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A B S T R A C T

In the current research, the mixed convection heat transfer in a rectangular chamber with walls with sinusoidal
oscillations and mechanical vibrations has been investigated. Mechanical vibrations on the chamber, sinusoidal
oscillations of the hot wall and flow due to buoyancy are considered. The finite volume method is utilized for
simulation. The efficacy of changes in governing parameters, such as frequency, oscillation amplitude, Ra,
chamber length to width ratio, change of fluid type on Nu has been investigated. The results indicate that there is
an optimal ratio of chamber dimensions that has the maximum Nu in the fixed Ra, and this ratio depends on the
type of fluid. In the presence of sinusoidal oscillations of the hot wall and transverse mechanical vibrations of the
cylinder, it increases the heat transfer by about 96 % and 75 %, respectively, compared to the state without
vibration. The increase in the frequency and amplitude of oscillations in the case where the hot wall oscillates
sinusoidally is negligible on the Nusselt number. Increasing the frequency and amplitude of oscillations of
transverse vibrations of the chamber has a significant efficacy on Nu, and the amplitude of oscillations has a
greater efficacy than the frequency of oscillations on heat transfer. Based on the available data and using arti-
ficial intelligence, GMDH, Nu has been estimated. The results indicate that this modeling has been able to es-
timate the Nusselt number with good accuracy with R2 = 0.948.

1. Introduction

Free convection is one of the popular methods of heat transfer (HT)
that has been the attention of researchers for a long time, and numerous
studies have been directed on it. Among these, free convection(FC) in a
cavity can be considered as one of the simplest geometries related to free
convection that has been extensively studied [1–3]. For instance,
Nakamura et al. [4] has conducted a study in this field, examining the
effect of temperature differences in creating immersion movements in
the fluid. Sharif et al. [5]studied a rectangular chamber with an upper
wall moving at a constant speed. They also continued to analysis the
result of different aspect ratios of the chamber on combined convection.

Using the finite element method, Saberi et al. [6] simulated the
interaction of fluid and structure inside a parallelogram chamber with

an elastic vane in the middle to investigate FC-HT. In their study, the
right wall was completely in cold temperature, while only one third of
the left wall of the chamber was in hot temperature, and the other
boundaries were considered as insulation. By examining the parameters
of the ratio of conductivity coefficient and Young’s modulus of the
elastic vane, they exhibited that increasing the ratio of conductivity
coefficient increases HT, and the stiffness of Young’s modulus helps to
improve convective heat transfer. Saleh et al. [7], considering the
interaction effects between fluid and solid, investigated natural con-
vection heat transfer inside a closed chamber comprising two flexible
vanes and a constant temperature heat source. The heat source was in
the center of the chamber and the fins were vertically connected to the
upper wall of the chamber. Their results specified that very small fluc-
tuations of the flexible blade have a significant efficacy on the HT,
average Nu, flow line patterns and temperature. Also, increasing the
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length and amplitude of blade oscillations reduces the HT on the cold
wall and increases Nu on the hot source. Kim et al. [8]inspected the
efficacy of a circular heat source on the Nu inside square chambers with
cold walls. They acknowledged the average Nu for several values of Ra
from 0 to 4, that at low values of Ra, four weak symmetric vortices
around the heat source and at high values of Ra, two strong vortices are
formed around the heat source. Surtiji et al. [9] inspected the effect of
various parameters such as volume fraction of nanofluid, Ra, heat source
radius on Nu in a chamber with a triangular cross-section filled with
water-copper nanofluid containing an internal heat source. Their out-
comes disclosed that with the increase of the radius of the heat source,
the value of the average Nu increases in very large values of the Ra and
decreases in the low values of the Ra. They also showed that the addition
of NPs to the base fluid increases the HT inside the chamber, and the
percentage of this increase was more significant at low Ra. Al Qahtani
et al. [10] inspected the combination of entropy production and con-
vection in a chamber with five barriers under a uniform magnetic field,
along with volume radiation for solar collectors. The simulation results
indicated that the presence of radiation waves decreased the total en-
tropy produced, resulting in maximum entropy production when radi-
ation was absent. Buanani et al. [11] investigated the combined impacts
of natural convection and volume radiation in a concentric square ring.
The findings revealed that radiation had a notable influence on the
current and temperature distribution for Ra based on the Planck num-
ber. In other studies, the effect of nanofluid [12–15] and magnetic field
[16,17] on mixed convection heat transfer has been investigated. The
porous medium [18–21] can also help to improve convection heat
transfer by changing the thermal conductivity coefficient.

