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Abstract: This work deals with a numerical investigation of a hydrodynamic–elastic problem within
the framework of a double enclosure solar collector technological configuration. The solar collector
presents two enclosures separated by an elastic absorber wall. The upper enclosure is filled with air,
whereas the lower one is filled with Fe3O4/water nanofluid. The mathematical model governing
the thermal and flow behaviors of the considered nanofluid is elaborated. The effects of imposed
hot temperatures, the Rayleigh number and air pressure on the nanofluid’s temperature contours,
velocity magnitude distribution, temperature evolution, velocity magnitude evolution and Nusselt
number evolutions are numerically investigated. The numerical results show and assess how the
increase in the Rayleigh number affects convective heat transfer at the expense of the conductive one,
as well as how much the Nusselt number and the nanofluid velocity magnitude and temperature are
affected in a function of the imposed hot temperature type (uniformly or right-triangular distributed
on the elastic absorber wall). Moreover, the results evaluate how increases in the air pressure applied
on the elastic absorber wall affects the nanofluid’s temperature distribution.

Keywords: hydrodynamic; elastic wall; Fe3O4/water nanofluid; Rayleigh number; convection

1. Introduction

Nanofluids can be simply seen as a base fluid (water, oil, ethylene glycol, etc.) in which
nanosized particles (metals, oxides, carbon nanotubes, etc.) are in a colloidal suspension [1–4].
Since the thermal conductivity of the nanoparticles is higher than the base fluid, heat
transfer is significantly enhanced compared to conventional base fluids. Thus, nanofluids
can be potentially used in heat transfer technological applications [5–9], such as heat
exchangers, chillers or engine cooling.

Computational Fluid Dynamics (CFD) is implemented in order to numerically inves-
tigate the thermal and flow performances of various nanofluids [10–15]. The considered
nanofluids, characterized by certain physical properties, are filled in specific enclosures
and are characterized by certain geometric and thermal properties. Heat sources and
specific magnetic fields are taken into consideration. A MagnetoHydroDynamics (MHD)
investigation is then introduced [16–19]. In CFD, nanofluids can be handled as either a
single-phase or a two-phase fluid [20–22].

Several recent and relevant investigations dealing with MHD or Hydrodynamics (HD)
coupled with elasticity are noted. Farooq A. et al. [23] investigated an MHD theoretical
analysis for the heat transfer enhancement of three types of nanofluids. Accounting for
the mass transpiration of a stretching wall (sheet), the results show that heat energy is
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enhanced with thermal dissipation, heat sources and convective boundary conditions.
Kamran A. et al. [24] carried out a numerical simulation of the heat transfer behavior of a
two-dimensional Williamson nanofluid MHD flow over a permeable exponential stretching
curved surface. A variable thermal conductivity and activation energy are considered. Has-
san W. [25] carried out a numerical investigation of the MHD flow of engine oil using hybrid
nanoparticles over a vertical stretching cylinder. The impacts of viscous dissipation and
thermal radiation are considered. The results show that increases in the porosity variable
reduce the fluid flow and enhance the temperature profile. Vishwanath B. Awati et al. [26]
semi-numerically investigated in detail the steady-state convective boundary layer fluid
flow of the heat and mass transfer behaviors of a nanofluid over a nonlinearly stretching
sheet. The Haar wavelet collocation method is implemented. The results show that in-
creases in the parameters associated with Brownian motion and thermophoresis induce a
decrease in the local Nusselt number as well as an increase in the Sherwood number.

