convection ferrofluid flow
in a backward-facing step with a pinched cylinder, discovering that adding a fin to the
cylinder significantly enhances heat transfer [9]. In [10], it was identified that an
oscillating fin mounted on a backward-facing step is the most effective method, as it
results in a high average Nusselt number and low-pressure drop. In [11], it was
investigated the impact of a baffle on flow and heat transfer distributions in a rectangular
duct near a backward-facing step through numerical simulations. Their findings indicate
that variations in the Reynolds number and aspect ratio influence heat transfer
characteristics and fluid flow properties during separation and reattachment. The
influence of the Reynolds number on heat transfer characteristics, showing a significant
impact on heat transfer during flow over a backward-facing step, was numerically
examined [12]. In [13], a numerical analysis was conducted to investigate the impact of
the Reynolds number on the flow characteristics over a BFS. The findings showed that
Reynolds number variation affects the diameters of recirculation districts. In [14], it was
studied the impact of a baffle mounted on the upper wall of a conduit based on laminar
and turbulent mixed convection. The results indicate that baffle height, position, and
distance all have a significant impact on the properties of heat transfer and fluid flow.
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Numerical studies have extensively explored the effects of adding nanoparticles to a
base fluid on heat transfer performance. Research by [15-19] demonstrated that the
incorporation of nanoparticles increases the average Nusselt number, enhances mass
transfer, and improves flow characteristics as the volume fraction of nanoparticles rises [20].
Experiments were conducted comparing two nanofluids, CuO-EG and MgO-EG, and it was
found that the CuO-EG nanofluid exhibited a higher heat transfer rate than the MgO-EG
nanofluid. Similarly, through numerical simulations of mixed convection in laminar
nanofluids, revealed that both the shape and type of nanoparticles significantly influence
flow properties, with nanofluids generally providing superior heat transfer compared to
water alone [21]. In [22], it was investigated the magnetohydrodynamic (MHD) boundary
layer flow of three types of nanofluids, focusing on heat and mass transfer in porous media.
More recently, it was examined the impact of magnetic nanoparticles on the
thermophysical properties of nanofluids and forced convective heat transfer, concluding
that increasing the magnetic field (MF) and nanoparticle (NP) concentrations leads to a
corresponding increase in the Nusselt number of the nanofluids [23].

Several studies have examined the fluid flow characteristics and heat transfer
quality in systems involving a rotating cylinder. In [24-26], it was found that high
Reynolds number values significantly increase the average Nusselt number, and that flow
instability positively impacts forced convection heat transfer, particularly on the
cylinder's surface. Further, it was investigated ferrofluid flow-induced convection over a
descending step using a spinning finned cylinder [27]. Their study revealed that the
rotation of the finned cylinder enhanced heat transfer by 177.33 % compared to a cylinder
without a fin.

Additionally, the influence of external magnetic fields on thermal transfer control and
quality in systems with an inclined and rotated cylinder has been extensively studied by
[28-30]. These studies concluded that an inclined magnetic field effectively eliminates
recirculation zones, and that a higher Reynolds number further enhances heat transfer.

Numerous studies have investigated the impact of nanofluids on thermal and
hydrodynamic properties in enclosures using magneto-hydrodynamic (MHD) forced
convection. Research by [31-35] has shown that the temperature gradient increases with
the Hartmann number, and the Nusselt number’s growth is influenced by domain velocity
and permeability. These studies also found that magnetic forces improve conduction, and
the inclusion of nanofluids enhances overall heat transfer. Additionally, it was observed
that the lowest wall of the cavity is sensitive to the elastic wall, while the top wall shows
an increase in temperature gradient with the Hartmann number.

Further investigations into the forced convection of non-Newtonian nanofluids in
wavy channels [36,37] revealed that the addition of nanoparticles and an increase in the
Reynolds number significantly enhance heat transfer in such channels. In [38], it was
studied magnetohydrodynamic mixed convection in a 3D lid-driven enclosure containing a
Cu-water nanofluid, while in [39] it was focused on steady MHD mixed convective cooling
in a vented, porous cavity with an intense elliptical inward cylinder containing
MWCNT/CMC nanofluid. Their results demonstrated that Nusselt numbers increase with
Richardson number and porosity ratio, although the Hartmann number tends to dominate
at lower levels of fluidity within the cavity. Finally, it was investigated transient mixed
convection in a vented square container with heated walls and a flexible baffle, finding
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that the enhanced average Nusselt number is most prominent in cavities with flexible
baffles [40]. The effect of a flexible fin on unsteady natural convection of a Bingham fluid
in a laterally heated square cavity is analyzed in [41]. The results indicate that heat transfer
reaches its peak at Ra= 10°> when Bn = 0, while an increasing Bingham number gradually
suppresses convection, ultimately leading to a conduction-dominated regime at Bn = 20. In
contrast, the modulus of elasticity of the fin has a negligible impact on heat transfer.