Several studies [22–25] have explored vibrational convection, which
holds significant potential for various requests. Florio and Harnoy [25]
examined the utilization of a fluctuating plate to mend HT from an
obstruction inside an internal flow. Another application [26] involves
the vibrational displacement effect in space on HT, where mechanically
induced pseudo-gravity may be more significant in the presence of a
weak gravitational field. Sarhan et al. [27] conducted an experiment to
analyze the impact of vertical sinusoidal vibrations and orientation
(horizontal and inclined at angles of 30◦, 45◦, and 60◦) on a smooth heat

sink plate exposed to natural convection. The experiment involved
varying vibration amplitudes from 1.5 to 7.5 mm and frequencies from
0 to 16 Hz under constant heat flow conditions. Controlled vibrations of
the pins using a small actuator were implemented to reduce resistance in
turbulent flows and enhance their role in HT. Results indicated that
higher vibration frequencies led to increased HT rates, with the most
significant enhancement observed in the horizontal position at 16 Hz.

Ji et al. [28] directed a numerical search into the enhancement of HT
through vibration in an innovative flexible passage tube bundle heat
exchanger(HE). In a different study, Ji et al. [29] scrutinized the vi-
bration and HT features of a modified flexible tube bundle HE. They
indicated that the tube bundle exhibited significantly higher amplitude
in the z-direction compared to the y-direction, with frequency and
amplitude increasing within the design range when tube rows were
spaced apart. Fluid-induced vibration led to an 11.67 % increase in the
Nu. Rasangika et al. [30] conducted numerical investigations on square
and sine wave vibration parameters to interrupt the flow for enhancing
convection HT in heat sinks.

Recent scientific studies have increasingly utilized artificial intelli-
gence (AI) and machine learning techniques for estimating CHT
[31–34]. Researchers have employed AI algorithms such as ANN, ge-
netic algorithms, and SVM to predict HT coefficients, Nu, and other key
parameters in CHT-processes. These AI-based approaches offer advan-
tages such as improved accuracy, faster computation, and the ability to
handle complex data sets. By training machine learning models on
experimental or numerical data, researchers can develop predictive
tools that can enhance our understanding of convective HT phenomena
and optimize heat exchanger designs. The integration of AI and machine
learning methods in heat transfer research holds great promise for
advancing the field and developing more efficient thermal management
systems.

Based on previous studies, a lot of research has been conducted on
convective HT under various boundary conditions, boundary layer slip,
and geometry changes. However, the efficacy of oscillatory wall defor-
mation on convective heat transfer has not been investigated so far.
Therefore, the present study focuses on numerically investigating the
influence of transverse mechanical vibrations of the enclosure and si-

Nomenclature

Cp specific heat capacity (J.kg− 1.K− 1)
A Amplitude(mm)
f Frequency(Hz)
g Gravitational acceleration

(
m.s− 2

)

Gr Grashof number
H height (m)
k Thermal conductivity (W.m− 1.K− 1)
L length (m)
Nu Nusselt number
P Pressure (Pa)
q“ Heat flux (W.m− 2)
R2 absolute fraction of variance
Ra Rayleigh number
T temperature (K)
t Time (s)
u,v Velocity component in x- and y direction (m.s− 1)
x,y Cartesian coordinate

Subscripts
f Fluid
H High
L Low
nf Hybrid nanofluid

O Ambient

Greek letter
β Thermal expansion coefficient (K− 1)
μ Dynamic viscosity (Pa.s)
ν Kinematic viscosity (m2.s− 1)
ρ Density (kg.m− 3)
α Thermal diffusion coefficient(m2.s− 1)
φ Volume fraction
ω Frequency of mechanical vibration (Hz)