P. Hammachukiattikul et al. analytically investigated the impact of viscoplastic and
thermal radiation on SA-based Cu-Fe3O4 hybrid nanofluid flow with a shrinking/stretching
surface. The results show that the radiation heat source, the magnetic field as well as the
Casson parameters enhance the thermal boundary layer thickness [27]. N.F.H. Mohd
Sohut et al. [28] numerically investigated unsteady 3D flow over a stretching sheet in a
rotating hybrid nanofluid. The results show that increases in nanoparticle volume fraction
enhance the skin friction coefficient. The heat transfer rate at the surface and the skin
friction coefficient are reduced when the rotating parameter increases. The results also
show that thermal radiation and the unsteadiness parameter stimulate the temperature.
Nor A. Yacoub [29] numerically investigated 3D rotating flow in water and kerosene-based
nanofluids with single and multi-walled CNT nanoparticles over a shrinking/stretching
surface. The results show that heat transfer is enhanced when the nanoparticle volume
fraction or suction parameter increases, whereas it is reduced with increments in the rotating
flow parameter. The results also show that kerosene-based nanofluids with multi-walled
CNT nanoparticles permit better heat transfer rates. Ramzan M. et al. [30] numerically
investigated a partially ionized 3D Casson nanoliquid flow over a porous stretched two-
directional surface with C-C heat flux. A surface-catalyzed reaction is used in order to speed
up the chemical reaction. The results show that the velocity profile is reduced as the Casson
and porosity parameters increase, whereas it is enhanced when the Hall current increases.

Muhammad Mubashir Bhatti et al. [31] implemented a new computational technique
called the successive local linearization method, denoted by SLLM. The goal is to numer-
ically investigate the effect of activation energy on a magnetized nanofluid containing
moveable gyrotactic microorganisms through a stretching elastic porous plate. The results
show that the SLLM is both stable and flexible with respect to resolving transport problems
processed by nonlinear magnetic materials. Furthermore, the proposed SLLM has shown
its accuracy, efficiency and smoothness.

Shady M. Henein and Ahmed A. Abdel-Rehim [32] experimentally investigated the
effects of using different weight ratios of a MgO/MWCNT–Water hybrid nanofluid on the
thermal performance of an evacuated tube solar collector. The experiments were carried
out at a 0.02% particle concentration and at different volume flow rates, varying from 1 to
3 L/min. The principal results show that the energy and the exergy efficiencies of the solar
collector are enhanced with increases in the MWCNT weight ratio and the volume flow rate.
The enhancement of the higher energy and exergy efficiencies reached, respectively, 55.83%
and 77.14% for a MgO/MWCNT weight ratio in the order of (50:50). The better efficiency
of the evacuated tube solar collector was performed for an MgO/MWCNT weight ratio of
(50:50) for all the investigated volume flow rates.

Palash Soni et al. [33] carried out a Computational Fluid Dynamics numerical investiga-
tion (using Solid-Works flow simulation) about the effects of the helical tube pitch and coil
diameter in the performance of a shell and helical tube heat exchanger (SHTHE) applying
CuO/water and Al2O3/water nanofluids. The main results show that increases in the pitch
and coil diameter enhance the effectiveness of the SHTHE. The higher effectiveness reaches
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values of 0.5022 and 0.4928 for CuO/water and Al2O3/water nanofluid, respectively, at the
pitch in the order of 0.018 m and the coil diameter in the order of 0.116 m.

Muhammad Imran et al. [34] numerically investigated the heat transfer and MHD
effects associated with a hybrid SiC and TiO2/kerosene oil nanofluid two-dimensional un-
steady flow carried out over a flat horizontal porous surface with entropy generation. The
effects of suction/injection velocity and the velocity ratio parameter on the fluid velocity
profiles, as well as the effects of the nanoparticle volume fraction, Eckert number, velocity
ratio parameter and shape factors on the thermal field, were investigated. Moreover, the
effects of the Brinkman number and the Reynolds number on entropy generation was stud-
ied. Particular interest was paid towards the handling and solving of the partial differential
equations that govern the considered problem. The principal results show that the thermal
profile is enhanced with increases in the Eckert number and the nanoparticle volume frac-
tion. Moreover, entropy generation is augmented with increases in the Brinkman number
and Reynolds number.

Chetpelly Akshay [35] numerically investigated the thermal modeling of single and
double-slope passive solar stills (SSSS and DSSS) in six Indian cities, representing different
climatic zones. The thermal and yield performances were assessed. Hourly variations of
the glass cover and basin water temperatures, as well as the heat transfer coefficients, were
assessed. The main results show that the yield of DSSS over SSSS reached 63.37%, 57.91%,
55.59%, 44.30%, 6.15% and 34.29% on a winter day and 91.3%, 89.3%, 70.92%, 93.25%,
56.88% and 75.87% for the six cities.

