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ABSTRACT

Understanding the effects of fixed and moving bars allows for the design of more efficient thermal systems by using dynamic ob-
stacles to optimize natural convection. This study complements several numerical studies on the effect of bars in a closed cavity.
We examine the phenomenon of heat transfer by natural convection within a square cavity heated on the left side and cooled on
the right side, with an adiabatic bar undergoing periodic vertical motion with an amplitude U, , and period T, . We use the finite
element method to solve the guiding dimensionless nonlinear equations. Our focus is on the effect of the bar movement direction,
(0.1-0.4), displacement period T, (1/3-1), bar width B (0.05-0.2), Rayleigh number Ra (10%-107),

and number of bars N (1-3) on the average Nusselt number, streamlines, and isotherms distribution. The results show that in-

displacement amplitude U, .

creasing Ra significantly improves heat transfer. Maximum heat transfer occurs at U, =0.1 and T\, =1. Increasing bar width
and number negatively affects the average Nusselt number. This work contributes to understanding how dynamic obstacles can

optimize natural convection, offering insights for the design of more efficient thermal systems.

1 | Introduction

The study of energy transfer by convection is of great interest
to researchers and institutions due to its involvement in numer-
ous engineering and industrial applications. For example, in
the electronics field (cooling of electronic components), energy
sector (cooling of solar panels and batteries), buildings (design
of buildings utilizing natural ventilation for cooling and air cir-
culation) [1], and aerospace (heat management in satellites and
spacecraft).

One of the proposed solutions to control and regulate energy
transfer is the integration of objects with different shapes inside

© 2025 Curtin University and John Wiley & Sons Ltd.

a fixed cavity. Following, we present the most significant recent
studies on this topic and the key results obtained. The study of
obstacles within cavities has been the subject of extensive scien-
tific research.

A numerical study conducted by Raji et al. [2] examined the ef-
fect of blocks with different numbers (N=1, 4, 16, and 64) and
thermal conductivity ratios (Kr) on heat transfer by natural con-
vection. The findings revealed that an increase in the number
of blocks and the thermal conductivity ratio can lead to a sig-
nificant reduction in the Nusselt number. In another study by
Boulahia [3], the researchers investigated heat transfer by mixed
convection of nanofluids in a square cavity with three triangular

Asia-Pacific Journal of Chemical Engineering, 2025; 0:€70120
https://doi.org/10.1002/ap;j.70120

10of 15


https://doi.org/10.1002/apj.70120
mailto:nehila.tarek@univ-bechar.dz
https://orcid.org/0009-0007-3397-4337
https://orcid.org/0000-0001-9541-4940
https://orcid.org/0000-0003-0965-2358
mailto:nehila.tarek@univ-bechar.dz

heating blocks. The results showed that there is an optimal po-
sition for the triangular heating blocks where the heat transfer
rate is maximized. The impact of a rectangular heat source on
the magnetohydrodynamic (MHD) hybrid convection flow in a
lid-driven cavity was addressed by Umme et al. [4]. The results
demonstrated that the average Nusselt number significantly de-
creased with increased magnetic field intensity and heat gen-
eration, but it increased with heat absorption. Another study
explored convection flows combined with the presence of a
square cylinder placed in the center of a square cavity. They con-
cluded that a decrease in kinetic energy capacity is observed due
to the creation of Lorentz forces. The lattice Boltzmann method
(LBM) was used in [5] to simulate the convection phenomenon
in a cavity for a water-TiO, nanofluid with a hot obstacle. The
results showed that the dimensions of the obstacle can affect
the Nusselt number: an increase in obstacle dimensions to 0.5L
increased the Nusselt number, but further increase to 0.7L re-
sulted in a decrease. A three-dimensional numerical study by
Aich et al. [6] examined heat transfer within a cubic cavity filled
with graphene-water nanofluids. Inside this cavity was a tree-
shaped obstacle located at the bottom center and a horizontal
magnetic field (MF). The results indicated that adding graphene
significantly improved the thermal conductivity of the fluid,
enhancing heat transfer. However, increasing the dimension
(length) of the obstacle slightly negatively impacted heat trans-
fer efficiency.