Abbreviations
AI Artificial intelligence
ANN artificial neural network
BC boundary conditions
FC free convection
FVM Finite volume method
GMDH Group Method of Data Handling
HT Heat transfer
NF Nanofluid
NN Neural network
NPs Nanoparticles
RMSE root mean square error
SVM Support vector machine
UDF User Defined Function
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nusoidal wall oscillations on FC-HT. Using the finite volumemethod, the
effect of the aspect ratio of the enclosure, Ra, sinusoidal wall oscilla-
tions, and transverse mechanical vibrations on convective HT from a
rectangular enclosure has been examined. Additionally, artificial intel-
ligence techniques have been used to estimate Nu in the enclosure based
on available data. In the following, the structure of the paper is as fol-
lows: In the problem description section, the HT issue is elucidated,
focusing on mathematical modeling, numerical solution, grid indepen-
dence, validation, and modeling using artificial intelligence techniques.
The discussion and results section extensively explores the efficiacy of
influential parameters on HT in the specified problem. Finally, based on
the obtained data, artificial intelligence is employed to evaluation the
Nu.

2. Description of the problem

2.1. Mathematical model and numerical solution

An illustration of the studied geometry and boundary conditions
(BC’s) are revealed in Fig. 1a. T = TH is employed on the left wall and
T = TL is applied on the other walls and TH > TL. The u = v = 0 is
applied on the walls. The thermophysical properties of the material are
shown in Fig. 1b.

The height of the chamber is H and its width is L. In the state of the
moving boundary, the left wall is transformed into a sine wave, and it is
defined as follows [37]:

y(t) =
(

1 − Asin(ft)sin
(
2πx
L

))

(1)

Fig. 1. a) a schematic of case study, b)thermal features of materials[35], and c)Relationships to calculate nanofluid properties[36].
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where y,A, f , t, x, andL are displacement, amplitude, frequency, time, x-
direction, length of cavity, respectively. In the case that the enclosure is
affected by mechanical vibrations, it vibrates in the y direction, and the
vibration speed,v0(t), [38,39]is reported as follows:

v0(t) = ωHsin(ωt) (2)

Where t, and ω are the time and frequency of oscillation, respectively.
Boussinesq approximation [40,41]is used for FC-HT. The governing
equations for laminar flow and 2D are defined as follow as [14]:

∇
→
.V→= 0 (3)

(
∇
→
.V→

)
.V→= −

∇
→
(P)
ρ +ϑ∇2 V→− (1 − β(T − To) ) g→+ Su (4)

V→.∇
→T = α∇2T (5)

The dimensionless numbers: Grashof (Gr), Rayleigh (Ra) and Nusselt
(Nu), are stated as follows [20]:

Gr =
gβ(TH − TL)L3

(
μ
ρ

)2 (6)

Fig. 2. a) flow chart of the planned technique, b) mesh study and view of the selected mesh, verification of the current study with the findings of c) Catton [42] and
d) with previous studies[43–45].
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Ra = Gr
( μ

ρα

)
(7)

Nu =
hL
k

(8)

Where ϑ,V, β, P, μ, k, ρ, h T, α and g characterize kinematic viscosity,
velocity, thermal expansion coefficient, pressure, viscosity, thermal
conductivity, density, convection HT coefficient, temperature, thermal
diffusion coefficient and gravity acceleration, respectively. Su = Av0(t) is
momentum source terms in the mechanical vibration state. A is the
amplitude of mechanical vibration. Relationships to calculate nanofluid
properties [36] are displayed in Fig. 1c.

In this survey, Fluent ANSYS software is employed utilizing the FVM

to solve the equations(3–5). The SIMPLE algorithm is employed to link P
and V. The second-order upwind scheme is implemented for discretizing
the equations, while the Presto scheme is employed for pressure
correction. The relaxation coefficients for continuity, momentum, en-
ergy, and volume fraction equations are set at 0.3, 0.5, 1, and 0.9,
respectively. Convergence bench mark for continuous, momentum and
energy equations are 10-3, 10-5 and 10-8, respectively. Mechanical vi-
bration is generated by Su in the Y direction. The Su in the Y direction is
introduced into the fluid domain, controlled by a sine function definite
in the UDF. When the left boundary undergoes sinusoidal changes, these
variations are implemented using the UDF and dynamics mesh. The
transient problem is solved in such scenarios, and after examining the
impact of time step size on solution accuracy, a time step of 0.001 s has

Fig. 2. (continued).
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been chosen for the simulations, with a final simulation time of 1 s. Flow
chart of the proposed technique was illustrated in Fig. 2a.