The aim of this work is to numerically investigate a hydrodynamic–elastic problem
within the framework of a double-enclosure solar collector technological configuration. The
effects of the imposed hot temperature, Rayleigh number and air pressure on the thermal
and flow performances were investigated for Fe3O4/water nanofluid.

The originality of our research work is that our proposed hydrodynamic–elastic numer-
ical investigation is perfectly adapted to a specific technological configuration (with respect
to dimension ratios of the enclosures, elastic wall absorber, type of the used nanofluid,
type and location of the imposed cold and hot temperature, location of insulations, etc.)
of a real solar air collector that we are working on in order to understand in depth and to
considerably improve the control of its heat-transfer behavior. This is exactly our specific
gap of knowledge to fill. Thus, the results of this investigation are very useful for us in the
sense that it permits us to further develop solar air collectors with much more control on
their thermal performance.

Section 2 states the considered hydrodynamic–elastic wall nanofluid problem. The
governing mathematical modeling is carried out in Section 3. Section 4 details the solution
methodology and convergence. Section 5 presents and discusses the numerical results. The
conclusions are presented in Section 6.

2. Problem Statement

A hydrodynamic–elastic wall problem was numerically investigated within the frame-
work of a solar collector technological configuration. The investigated solar collector
(Figure 1) is composed of two enclosures separated by an elastic absorber wall. The upper
enclosure is filled with air, whereas the lower one is filled with Fe3O4/water nanofluid.
The hot air applies a certain pressure, inducing the stretching of the absorber plate. A hot
temperature distribution is imposed on the absorber plate, whereas the cold temperature
is imposed on the left and right walls, as depicted by Figure 1. The remaining walls are
adiabatic. The thermophysical properties of the considered nanofluid are summarized in
Table 1 [36–38]. The hot temperature distribution applied on the absorber plate influences
both the nanofluid temperature contours and the nanofluid velocity magnitudes. The air
pressure influences the nanofluid temperature contours.
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Figure 1. Investigated solar collector.

Table 1. Nanofluid thermophysical properties.

Nanofluid Characteristics Fe3O4 (Nanoparticles) Water (Base Fluid)

Density ρ (kg/m3) 5180 997.1
Specific heat capacity Cp (J/kgK) 670 4179
Thermal conductivity k (W/mK) 9.7 0.613

3. Mathematical Modeling

The mathematical model of the considered problem was formulated based on the
following assumptions:

• Apart from the density, the thermophysical properties of the fluid are assumed to
be constant.

• Density variations of the fluid are governed by the Boussinesq approximation in the
buoyancy term.

• The wall separating air from the nanofluid is assumed to be elastic with Young’s
modulus E, Poisson’s coefficient ν and density ρe.

• The nanofluid flow is assumed to be 2D, steady and laminar.
• Density variations of the nanofluid are governed by the Boussinesq approximation in

the buoyancy term.

The nanofluid’s motion with the elastic wall in the fluid–structure interaction model
is governed by the arbitrary Lagrangian–Eulerian method. Navier–Stokes and energy
conservation equations with effective thermophysical properties govern the flow and the
thermal behavior of the nanofluid [39–42].

The mass conservation equation for the nanofluid domain is written as:

∇·→u = 0 (1)
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The momentum conservation equation for the nanofluid domain is written as:

ρn f

(→
u − →ug

)
∇·→u = ∇·σn f + ρn f

→
fb,n f (2)

The energy conservation equation for the nanofluid domain is written as:

→
u∇T = αn f∇2T (3)

The equation for the solid domain of the fluid–structure interaction model is written as:

ρs
→
as = ∇·σs +

→
fb,s (4)

The nanofluid’s effective density is written as:

ρn f = (1− φ)ρ f + φρp (5)

The nanofluid’s effective specific heat is written as:(
ρCp

)
n f = (1− φ)

(
ρCp

)
f + φ

(
ρCp

)
p (6)

The nanofluid’s effective coefficient of thermal expansion is written as:

(ρβ)n f = (1− φ)(ρβ) f + φ(ρβ)p (7)