In a circular cavity with a variable number of obstacles, Mirzaei
et al. [7] studied the MHD heat and mass transfer phenomena.
The results indicated that heating the upper obstacles decreased
the total Nusselt number, while heating the lower obstacles had
the opposite effect. As the number of obstacles inside the cavity
increased, heat transfer improved. A recent study by Elkhazen
[8] addressed the impact of an adiabatic obstacle on flow and
electrical charge during electrohydrodynamic (EHD) natural
convection. The results showed that depending on the position
and size of the obstacle, convective transfer could increase by
27% or decrease by 21%. The study presented five multiparamet-
ric correlations for determining the Nusselt number, intended
for engineering applications.

The study by Nabwey et al. [9] examined unstable free con-
vection flow of MHD in an inclined wavy cavity with a hybrid
nanofluid (aluminum oxide/copper-water) and a square obsta-
cle. They concluded that improving porosity and increasing the
volume fraction of nanoparticles positively affected the average
Nusselt number and heat transfer. For a phase change study by
Yan et al. [10], natural convection of materials in a cavity was
addressed, exploring the effect of an adiabatic obstacle and fin
using the Boltzmann method. They found that modifying the
dimensions of the adiabatic fins from Yf=0.1 to Yf=0.7 dou-
bled the fusion time at approximately 80% fusion of the PCM.
Another study by Rashid et al. [11] focused on the impacts of
nanoparticle shape on nanofluid flow in a square cavity with
a fixed circular obstacle at the cavity's center. They concluded
that non-spherical nanoparticles (e.g., diamond-water) per-
formed better in temperature distribution and heat transfer.
Finally, natural convection in a cavity filled with nanofluid with
obstacles of different shapes (circular, square, and diamond)
under the influence of a uniform magnetic field and uniform
heat generation was presented by Selimefendigil [12]. The key

results showed that the average heat transfer decreased by
21.35%, 32.85%, and 34.64% for cavities with circular, diamond-
shaped, and square obstacles, respectively, compared to the cav-
ity without obstacles. A study conducted by Ahmad et al. [13]
dealing with the effects of an isothermal source and sink on
natural transfer and entropy generation for Casson fluids found
that length and width are closely related to the rates of entropy,
mass, and heat transfer. The phenomenon of double diffusion
in a non-Newtonian fluid within an offset cavity is addressed
by Majeed et al. [14]; the numerical results show that convective
mass transfer is significantly correlated with the Lewis number.
Thus, when the power index increases, convection also proves to
be an increased means of heat and mass transmission. A study
conducted by Shafee Ahmad et al. [15] examined the coupling
of natural convection flow, entropy generation, as well as rigid
structures (fins); the non-Newtonian working fluid and an in-
clined magnetic field is applied. The results show that the inclu-
sion of fins results in greater resistance to fluid displacement,
which leads to a decrease in the Nusselt and Sherwood numbers.
The thermal and mechanical coupling of the flow of a suspen-
sion of iron (I1, IIT) oxide (Fe,O,) microparticles in a coaxial cy-
lindrical annular space under a magnetic field is examined by
Si-Liang Sun et al. [16]. The results indicate that increasing the
Reynolds and Hartmann numbers improves the heat transfer
capacity of the Taylor vortex flow.

Unlike previous works that focused on stationary obstacles,
this study investigates the effect of periodic obstacle motion on
natural convection and its impact on heat transfer. The find-
ings provide original insights into the role of dynamic obsta-
cles, with potential applications in electronic cooling, micro/
nanoscale systems, and compact energy devices. The vibration
can be achieved through non-contact actuation methods (e.g.,
piezoelectric), ensuring minimal wear, and since the vibration
Reynolds number remains much smaller than the Rayleigh
number, the heat transfer process is still governed by natural
convection.

2 | Mathematical Formulation
2.1 | Problem Definition and Assumptions

In this research, we are interested in the phenomena of natu-
ral convection within a square cavity of length L. We analyze
the periodic vertical movement of a bar(s) with dimensionless
length and width A and B located at the center of the cavity
(coordinates X=0.5 and Y=0.5) and the working fluid air. The
temperature of the right and left walls of the cavity is kept con-
stant at Tc and Th, respectively, as shown in Figure 1.