In the present study, the coupling effects of forced magnetic field convection and
elastic membrane deformation in a descending ferrofluid conduit. This work analyzed
various levels of Reynolds number, elasticity, Hartmann number, and magnetic field tilt
angle and nanoparticle volume fraction.

Modeling approach

A two-dimensional unsteady numerical study has been carried out to examine the flow
of a nanofluid subjected to forced convection in the presence of an external magnetic
field. This study focuses on a one-step backward-facing configuration with an elastic top
wall incorporating a non-rotating cylinder. Figure 1 illustrates the physical configuration
and associated boundary conditions. The length of the rearward-facing step is denoted
H, and the height of the horizontal duct is 2H. The cylinder has a radius of D = H, with a
central position at (4H, H). At the entrance to the duct, the velocity is u = uo and v = 0. At
the outlet of the pipe, all the gradients of the variables in the x direction are zero. The
associated temperatures are T. for the low temperature of the ferrofluid and Th for the
high temperature of the bottom wall. The Prandtl number of the base fluid is maintained
at 6.2, and the constant thermophysical properties of H,0 and Fe;0, are listed in Table 1.

Flexible wall

Inlet =5
u=U, —» Outlet
—_—
v=0 —» du _adv _
T=T. —> ax - ax- 0

) aT
Adiabatic walls  1H F i

:ﬁ u=0v=0andT =T,

3H 10H

Fig. 1. Physical model

Table 1. Thermo-physical properties of Water and Iron Oxide

Thermophysical 3 ) _ _
properties p, kg/m Cp, J/kg'K) k, W/m-K 5 1/K 0,1/Q'm
Water 997.1 4,179 0.613 21107 0.05
Fe;0, 5,200 670 6 1.18-10°5 25,000

Hence, the thermophysical properties were considered independent of temperature.
Employing the assumptions revealed earlier and using the Arbitrary Lagrangian-Eulerian
(ALE) method, the equations modelling the hydrodynamic and thermal characteristics of
the problem are presented as follows [8,41].
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For fluid domain:
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For elastic structure domain, the equations of the motion of flexible fins can be
written as:
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T, _, (8271 _827}}

Ps

(7)

C .
PsCos 5p2 o oy

The Neo-Hookean solid model is applied to express the stress tensor of Egs. (5) and (6).
The tensor o is given by:
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The boundary conditions pertinent to the external walls and the interface of the
flexible upper wall can be formulated as follows:
l.theinlet:u =uy,v=0,T=T;
2. the downstream bottomwall: u = 0,v =0,T = Ty;
3. the outlet: 2% = 2L = 0;
on on
4. other walls are adiabatic and the velocity is no-slip: u = v = 0 and T /on = 0;
5. the adiabatic cylinder: dT /on = 0;

6. the cylinder velocity components: u =v = 0.

The dimensionless form equations: X=2%, v=2, g=""" p = Ha=B,H |22,

H H Th—Tc af Hnf
Re="" =2 =2 p=_L_y=2y=2
vf H E Pnfl u u
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uations are hence. Mass balance:
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Nusselt number:
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The average Nusselt number:
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Thermo-physical properties of ferrofluid are presented below.
Density:
Py =10=P)p, +dp,. (20)
Thermal diffusivity:
k,
= — . 21)
(pcp)nf
Electrical conductivity:
- o
O, =0,|1+ 30 -1 ; 0=—"L. (22)
' ' (0+2)—(0-1)¢ 5,
Specific heat:
(pc,),y =A=@)pc,), +é(pc,),. (23)
Thermal expansion coefficient:
(0B, = A=) pB), +d(pp),. (24)
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Thermal conductivity:

k, k,+2k ~24(k, ~k,)

= . (25)
k, k,+2k +¢(k, ~k,)
Dynamic viscosity:
y7j
7 L. (26)

- (1_¢)2.5
Dimensionless Boundary conditions:

1.theinlet: U = Uy, V =0; 60 = 0;
2. the downstream bottomwall: U =0,V =0, 60 = 1;
3. the outlet: 0U/0X = dV /Y = 0,00/0X = 0;
4. Other walls are adiabatic and the velocity is no-slip: U =V = 06 /dn = 0;
5. the adiabatic cylinder: d6/dn = 0;
6. the cylinder velocity components: U =V = 0.