The nanofluid’s effective thermal conductivity is written as:

kn f = kst + kBrownian (8)

where

kst = k f

(
kp + 2k f

)
− 2φ

(
k f − kp

)
(

kp + 2k f

)
+ φ

(
k f − kp

) (9)

The nanofluid’s effective viscosity is written as:

µn f = µ f
1

1− 34.87
(

Dp
D f

)−0.3
φ1.03

(10)

The thermal boundary conditions are expressed as the following:
At the hot wall:

T = Th (11)

at the cold walls:
T = Tc (12)

at the adiabatic wall:
∂T
∂n

∣∣∣∣ = 0 (13)

The motion boundary conditions for the rigid walls are expressed as:

u = v = 0 (14)

At the nanofluid–elastic structure interface:

• The displacement compatibility equation:

→
d f =

→
ds (15)
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• The traction equilibrium equation:

σf = σs (16)

4. Solution Methodology and Convergence

The solution methodology of the considered mathematical problem, globally, consists
of three main steps:

• First step: The non-linear convective term (product of velocity and its derivative)
is linearized using Newton linearization. An iterative scheme is implemented to
calculate the obtained linearized term. Reasonable starting values of velocity and
temperature, as well as an appropriate convergence criterion, are used.

• Second step: The first iteration of the obtained linearized hydrodynamic–elastic prob-
lem is solved using the Finite Element Method. The solution of the Stokes flow (Navier–
Stokes neglecting the convective term) is used for the initial velocity and temperature
values in order to obtain the first iteration of the considered hydrodynamic–elastic
problem. It is worth noting that a stable solution for the Stokes flow is obtained if the
velocity and temperature are interpolated with a higher order than the pressure.

• Third step: The considered hydrodynamic–elastic problem is iterated by assigning
the last iteration velocity and temperature fields to the new iteration until reaching a
converged solution.

The Finite Element Method is numerically implemented to solve the system of partial
differential equations that constitute the mathematical model governing the considered
hydrodynamic–elastic problem. As depicted by Figure 2, the investigated nanofluid and
elastic absorber plate domains are subdivided into triangular elements: 11,262 domain
elements and 964 boundary elements (Figure 2). The relative tolerance is set to a small
enough value, ensuring the solution convergence stated by:∣∣∣∣Current solution − Previous solution

Current solution

∣∣∣∣ < ε (17)

Figure 2. Meshing of the nanofluid and the elastic absorber plate.

5. Results and Discussion
5.1. Results Validation

Our computer code, as well as our solution methodology and convergence, are validated
by implementing the same problem studied by Fatih Selimefendigil and Hakan F. Öztop in
their work [36]. The agreement is very good between our numerical results (depicted by
Figure 3) and those carried out in [36] (Page 512; Figure 3. (c) Streamlines for RaE = 5 × 105

and Figure 3. (e) Isotherms for RaE = 104). The considered results presented in [36] are not
reprinted in the current article for reasons of possible copyright issues.
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5.2. Combined Effect of Hot Temperature Distribution and Rayleigh Number

The combined effects of hot temperature distributions and the Rayleigh number on a
nanofluid’s temperature contours (Figure 4), velocity magnitude distribution (Figure 5),
velocity magnitude evolution (Figure 6) and Nusselt number evolution (Figure 7) were
numerically investigated.

Figure 3. Streamlines (a) and Isotherms (b) for the validation of the current work results based on the
results presented in [36] (page 512; Figure 3).

Figure 4. Combined effects of hot temperature distribution and Rayleigh number on nanofluid
temperature contours.
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Figure 5. Combined effects of hot temperature distribution and Rayleigh number on nanofluid
velocity magnitude distribution.

Figure 4 shows that, as the Rayleigh number increases from Ra = 103 to Ra = 105,
heat transfer becomes dominated by convection instead of conduction. This is due to the
enhancement of the buoyancy effect when the Rayleigh number increases. The nanofluid
temperature becomes more homogenous, especially in the central zone, away from the hot
and cold walls. This is expected, since the temperature difference from the upper fluid
region (close to the hot plate) and the lower region (far from the hot plate) is rapidly and
considerably reduced, since there is no direct and constant cooling effect imposed by the
cold wall temperature in the central region. This cooling direct effect considerably retards
the nanofluid’s temperature homogeneity in its vicinity, despite strong heat transfer with
hot nanofluid zones due to high temperature differences. Thus, the nanofluid close to the
cold wall remains relatively cold compared to the quite homogenous nanofluid temperature
in the central zone of the enclosure.