The equations governing the phenomenon of natural convection
can be presented in dimensional and non-dimensional forms
[17]. In our investigation, we have ignored the heat dissipation
and the variations of dependent variables in the direction normal
to the X-Y plane. The thermophysical properties are considered
constant except for the density, which varies with temperature
based on the Boussinesq approximation. The flow of air is con-
sidered laminar, Newtonian, and incompressible. For the sake
of brevity, only the non-dimensional form is presented in this
study. The following non-dimensional parameters are adopted:
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FIGURE 1 | A physical representation within a square enclosure
with adiabatic bar and its corresponding system of coordinates.

(xbar’x’y,a,b) (u v )_ (ujzir’v;ir)l‘t_ toaair
air» Vair) — -

3 3 L Xgir L2 ’
e AN e

= , l’/_
(T;[ - TZ) pﬂi*’azir Pair

(Xpar X, Y,L,A,B) =

@®

The conservation of mass equation ensures that the flow field
satisfies the principle of continuity.

V. Ugir = 0 (2)

The momentum equations describe the fluid motion under the
influence of buoyancy and viscous forces inside the cavity [18]:

oug;
= air - Vidgy + VP = Prv?u,, = PrRaT ©)

The energy equation that governs the heat transfer due to both
conduction and convection:

aa—];+uai,-VT=V2T @

The non-dimensional parameters are defined as follows.

_ gyﬁ(DTp.;Tc)L3 (Rayleigh number) and Pr= %= (Prandtl

air®air Aqir

number).

Ra

The bar is followed by a periodic vertical displacement with am-
plitude U, ,, and period T, ; this displacement is represented by
the following equation:

ar’

. 2 o
Xbar = UbarSln< T, t ) (5)
bar

2.2 | Boundary Conditions

Considering the boundary conditions, the thermal and dynamic
characteristics of the walls are expressed in dimensionless coor-
dinates as follows:

+ On the left wall: T, =1, and on the right wall T,=0
« The upper and lower horizontal walls as well as to the bar

— — oT _
surface u,; =v ;. =0and = 0

The parameter of interest is the local and the average Nusselt
numbers on the left wall to quantify the strength of the natural
convection at any point over the hot wall. It can be evaluated as:

Nu = hL / k%" (6a)
where h is the convective heat transfer coefficient, L is the char-
acteristic length of the cavity, and K*" is the thermal conductiv-

ity of air.

The average Nusselt number is expressed as:

Nitjoeqr = Z—Z (6b)
Nu= / Ny, dt (60)

The stream function is introduced as:
Ugir = (;_l;/’vair == (;_:l: (7

3 | Numerical Simulation

In this study, the Galerkin finite element method with moving
mesh is used for the numerical simulation of this problem. The
fundamental nonlinear equations are described by the finite ele-
ment method and solved numerically, with a detailed presentation
of this method provided in [19, 20]. For the vertical movement of
the bar, we used the moving mesh technique [21], with details on
this type of mesh presented in [22, 23]. The solution to the moving
mesh equations smoothly moves the mesh nodes on the surface
and within the fluid mass. The Navier-Stokes equations are solved
on a moving frame fully coupled to the mesh equations. The nu-
merical calculation estimates an error of less than 107°.

3.1 | Mesh Testing

In this step, we present the mesh model used in this study (as
shown in Figure 2). It is a moving mesh that illustrates the
three different positions of bar A: at the base, B: at the center,
and C: at the height of the cavity. It also shows the deformation
appropriated by the mesh, where we used a quadratic mesh for
the air. To ensure that the numerical results are independent
of the mesh size, a mesh sensitivity test was performed for four
different cases (A, B, C, and D), as presented in Table 1. For
each case, the number of elements and mesh element domains
is presented.
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FIGURE 2 | The constructed mesh of the model under examination.

TABLE 1 | Sensitivity testing of the mesh involves examining
various mesh sizes.