Numerical solution method: Grid independency test and Validation
Numerical solution method

Numerical methods are utilized to tackle the governing equations and boundary conditions
for unsteady Forced convection of a magneto-elastic interactions in a downward conduit
using ferrofluid. The equations are first reformulated for simplicity, then solved using the
Galerkin Method of Weighted Residuals, a variant of the Finite Element Method (FEM). The
fluid-structure interface, including the dynamic motion of the flexible wall, is captured
using the Arbitrary Lagrangian-Eulerian (ALE) method. The computational domain is finely
discretized into non-uniform triangular elements, ensuring precise flow field
representation. To address the nonlinear momentum equations, a Newton iteration
algorithm is applied.

Grid independency test

To validate that the results obtained are not influenced by the size of the mesh used, a
mesh independence test was carried out. This test consists of analysing the evolution of
the average Nusselt number as a function of dimensionless time on the hot wall for
different levels of mesh refinement. The parameters used are Re = 150; Ha = 25, Ca = 10,
y =0°and ¢ =5 %. The results are shown in Table 2, where it can be seen that variations
in the average Nusselt number as a function of time become negligible from a mesh size
greater than 80283. Consequently, this mesh size (Fig. 2) was chosen to present the results
in the rest of the study.

Table 2. Grid independence test at Re = 150; Ha=25,Ca=10% y =0°and o =5%
Elements Number 19846 27721 42512 80283 136134

Time 2640 s 4830 s 7167 s 14820s 17635 s

Nuayg 4.680953 4.669642 4.667470 4.667216 4.667101
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Fig. 2. The physical configuration with the best mesh size

Validation

To further validate the calculation code used in this study, we compared our results with
the numerical data reported by [8] for the case of forced convection over a downward step,
with Re set at 100 and Pr at 5. Figure 3 illustrates this comparison, demonstrating good
agreement between the two sets of results. Further validation was conducted by comparing
the mean Nusselt number as a function of the Hartmann number (Ha) reported by [8] with
the results obtained in the present work.

Present work Hussain and Ahmed (2019) [8]

fr————— | e —————

Fig. 3. Comparing the results of the present study and reported by [8]

35 |
B + @ - Hussain et al] 2019 (numerical)
" Present work|(numerical)
3 \
[=:]
>
®25
=
z =
’ \\\
15 \-T
0 20 40 60 80 100
Ha

Fig. 4. Comparing the results of the present study and Nusselt number reported by [8]
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As shown in Fig. 4, excellent agreement is observed between the present study and
the previously reported data. These comparisons bolster the accuracy and reliability of the
calculation code used in this research, demonstrating its effectiveness in simulating and
predicting the complex interactions and phenomena within the system. The alignment
between the results reinforces confidence in the underlying mathematical models and
numerical methods employed in the code.

Results and Discussion

This section delves into the analysis of how changing key control parameters, specifically
the dimensionless Reynolds 100 < Re € 200, Hartmann 0< Ha <50, and CauchylO
7<Ca<10% numbers, nanoparticles concentration 0% <¢@<8 %, magnetic field
inclination 0° € y< 60°, affects various aspects. We explore how these parameters shape
flow characteristics, like streamlines, and thermal fields, as indicated by isotherm contours.
Moreover, we meticulously investigate the consequences of these parameter shifts on
overall heat transfer performance and structural deformation. This examination involves
scrutinizing curves that chart the progression of both the mean Nusselt number, local
Nusselt number and the displacement field.

Ca=10? Ca=10° Ca=10"7
NI U AERNNNN PN AadSSNNN
o R = PYCES
o T "=OAR —Y

Fig. 5. Development of isotherms with time for Re =150, Ha=0, y =0°at =5 %
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Ca=103 Ca=10% Ca=107