The number of grid nodes meaningfully influences the accuracy and
computational time of the numerical solution. The mesh consists of
structured quadrilateral cells with varying spacing distributions. The
resulting grid is locally orthogonal to the surface of the wall and is
refined in areas where significant gradients are anticipated. Four grids
with varying numbers of nodes were analyzed to study the variation in
Nu. The findings of this investigation and a view of mesh are described in
Fig. 2b. The findings specify that the solution accuracy improves as the
grid size decreases. Consequently, the grid consisting of 80,601 nodes
was chosen to proceed with the cavity calculations, as illustrated in
Fig. 2b. The simulations are carried out on an Intel (R) Core i7 with a
CPU6700K 4 GHz and 16 GB RAM. The solution time for various test
modes ranges from 7322 to 8456 min.

The Nu in the cavity is compared to the findings of Catton [42] for Ra
= 105 and the outcomes are presented in Fig. 2c. The comparison reveals
a strong agreement between the existing modeling and the referenced

work, with a maximum difference of less than 8 %. It is evident that as
H/L increases at Ra= 105, the Nu declines. The widening gap among the
plates limits fluid mixing by reducing the interaction between hot and
cold fluids, leading to a decrement in the average fluid temperature.
Also, in the following, Nu for H

L = 1,TH = 30◦CandTL = 10◦C is
compared with previous studies [43–45] and displayed in Fig. 2d. Nu
calculated in our study align closely with Ref. [43–45]. The average
deviation is below 15 %, confirming the accuracy of the current study.

2.2. GMDH algorithm-Neural network model

The Group Method of Data Handling [46,47], abbreviated as GMDH,
is a linear regression and modeling method. The schematic and algo-
rithm of the GMDH –NN structure are illustrated in Fig. 3. n this method,
instead of building predictor models simultaneously, an iterative and
incremental algorithm is utilized. This process entails creating and
incorporating simple basic structures (polynomial neurons) gradually.
Through the combination of these basic structures, a sophisticated

Fig. 3. a) schematic and b) algorithm of gmdh neural network structure[46,47].
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system with optimal performance is formed. One of the key algorithms
for constructing the GMDH model, referred to as the polynomial NN, is
the algorithm pioneered by Ivakhnenko. This algorithm relies on a
quadratic polynomial model and a least squares error approach. The
artificial neural network method based on GMDH is utilized to establish
relationships from experimental data obtained from various experi-
ments. The ANN and linear regression methods are merged to form
polynomial NNs. In these networks (Fig. 3b), several polynomial ex-
pressions are treated as neurons in each layer of the network. In this
study, to convert the experimental data obtained from various experi-
ments into the relationship is based on the artificial neural network
method based on GMDH. Artificial neural network and linear regression
method are combined together and form polynomial neural networks. In
these networks, a number of polynomial expressions are considered as
neurons in each layer of the network. Considering the artificial neural
network based on GMDH, the square of the differences between the
predicted(ŷi) and actual values(yi) should be minimized and the co-
efficients a0, a1, a2,⋯, a4 should be determined.

∑M

i=1
(ŷi − yi)2M

→
in. (9)

ŷi = G
(
xi, xj

)
= a0 + a1xi + a2xj+ a3xixj+ a4x2i + a5x

2
j (10)

In order to assess the disparity between the outcomes of the GMDH-
based NN, R2 and RMSE have been employed. It is important to mention
that the data is partitioned into two sets: training data and test data. The
training data is used to calculate the coefficients of equation (10),
whereas the evaluation of the GMDH-based NN is performed using the
test data. It is important to highlight that the GMDH can accurately
forecast output data within the range of trained input data only.

3. Discussion and results

In this study, the effect of Ra change, fluid type change, use of
magnetic field, sinusoidal wall and mechanical vibrations on HT from
the chamber has been examined.