Cases

CaseA CaseB CaseC CaseD

Domain elements 2250 3800 5750 8100

Boundary 400 520 640 760
elements

Figure 3 represents the variation of the average Nusselt num-
ber with respect to the mesh type for the parameters Ra=1E5,
Tyar=2/3, B=0.1. In the figure, we can observe that the curves
are identical for a time interval between 0 and 0.2. The variation
in the number of elements appears in the fluctuation peaks; as
the number of elements in the domain increases from cases A to
D, the curves become closer, with near-identical results between
cases C and D. This indicates that the results have become inde-
pendent of the number of elements.

3.2 | Validation

We conducted a validation study by comparing our current nu-
merical results with existing experimental and numerical data
to demonstrate the reliability of the results presented in the fol-
lowing section.

Figures 4 and 5 present a numerical validation with the study
of Kim et al. [24], where they numerically studied the phenom-
enon of natural convection induced by a temperature difference
between a cold outer square enclosure and a hot inner circular
cylinder. For different Rayleigh numbers varying over the range
from 1E3 to 1E6. Figures 4 and 5 show the distribution of iso-
therms and streamlines results from Kim et al. [24] and the
present results for a circular cylinder with dimension R=0.2, at
Ra=1E6. A simple comparison of figures A and B reveals a good
agreement between the two.

In a second validation (in Figure 6), we compared our results with
aprevious study on natural convection in a partially heated square
cavity, conducted both numerically and experimentally. This
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FIGURE 3 | Grid testing of Nu on the hot wall with different grid
cases at U,, =0.4, Ra=10% T, =2/3,B=0.1.

validation was based on the local Nusselt number, a crucial pa-
rameter in our study. The results of the comparison are presented
in the figure, with parameters fixed at Ra=1.2X1E5 and a heat
source length equal to 4/5. Our results fall within the expected
range, confirming the robustness of our approach. Eventually, the
benchmark work of Val Davis [26] is also verified by the present
numerical solution. The results tabulated in Table 2 demonstrate
a maximum percentage error of 0.18%, which indicates to a high
level of reliability in the present numerical solution.

Finally, validation was carried out using the results of Raji
et al. [27], where natural convection in a square cavity with
horizontal walls subjected to different heating models was
examined. The results of this comparison are presented in
Figure 7, which shows the variation of the average Nusselt
number over time for the following parameters: a = 0.2 (ampli-
tude of the cold sinusoidal temperature), Ra=10%, and t=0.5
(frequency of the sinusoidal cold temperature). The graphi-
cal results show good agreement, with an uncertainty of less
than 2%.
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FIGURE 5 | Comparison between the isotherms, where (A) represents the numerical result from [24] and (B) denotes the present study for

Ra=10°.
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FIGURE 6 | The local Nusselt number comparison in the experimental

work conducted by Calcagni et al. [25] and the current numerical study.

TABLE 2 | Comparison of Nu number validation results with
literature results for three Rayleigh numbers of 1E4, 1E5, and 1E6.

Ra
104 105 10°¢
Val Davis [26] 2.2430 4.5190 8.8800
Present study 2.2441 4.5109 8.8453
Error 0.05% 0.18% 0.04%

4 | Results and Discussion

This part of the study focuses on the numerical results and dis-
cussions regarding the different parameters influencing the
phenomenon of natural convection within the cavity with a
moving adiabatic bar. The dimensionless parameters considered
include the displacement period T, with values of 1/3, 2/3, and
1; the amplitude of displacement of the bar (U, ) ranging from
0.1 to 0.4; and the direction of movement of the bar (horizontal
and vertical). The width of the bar (B) varies from 0.05 to 0.2,
and the Rayleigh number ranges from 1E4 to 1E7. Additionally,
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FIGURE 7 | The Nusselt number comparison in numerical work
conducted by A. Radji et al. [27] and the current numerical study.

the study considers the number of bars (N=1, 2, 3). The time in-
terval considered is 0 < t <2, while maintaining Prandtl number
(Pr=0.71).