Fig. 6. Development of streamlines with time for Re=150,Ha=0, y =0°and ¢ =5 %

Figures 5 and 6 illustrate the variation of isotherms and streamlines as a function of
time for distinct values of the Cauchy number, with Re set at 150, Ha =0, y=0°, ¢ = 5% and
Pr at 6.2. During the initial phases (beginning from t =0 to 2), the analysis of isotherms
unveiled an initial deformation of the elastic top wall, a phenomenon that exhibits a
proportional decrease in response to the reduction in the Cauchy number. Concurrently,
the streamlines indicated a notable acceleration of flow at the channel entrance, followed
by a gradual attenuation as the Cauchy number diminished. These observations can be
attributed to variations in viscosity and temperature distribution induced by changes in the
Cauchy number. In the subsequent time interval (extending from 7 =4 to 11), a substantial
increase in the perturbation of the thermal boundary layer was observed. This disturbance
exhibited an amplifying trend in tandem with the decrease in the Cauchy number, resulting
in enhanced wall stiffening. Simultaneously, an increase in the deformation of the upper
wall was recorded, presenting an inverse proportional relationship with the Cauchy
number. These observations collectively suggest a significant correlation between fluid
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thermodynamics, wall deformation, and the Cauchy number, underscoring the importance
of Multiphysics interactions in this experimental setup. During this same period, the
streamlines revealed an increasing formation of vortices downstream of the channel,
specifically behind the cylinder. This rise in vortex occurrence appears intrinsically linked
to the decrease in the Cauchy number, emphasizing the major influence of this parameter
on flow dynamics. In the subsequent time range (commencing from t=13 to 16), a
significant intensification was observed in both vortex formation and thermal boundary
layer perturbation. Notably, a distinct deviation of the elastic upper wall was detected
specifically for Cauchy Ca=107. This deviation can be attributed to complex forces
resulting from magnetohydrodynamic interactions and thermal variations induced by the
magnetic field and the Cauchy number. Finally, from t= 17 onwards, stability emerged in
both the isotherms and streamlines, suggesting that the system has reached a state of
equilibrium or is converging towards a steady-state. These comprehensive observations
highlight the richness of physical phenomena involving fluid-thermal-magnetic
interactions and emphasize the need for a profound understanding of the parameters for a
complete interpretation of the system's dynamic behavior.

Figures 7 and 8 show the isotherms and streamline contours for various Reynolds and
Cauchy numbers, with Ha=0, Pr=10, ¢ =5 % and y=0°. As shown in the figures, an
increase in the Reynolds number leads to significant agitation within the thermal boundary
layer, along with a rise in the number of vortices. Conversely, a decrease in the Cauchy
number results in increased disturbance in the thermal boundary layer and a corresponding
increase in vortex formation. The relationship between the Reynolds number and the
dominance of velocity-related inertial forces over viscous forces is apparent. This
dominance leads to faster flow and, consequently, enhanced heat transfer rates.
Furthermore, the intensification of vortices with increasing Reynolds number contributes
to the augmentation of forced convection within the thermal boundary layer.

Re =100 Re =150 Re =200

Ca=103

=10° Ca=10° Ca=10*

=10-" Ca
"®
"o

|

Ca

mmmmmmmm

Fig. 7. Effect of Reynolds number Re with different values of Cauchy number one isotherms
with Ha=0,Pr=6.2,¢9=5 % and y =0°
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10-7 Ca=10° Ca=10° Ca=10* Ca=103

Ca=

Fig. 8. Effect of Reynolds number Re with different values of Cauchy number one Streamlines
with Ha=0,Pr=6.2,¢=5 % and y =0°

Figure 9 illustrates the variation of the average Nusselt number as a function of Ha
for different values of Reynolds number and Cauchy number, with Pr=6.2, ¢ =5 % and
y=0°. It should be noted that increasing the Reynolds number has a favorable impact on
improving the average Nusselt number, as does decreasing the Cauchy number. The
increase in Reynolds number results in an intensification of the inertial forces associated
with velocity, leading to an acceleration of fluid motion. Consequently, it can be concluded
that, as the Reynolds number increases, heat transfer improves, manifested by an increase
in the Nusselt number.

() (b) ()
H ‘ ‘ asfl } } } L ‘ ‘
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Fig. 9. Effect of Reynolds number Re with different values of Cauchy number one
average Nusselt number with Pr=6.2, ¢ =5 % and y = 0°: (a) Re = 100; (b) Re = 150, (c) Re = 200

Figure 10 presents the variation of local Nusselt number with Reynolds number along
the hot wall for y=0° ¢@=5 %, Ca=10*and Ha = 25. By observing the graphs, it is noted
that the increase in Reynolds number leads to an increase in the local Nusselt number. The
distribution of the local Nusselt number is maximum near the area between X=3and X =5,
close to the adiabatic cylinder. Moving away from this area, that is, towards X =5 and
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beyond, the Nusselt number starts to gradually decrease towards the outlet. This
distribution is due to the increase in Reynolds number, and thus the inertial forces relative
to the viscous forces favor convection phenomena, which are particularly intense in this
region where the temperature gradients are most significant. This results in an increase in
the local Nusselt number, especially near the adiabatic cylinder.