Fig. 4. The efficacy of H/L ratio, Ra on Nu and vorticity contour.
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3.1. Effect of geometric parameters and flow on Nu

The effect of Ra on Nu in H/L=0.5 is checked and shown in Fig. 4a.
The results show that Nu has increased with the increment of Ra. With
the increment of the Ra, the ∇T and the temperature difference in the
fluid increase. For this reason, the amount of buoyancy force increases
and the role of convection mechanism in HT increases. Therefore, with
the increment of the buoyancy force, the strength of the rotating current
inside the chamber has increased and the vortex has been developed to
the right and the center of the chamber, which is well presented in the
contours. In fact, with the increment of the Ra, the convection mecha-
nism will play a more effective role in the fluid compared to the thermal
conduction. It is also observed that with the increment of H/L, the fluid
volume in the chamber increases and at a constant Ra, the ability to
overcome the buoyancy force over the viscous force decreases. There-
fore, fluid movement and mixing of hot and cold fluid in the chamber is
reduced and ultimately leads to a reduction in HT.

Also, when the agent fluid is water and nanofluid, the effect of Ra and
H/L has been investigated and the results are shown in Fig. 4b and 5. In
this case, the Nu has increased with the increment of the Ra. In the
investigation of the H/L effect, it can be seen that with the rise of the H/L
from 0.1 to 0.5, the value of the Nu augments until it attains a greatest
value and then begins to decrease. The reason for this can be that with
the increase in the length of the hot wall area, more fluid is located next
to the wall, which is due to the condition of not sliding isothermally with
the hot wall, which can help to mix and augment the average temper-
ature of the fluid, and this mainly reduces The buoyancy force is similar
to the viscous force and until H/L=0.5 this phenomenon reaches its
maximum value (while the maximum Nu has been observed for air fluid
at H/L=2) and after that the amount of hot fluid increases. Near the
wall, it cannot overcome the weakening of the buoyancy force to the
greater volume of the fluid and moving it in the chamber and reducing
the convection of the fluid in the chamber, and it is observed that the Nu

decreases. Compared to air fluid, water has a higher thermal conduc-
tivity coefficient and higher viscosity, and since the convection mech-
anism actually includes heat transfer through molecular diffusion and
fluid mass movement, heat transfer is higher with water fluid.
Furthermore, the impact of introducing Al2O3 NPs into H2O and varying
its volume fraction on Nu has been examined in Fig. 5. The properties of
nanofluid are calculated based on the relationships and thermophysical
characteristics presented in Fig. 1. The results show that with the
intensification in φ, the ratio of Nu has decreased and at φ = 0.003, the
Nu has improved compared to the state without nanoparticles, and this
increase is about 2 %, and at φ = 0.021, the Nu has enhanced compared
to the state without nanoparticles. In fact, the presence of NPs improves
the k, and on the other hand, the ρ and μ of the NF augments compared to
the base fluid. In smaller φ, mounting.

k and conductive HT can help to augment the mean temperature of
the fluid and help the buoyancy force to overcome the viscous force, but
with the increase of φ, the weakening efficacy of the viscous force on the
flow convection in the chamber increases. The augment of the conduc-
tion mechanism is overcome and the Nu decreases.

3.2. Effect of altering the waveform of a heated surface on Nu

The study examined the impact of changes in the waveform of a
heated wall on the Nu for air. The results are presented in Fig. 6. The
influence of amplitude (A) and frequency (f) of oscillations on Nu was
analyzed. Sinusoidal oscillations of the left wall were found to push the
hot fluid towards the chamber’s center, enhancing mixing with cold
fluid due to disturbances created. Fluctuations in the heated wall
intensified the inertia force, aiding buoyancy force in overcoming vis-
cosity force and improving flow circulation. Flow fluctuations trans-
formed transverse fluid movement into rotational motion, elevating
average fluid temperature. On average, Nu increased by 196 %
compared to no wall oscillation state. Nu changes were weakly

Fig. 5. The efficacy of H/L ratio, Ra on Nu for water and Nu ratio in terms of..φ
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Fig. 6. The efficacy of f and A on Nu and vorticity, velocity and temperature contours.
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dependent on oscillation amplitude and frequency, with maximum Nu
observed at A = 10− 5 and f = 5 Hz. The effects of Nu changes with Ra
and aspect ratio (H/L) were also investigated. Nu amplified with Ra,
particularly influenced by sinusoidal wall deformation at lower Ra
values. As Ra augmented, buoyancy force strengthened, promoting
natural convection expansion in the chamber. Higher Ra levels reduced
the impact of hot wall fluctuations, with buoyancy force becoming
dominant. Consequently, Nu increases slightly less with higher Ra, while
more pronounced changes were observed at lower Ra values.