4.1 | Bar Movement Effect

Regarding the characteristics of the oscillating bar, we varied
the following parameters to inspect its impact: the periodical
movement, represented by the period T, ; the extent of move-
ment, represented by the amplitude U,, ; and the direction of
movement, both horizontal and vertical. The influence of these
parameters on the average Nusselt number is presented graphi-
cally in Figures 8, 9, and 10.

ar’

Figure 8 demonstrates the effect of the amplitude of displace-
ment of the bar on the average Nusselt number for Ra=105,
B=0.1, and T,,,=2/3 over a dimensionless time interval be-
tween 0 and 2. Four values of U,,, are considered: 0.1, 0.2, 0.3,
and 0.4, corresponding to displacements of 0.2, 0.4, 0.6, and 0.8,
respectively (following a sinusoidal function).

At the initial stage (t<0.15), the thermal field is dominated
by conduction, which explains the similarity of the curves for
different amplitudes. Once convection develops, the bar's mo-
tion induces periodic fluctuations in heat transfer. For small
amplitudes (U,,,=0.1), the disturbance is weak and mixing re-
mains limited, while larger amplitudes (e.g., U, ,,=0.4) enhance
fluid oscillations, leading to stronger but less stable convective
transport.

The maximum Nusselt number corresponds to the position of
the bar at the center of the cavity, while the minimum val-
ues correspond to the bar's positions at the top and base of
the cavity. This suggests that the position of the bar during its
movement can lead to either an improvement or a reduction in
heat transfer. We also record the increase in the amplitude of

gl
0 0.5 1 1.5 2
t
FIGURE 8 | The influence of the amplitude of displacement of the

bar on Nu over time dimensionless at Ra=10°, B=0.1, T,. =2/3.

bar

45 4

FIGURE 9 | The influence of the oscillation period on Nu over time

dimensionless at Ra=10% U, =0.4, B=0.1.

bar

movement causing a decrease of 1% in heat transfer each time
Uy, increases by 0.1.

Figure 9 shows the effect of the period of movement of the bar on
the average Nusselt number for Ra=10°, B=0.1, and U,, =0.4
over a dimensionless time interval between 0 and 2. Three
values of T, . are considered: 1/3, 2/3, and 1. For short times,
conduction dominates and the curves overlap, but as time pro-
gresses, the effect of oscillation period becomes evident. A longer
period (T,,,=1) allows the system to adjust smoothly, resulting
in uniform fluctuations, while shorter periods (T,,,=1/3) inject
higher-frequency disturbances that destabilize the flow and re-

duce the regularity of heat transfer.
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FIGURE 10 | The influence of the direction of movement of the
bar on Nu over time dimensionless at Ra=105, Uy, =0.3, B=0.1, and
T, =2/3.
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For the minimum speed, which corresponds to T,, . =1, we no-
tice a homogeneity in the fluctuations throughout the simula-
tion. As the speed increases (with T, decreasing from 2/3 to
1/3), the number of disturbances increases, resulting in a less
uniform Nusselt number.

Figure 10 presents the effect of the direction of movement of the
bar on the average Nusselt number for Ra=10%, B=0, U,, =0.4,
and T, =2/3 over a dimensionless time interval between 0 and
2. We compare the values of the Nusselt number in two cases:
horizontal and vertical movements, both passing through the

center of the cavity.

From the figure, we can observe a periodic behavior that repeats
every At=0.7. This interval corresponds to the movement of
one cycle. We also notice that the horizontal movement records
lower Nusselt number values compared to the vertical displace-
ment. The peak of fluctuations is minimal when the bar is near
the hot and cold walls. This can be explained by the bar gener-
ating and blocking the movement of the fluid particles in the
upward and downward directions. Conversely, the peak fluctu-
ations increase when the bar is near the center of the cavity.

4.2 | Rayleigh Number Effect

Next, we examine the effect of buoyancy force, represented
by the Rayleigh number, on the distribution of isotherms,
streamlines, and the development of the Nusselt number (see
Figures 11, 12 and 13).

Figure 11 depicts the effect of varying the Rayleigh number
from 10* to 107 on the Nusselt number for U, =0.4, B=0.1,
and T, =2/3. For low Rayleigh numbers, the average Nusselt
number, which represents the ratio of heat transfer by convec-
tion to heat transfer by conduction, is low. This indicates that
convection is less pronounced, and the periodic movement of the

30— — —_— —
—e— Ra=10" -
—8— Ra=10’

25 —o— Ra=10° |

FIGURE 11 | The influence of the Rayleigh number on Nu number
over time dimensionless at U, =0.4,B=0.1and T, =2/3.

bar has a limited impact on local convection, leading to a slight
improvement in the Nusselt number.