: ‘ ‘ ‘
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Fig. 10. Effect of Reynolds number on local Nusselt number along the heated wall
for y =0° Ha=25,Ca=10*and ¢=5%

Ha =25

Fig. 11. Effect of Hartmann number Ha with different values of angle of magnetic field inclination one
isotherms at Re =150, ¢ =5 %, Ca=10*and Pr=6.2

=0°

=30° y

=45° y

Yy =60° y

Fig. 12. Effect of Hartmann number Ha with different values of angle of magnetic field inclination one
Streamlines at Re = 150, ¢ =5 %, Ca=10*and Pr=6.2
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Figures 11 and 12 illustrate the effect of varying the angle of magnetic field
inclination on the configuration of isotherms and streamlines for different values of
Hartmann number at Re = 150, ¢ =5 %, Ca= 10" and Pr=6.2. As mentioned previously,
an increase in the Hartmann number leads to a reinforcement of the Lorentz forces,
resulting in a slowing down of the fluid motion and increased thermal boundary layer
stabilisation near the heated bottom wall.

Concerning the angle of inclination of the magnetic field, variations in this angle
had a significant effect on the increase in deformation of the elastic upper wall, with a
maximum deformation noted for y=60° and Ha = 50. For the isotherms, an increase in
the thickness of the thermal boundary layer is observed as the angle of inclination
increases. Regarding the streamlines, an acceleration of the flow at channel entry is noted
as the y number increases.

These behaviours can be explained by the positive impact of the inclination of the
magnetic field on the enhancement of forced convection, leading to a gain in heat
transfer rate and an overall improvement in the process.

Figure 13 illustrates the impact of varying the angle of magnetic field inclination
on the average Nusselt number as a function of the Hartmann number, under specific
conditions Re set at 150, Ca at 10*, Prat 10, and at ¢ = 5 %. Upon analyzing the average
Nusselt curves, a progressive improvement in this parameter is evident as the angle of
inclination increases, signifying an enhancement in heat transfer efficiency. This
improvement can be attributed to the favorable influence of the inclination angle on the
promotion of convective heat transfer within the fluid domain. The inclined magnetic
field disrupts stagnant fluid regions, enhancing the overall heat transfer process and
resulting in the observed increase in the average Nusselt number.

87 — Y:O"
—_— =30
o’ 1=60°
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Fig. 13. Effect of Hartmann number Ha with different values of angle of magnetic field inclination one
average Nusselt number for Re = 150, Ha = 25, Ca=10*and ¢ = 5 %

Figure 14 illustrates the impact of a growing magnetic field (reflected by the
increasing Hartmann number) on heat transfers at the hot wall for a flow characterized
by a Reynolds number of 150. A clear trend of decreasing local Nusselt number is
observed. This evolution is attributable to the intensification of Lorentz forces, which act
as a resistive force opposing the fluid's motion. This braking action induces a reduction
in velocity and temperature fluctuations within the fluid, resulting in a stabilized thermal
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boundary layer. A more stable thermal boundary layer is less conducive to intense heat
exchanges, hence the decrease in the local Nusselt number.

Figure 15 shows the evolution of the local thermal transfer coefficient (Nusselt
number) along the hot wall for a flow characterized by a Reynolds number of 150 and a
Hartmann number of 25, depending on the inclination of the magnetic field. We observe
an increasing trend in the local Nusselt number as the inclination angle of the magnetic
field increases. This increase can be explained by the fact that a greater inclination of the
magnetic field intensifies the Lorentz forces induced in the fluid, stimulating fluid
movements and enhancing heat exchanges at the wall.
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Figures 16 and 17 demonstrate the influence of varying the concentration of
nanoparticles of Fes04 on the flow configuration as a function of the Hartmann number,
for given parameters such as Re =150, Ca=10* Pr=6.2 and y=0°. The observation
shows that the variation in the Hartmann number has a significant influence on the
configuration of the isotherms and streamlines compared with the variation in the
concentration of the ferrofluid.
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Figure 18 shows the variation of the average Nusselt number as a function of
Hartmann number for different ferrofluid concentrations, with defined parameters such
as Re=150, Ca=10* Pr=6.2, and y=0°. Examining the average Nusselt curves, it is
observed that increasing the ferrofluid concentration has a positive effect on the
improvement of the average Nusselt number. This can be attributed to the increase in
conductive heat transfer, because incorporating nanoparticles into a base fluid increases
the thermal conductivity of the fluid, leading to an improvement in heat transfer
compared to the pure fluid.