3.3. Efficacy of transverse mechanical vibrations on Nu

In the following, the impact of transverse mechanical vibrations on
convection HT is examined, and the impact of ω and A of mechanical
vibrations on the Nu is assessed in Fig. 7. With the escalation in ampli-
tude and frequency of oscillations, the ’s value has witnessed an increase
compared to the state absent of vibration. It is evident that the me-
chanical vibrations induced within the fluid instigate the transverse
motion of the fluid to transform into rotational motion, and the con-
vection zones progressively expand as time elapses in the entire chamber
(as illustrated in the velocity and temperature contours in Fig. 7). This
action triggers the mixing of hot and cold fluids, leading to enhanced HT
within the chamber. By augmenting the amplitude of vibrations from
0 to 0.01, 0.1, 0.5, 1, 10, and 100, respectively, an increase in the Nu is
observed by 2.56 %, 19.23 %, 32.05 %, 41.03 %, 58.97 %, and 74.36 %,
respectively, compared to the state without vibration. The elevation in
the fluctuation range results in an escalation in the velocity and
expansion of natural convection zones within the chamber, which
magnifies with the upsurge in the range of force acting on the fluid.
Subsequently, the mixing of hot and cold fluids improves, ultimately
augmenting the Nu. By increasing ω from 0 to 0.1, 0.5, 1, 5, and 10, an
increase in the Nu is observed by approximately 38.46 %, 54.49 %,
56.41 %, 60.26 %, and 75.64 %, respectively.

3.4. Prediction of Nu using artificial intelligence

In what follows, using the GMDH model, Nu is calculated based on
Ra, H/L, f/A, and ω/A. There are about 45 data points based on the
provided numerical solution. 85 % and 15 % of the data have been

utilized for model training and test, respectively. In training data, the
lowest and supreme values of each feature are included in the training
data section so that the model error can be reduced. The GMDH-based
NN is able to forecast output data with high accuracy only in the
range of input data that has been trained, and it is only in this range that
this network can be used. The results of the GMDH model prediction,
error analysis, and model accuracy are well shown in Fig. 8. The out-
comes clearly display that the GMDHmodel has been able to forecast Nu
in this situation with high accuracy.

4. Conclusion

In the current examination, the numerical scrutiny of natural con-
vection heat transfer (HT) in a rectangular chamber under the influence
of the wall with sinusoidal deformation and mechanical vibrations using
the finite volume method has been done. The consequence of dimension
change, fluid type, sinusoidal change of hot wall and mechanical vi-
brations on the Nusselt number (Nu) in the chamber have been exam-
ined. The results are summarized below:

• As Ra rises,Nu increases, and with the intensification in the width-to-
length ratio of the chamber, the HT first increases and then de-
creases. The value of the width-to-length ratio at which the Nu is
extreme depends on the type of fluid, such as for air and water. It is
obtained in the value of 2 and 0.5, respectively. The use of nano-
particles on HT can have a positive or negative effect, which depends
on the nanoparticle volume fraction (NPVF). In low volume frac-
tions, it can improve HT, and with an increment in NPVF, it can lead
to a decrement in HT.

• The sinusoidal deformation of the warm wall is effective in
expanding the HT and an increase of about 196 % in Nu was
observed. The efficacy of frequency(f) and amplitude(A) of wall si-
nusoidal oscillations on Nu was investigated and the highest Nu was
observed at A=10-5 and f = 5 Hz. In small Ra, the effect of sinusoidal
fluctuations of the hot wall is more effective on improving HT

• The efficacy of the transverse vibrations of the chamber on the HT
from the chamber was investigated and it was observed that there is
an increase in the HT in about 2.56–75 % relative to the case without

Fig. 6. (continued).
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Fig. 7. Efficacy of a) frequency and b) amplitude of mechanical vibrations on Nu, c) Vorticity and d) temperature contour in several times.
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vibration. By increasing the amplitude and frequency of transverse
vibrations, the HT in the chamber increases.

• Also, based on the available data and using the GMDHmodel, the Nu
has been estimated and the said model has been able to approximate
Nu very accurately.
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