The nanofluid temperature contours are symmetric and dominated by the hot wall
in the case where the imposed hot temperature distribution is uniform along the hot wall,
whereas they are asymmetric and dominated by the cold walls in the case where the
imposed hot temperature distribution is right-triangular. This is due to the fact that the
right-triangular imposed temperature represents a decreasing linear evolution from the
left to the right side of the plate. The hot temperature effect is concentrated in the left side
of the plate. The remaining region of the plate is considered to have a colder and colder
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temperature while moving towards the right side of the plate. Thus, the hot temperature
effect loses, naturally, its symmetry on nanofluid temperature contours.

Figure 6. Combined effects of hot temperature distribution and Rayleigh number on nanofluid veloc-
ity magnitude evolutions along x-axis: (a) Imposed hot temperature Th = Cst and Level Y = 1/4; (b) Im-
posed hot temperature Th = Cst and Level Y = 1/2; (c) Imposed hot temperature Th = Cst × (1 − X)
and Level Y = 1/4; (d) Imposed hot temperature Th = Cst × (1 − X) and Level Y = 1/2.

Figure 7. Combined effects of hot temperature distribution and Rayleigh number on Nusselt number
evolutions along x-axis: (a) Imposed hot temperature Th = Cst and Level Y = 0; (b): Imposed hot
temperature Th = Cst × (1 − X) and Level Y = 1/2.

Figure 5 shows that, as the Rayleigh number increases from Ra = 103 to Ra = 105, the
nanofluid velocity magnitude is enhanced. This is due to the fact that an increase in the
Rayleigh number reflects a greater buoyancy effect, which enhances nanofluid velocity.
For a uniform imposed hot temperature, the minimum velocity magnitude is reached
in the central zones of the left and the right cavities as well as near the wall enclosure,
whereas the maximum velocity magnitude is reached symmetrically around these two
central zones. This is expected, since the zones of minimum and maximum velocity are
characterized, respectively, by strong buoyancy (due to high density differences) and weak
buoyancy (due to low density differences) across these zones. The noticed symmetry is
due, naturally, to the uniform distribution of the imposed hot temperature along the hot
plate. For a right-triangular imposed hot temperature, the same maximum magnitude
velocity phenomenon is encountered, except that it globally migrates towards the right
cavity. This non-symmetry is due to the fact that the decreasing linear evolution (from



Processes 2022, 10, 1195 10 of 14

left to right) of the imposed hot temperature on the plate induces the migration of a high
density difference zone towards the right cavity of the enclosure.

Figure 6 shows that, as the Rayleigh number increases, the extrema reached by the
velocity magnitude evolutions along the enclosure’s x-direction become higher. This is
due to the enhancement of buoyancy for higher Rayleigh numbers. At higher Rayleigh
numbers, the extrema are more pronounced as they are closer to the hot wall. This is
expected based on the examination of the velocity magnitude distribution depicted by
Figure 5. For a uniform imposed hot temperature, the velocity magnitude evolutions are
symmetric, whereas they lose symmetry for a right-triangular imposed hot temperature,
especially for Ra = 5 × 104 and Ra = 105. This non-symmetry is more pronounced at higher
Rayleigh numbers. This is due to the fact that the effect of the decreasing linear evolution
of the imposed hot temperature is more visible when buoyancy is more important (high
Rayleigh number).

Figure 7 shows that, as the Rayleigh number increases from Ra = 103 to Ra = 105, the
maximum value reached by the nanofluid Nusselt number approaches closer and closer
to the cold walls. For a uniform imposed hot temperature, the Nusselt number reaches
higher values than those attained for a right-triangular imposed hot temperature. This is
due to the fact that the zones where heat transfer is carried out by convection instead of
conduction are near cold walls, since the buoyancy is more pronounced in these zones.
The symmetry of Nusselt number evolutions is globally not affected by the imposed hot
temperature distribution.