Figure 19 displays the evolution of the local thermal transfer coefficient along the
hot wall for a flow characterized by a Reynolds number of 150, y=0°, Ca=10* and a
Hartmann number of 25, depending on the nanoparticle concentration. A positive
correlation is observed between the nanoparticle concentration and the local Nusselt
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number. Increasing the nanoparticle concentration enhances the fluid's effective thermal
conductivity, resulting in an increased local thermal transfer coefficient.

Figure 20 shows the variation in elastic top wall deformation as a function of
Cauchy number, for different Reynolds number values at Ha=0, ¢ =5 %, y=0° and
Pr=6.2. The observations reveal an inverse relationship between the deformation of the
elastic top wall and the two parameters considered. An increase in Reynolds number is
associated with an increase in deformation, suggesting enhanced forced convection and
flow acceleration. On the other hand, a decrease in Cauchy number leads to a reduction
in deformation, which can be attributed to the increase in wall resistance to deformation
resulting from the decrease in this parameter.

Figure 21 shows the impact of varying the Hartmann number (Ha) on the
deformation of the elastic top wall, for different values of the Cauchy number at Re = 150,
y=0° @=5 % and Pr=6.2. It should be noted that the rise in magnetic force, reflected
by the increase in Ha number, exerts a favorable influence on the increase in deformation.
Corresponding to previous observations, the reduction in the Cauchy number indicates a
strengthening of the wall's resistance to deformation, resulting in a reduction in said
deformation.
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Figure 22 shows the variation in elastic top wall deformation as a function of
magnetic field inclination angle, for various values of Hartmann number (Ha), with
defined parameters such as Re = 150, ¢ = 8 %, Ca = 10* and Pr = 6.2. It should be noted
that increasing Ha and y parameters influence elastic wall deformation positively.
Specifically, maximum deformation is observed at an angle of inclination of 60 % degrees
and a Hartmann number of 50.

Conclusions

We have conducted a numerical investigation of forced convective laminar flow over a
two-dimensional downward step, involving an elastic upper wall interacting with a
stationary cylinder of fixed diameter. To unravel this complex phenomenon, we employed
the Galerkin finite element method, enhanced by a multigrid technique, and explored a
wide range of parameters. Our findings, when compared to previous studies, provide
novel insights into these fluid-structure interactions.

An increase in the Reynolds number and a decrease in the Cauchy number intensify
vortex formation and disrupt the thermal boundary layer, thereby enhancing forced
convective heat transfer. An increase in the Hartmann number decelerates the flow and
stabilizes the thermal boundary layer, while a magnetic field inclination angle of 60°
intensifies the deformation of the elastic wall and improves forced convective heat transfer.

Increasing the magnetic field inclination angle and the concentration of
nanoparticles enhances heat transfer, as evidenced by an increase in the average Nusselt
number, promoting convection and fluid thermal conductivity.

A decrease in the local Nusselt number is attributed to the intensification of Lorentz
forces, which inhibit fluid flow and stabilize the thermal boundary layer, whereas an
increase in the magnetic field inclination and nanoparticle concentration stimulates fluid
motion and improves heat transfer.
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Appendix A. Nomenclature

Bo

Nu
Nuavg

Pr
Re

Ca
u,Vv
uv

X,y

X
:IH_<

Magnetic field strength, Tesla
dimensionless  displacement
vector

heat transfer coefficient,

W/m? K

Hartmann number, ByH [=£

Unf
thermal conductivity, W/m K

inlet step height, m

normal coordinate

Local Nusselt number
averaged Nusselt number
pressure, Pa
non-dimensional pressure

Prandtl number, 2
af

Reynolds number, Hu
vf

temperature, K

thermal specific heat, J/Kg K
Cauchy number

x-y velocity components, m/s
dimensionless velocity
components

Cartesian coordinates, m
dimensionless coordinates
time

average velocity, m s

¢

avg
nf
f
3

Greek symbols
nanoparticle concentration

thermal diffusivity, m?/s

expansion coefficient, 1/K

inclination angle of magnetic
field

dimensionless
I-Tc

Th—T.
kinematic viscosity, m2/s
density of the fluid, kg/m?
the solid stress tensor
dynamic viscosity, N s/m?
dimensionless time

temperature,

Subscripts
cold

hot
average
nanofluid
fluid
solid
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