The increase of Ra from 10° to 107 reflects the transition from
conduction-dominated to convection-dominated regimes.
Higher buoyancy forces intensify circulation, generating sec-
ondary vortices and sharper temperature gradients. The mov-
ing bar further amplifies this effect by disturbing the main cells
and creating additional localized convection structures, which
explains the pronounced growth in the Nusselt number, where
for one order of magnitude rise of Rayleigh number, the Nusselt
number increases by 205% (Ra=10°), 195% (Ra=10°), and 179%
(Ra=107). The presence of the bar further enhances this effect,
as it introduces additional disturbances that intensify convec-
tion. The additional convection cells created around the bar con-
tribute to an overall increase in heat transfer efficiency.

Figure 12 reveals the effect of varying the Rayleigh number from
10 to 107 on the fluid circulation within the cavity for U,, =0.4,
B=0.1, and T,, =2/3. At low Rayleigh numbers, the stream-
lines are simple and feature symmetrical convection cells. The
circulation cells are wide, and there are no eddies present in
the cavity, which is due to the relatively weak air flow speeds.
The negative sign of the streamlines denotes the clockwise cir-
culation. The vertical periodic movement of the bar introduces
a disturbance in the convection cells. Although the circulation
remains symmetrical, the size and shape of the cells can vary
depending on the bar's position.

As the Rayleigh number increases, the streamlines become
more complex. Secondary vortices form in the cavity corners,
and the fluid circulation speeds increase significantly, resulting
in smaller and more intense circulation cells. The presence of
the bar further accentuates the complexity of the flow, with ad-
ditional convection cells appearing around and near the bar. The
configuration and number of these cells change depending on
the position of the bar.

Asia-Pacific Journal of Chemical Engineering, 2025
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FIGURE 13 | The influence of the Rayleigh number on isotherms over time dimensionless at U,, =0.4, B=0.1, T, =2/3.
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Figure 13 displays the effect of varying the Rayleigh number
from 1E4 to 107 on the circulation of fluid within the cavity
for U,,,=0.4, B=0.1, and T\, =2/3. At low Rayleigh numbers,
the isotherms are relatively horizontal and parallel, indicating
stable thermal diffusion. The temperature gradients are weak
and uniform throughout the cavity. The presence of the bar
introduces a thermal disturbance, resulting in slightly curved
isotherms around the bar. Despite this, the temperature distri-
bution remains mainly uniform, with only a slight increase in
temperature gradients near the bar.

As the Rayleigh number increases, the isotherms become more
curved and irregular, indicating more intense thermal convection.
The temperature gradients become stronger, particularly near the
hot and cold walls. The bar further deforms the isotherms, creating
more pronounced temperature gradients around it. Consequently,
the temperature distribution becomes more complex, with signifi-
cant local variations due to the increased convection.

4.3 | Bar Geometry Effect

Figure 14 portrays the effect of varying the width of the bar B
(0.05, 0.1, 0.15, and 0.2) on the distribution of isotherms within

the cavity for U, =0.4, Ra=1E5, and T, =2/3. From the fig-
ure, we can observe the following:

« Thin bar (B=0.05): The isotherms are only slightly dis-
turbed, showing moderate curvature around the bar. The
periodic movement results in minor oscillations in the ther-
mal distribution. The thermal fluctuations are weak but
present, and the isotherms exhibit relatively small tempera-
ture gradients.

« Wider bars (B=0.1, 0.15, and 0.2): Increasing the bar
width restricts the available flow channels, which hinders
fluid circulation and reduces the efficiency of convective
mixing. Although wider bars intensify local gradients near
their surfaces, the global heat transfer decreases because
the obstruction limits the development of strong convection
cells. The fluctuations in thermal distribution become more
pronounced, leading to dynamic heat transfer and intense
mixing.