5.3. Combined Effect of Hot Temperature Distribution and Air Pressure

The combined effect of hot temperature distributions and air pressure on nanofluid
temperature contours (Figure 8) was numerically investigated.

Figure 8. Combined effects of hot temperature distribution and air pressure on nanofluid tempera-
ture contour.
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Figure 8 shows that, as the air pressure increases from Pair = 0 Pa to Pair = 104 Pa,
heat transfer becomes dominated by convection instead of conduction, and the nanofluid
temperature is homogenized, particularly in the central zone away from the hot and cold
walls. The temperature contours are symmetric and strongly affected by the hot wall
when the imposed hot temperature distribution is uniform. The temperature contours
become asymmetric and strongly affected by the cold walls when the imposed hot tem-
perature distribution is right-triangular. The air pressure does not affect the temperature
contour symmetry.

6. Conclusions

The current numerical investigation shows that, as the Rayleigh number increases
from Ra = 103 to Ra = 105, heat transfer within the nanofluid becomes dominated by
convection instead of conduction, mainly in the central zone of the enclosure, far from
the hot and cold imposed temperature on the walls. When the imposed hot temperature
on the plate is uniformly distributed, the symmetry of the nanofluid temperature con-
tours is more noticeable and particularly influenced by the hot wall. This temperature
contour symmetry is deteriorated when the imposed hot temperature distribution is lin-
early decreased from the left to the right of the plate. Moreover, increases in the Rayleigh
number amplify the global velocity magnitude of the nanofluid. When the imposed hot
temperature on the plate is uniformly distributed, the velocity magnitude distribution is
left and right-symmetric within the enclosure. This symmetry is deteriorated when the
imposed hot temperature distribution is linearly decreased from the left to the right of the
plate. Moreover, it is worth noting that, as the Rayleigh number increases, the velocity
magnitude extrema reached along the x-direction of the enclosure are amplified and more
pronounced close to the hot wall. For Rayleigh numbers Ra = 5 × 104 and higher, the
symmetry of the velocity magnitude extrema is deteriorated in the case where the imposed
hot temperature distribution is linearly decreased from the left to the right of the plate. The
maximum nanofluid Nusselt number (describing the ratio of heat transfer by convection
and heat transfer by conduction) is pushed towards the cold walls as the Rayleigh number
increases. Furthermore, the Nusselt number is enhanced in the case where the imposed
hot temperature on the plate is uniformly distributed. As the air pressure in the upper
enclosure increases from Pair = 0 Pascal to Pair = 104 Pascal, heat transfer in the nanofluid
becomes dominated by convection, mainly in the central zone of the nanofluid enclosure.
Temperature contours are highly influenced by the hot plate in the case where the imposed
hot temperature is uniformly distributed on the plate. Increases in air pressure do not affect
the symmetry of temperature contours in the nanofluid enclosure. The current study does
not consider the effect of the magnetic field’s magnitude and inclination, as well as the
elastic modulus of the plate, on the thermal and flow behavior of the nanofluid. This will
be the scope of the next research investigation as a continuation of the current one.
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Nomenclature

a Local acceleration
Cp Specific heat capacity
D Average particle size
D Displacement vector
fb Body forces
h Convective heat transfer coefficient
k Effective thermal conductivity
n Normal direction
Nu Nusselt number
P Pressure
Ra Rayleigh number
T Temperature
→
u Nanofluid velocity vector
u x-component of the velocity
ug Moving coordinate velocity
v y-component of the velocity
X Dimensionless x-direction
Y Dimensionless y-direction
Greek symbol
α Thermal diffusivity
β Coefficient of thermal expansion
φ Solid volume fraction
κ Thermal conductivity ratio = −k f /kn f
µ Effective viscosity
ρ Density
σ Stress tensor
Subscript
abs Absorber
amb Ambient
air Air
c Cold
cv Convection
f Fluid
glass Glass
h Hot
nf Nanofluid
p Nanoparticle
s Solid
st Static
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