Figure 15 illustrates the effect of varying the width of the bar
B (0.05, 0.1, 0.15, and 0.2) on the circulation of fluid within the
cavity for U, .=0.4, Ra=1E5, T\, =2/3. From the figure, we ob-
serve the following:

ar

FIGURE 14 | The influence of the obstacle width B on isotherms over time dimensionless at U,

=0.4,Ra=10°, Ty =2/3.

bar
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B=0.15

FIGURE 15 | The influence of the obstacle width B on streamlines over time dimensionless at U,

« Narrow bar (B=0.05): The fluid disturbance is mini-
mal, forming small convection cells around the bar. The
vertical periodic movement introduces slight oscillatory
dynamics.

» Increasing bar width (B=0.1, 0.15, and 0.2): As the
width of the bar increases, the disruption to the streamlines
becomes more pronounced. A wider bar divides the cavity
into two large convection zones, with significant oscilla-
tions in the streamlines induced by the vertical movement.
The periodic fluctuations become more pronounced, lead-
ing to a highly dynamic flow with constant changes in the
convection cells.

Figure 16 illustrates the effect of varying the width of the bar
B (0.05, 0.1, 0.15, and 0.2) on the development of the Nusselt
number for Ra=105, U,, =0.3, and T,, =2/3. From the
graphical results, we can observe that for t<0.15, the curves
are similar, indicating that the width B has a minimal effect.
Beyond this time, as the bar moves, the curves exhibit fluctu-
ations with varying amplitudes. The most stable curve corre-
sponds to the narrow bar, which denotes maximum Nusselt
number, while the curve for the wider bar (e.g., B=0.2) shows
the most significant fluctuations. This variation is due to the
different positions of the bar. When the bar is centrally located

B=0.2

=0.4,Ra=10% T, =2/3.

bar bar

6
I —e— B=0.05
i —=— B=0.1 |
L —o— B=0.15 |
55+ —%— B=02 _
Z St
45+
4-....I....I....I....-
0 0.5 1 1.5 2

FIGURE 16 | The influence of the width of the bar on Nu over time
dimensionless at Ra=103, Up,y=0.3, and Tpu= 2/3.

within the central convection cell, convection is at its max-
imum. Conversely, when the bar is positioned at the top or
bottom, it generates natural fluid circulation, with horizontal
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displacement constrained by the upper and lower walls, From the figure, we can observe the following:
leading to less efficient convection. As the width of the bar

increases, it obstructs air circulation more significantly, neg- + One bar: The isotherms are perturbed around the single bar,
atively impacting convection and heat transfer. If we consider with periodic thermal variations creating improved thermal
B=0.05 as a reference, we record a transfer reduction equal mixing. The presence of the bar introduces oscillations in the
to 2%, 4%, and 6% which corresponds to B=0.1, B=0.15, and temperature distribution, enhancing convective heat transfer.
o « Two bars: The isotherms show more complex perturba-
Figure 17 illustrates the effect of the number of bars (N=1, 2, tions, with distinct curves around each bar. The interaction
3) on the distribution of isotherms (A) and streamlines (B) at between the two bars generates more intricate periodic ther-
Ra=10%, U,,,=03and T, =2/3,A=0.2,B=0.05. mal variations, significantly enhancing thermal mixing.

FIGURE17 | The influence of number of bars (N=1, 2, 3) on the distribution of stream lines (right) and isotherms (left) at Ra=10°% U,, =0.3, and

bar
Ty, =2/3,A=0.2,B=0.05.
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»———————————

simple square cavity
square cavity with moving bar

FIGURE 18 | Comparison between the averaged Nusselt for simple
square cavity (without moving bar) and cavity with bar for Ra=10°,
U,,,=04,and T,, =1,A=0.2,B=0.1.

bar

« Three bars: The presence of three bars results in even
more complex thermal perturbations. The isotherms exhibit
pronounced curves around each bar, with the interaction
among multiple bars further improving thermal mixing.

For the distribution of streamlines:

« One bar: The cavity is divided into two distinct convection
zones by the single bar. The periodic movement of the bar
induces oscillations in the convection currents, creating dy-
namic mixing and disturbances.

« Two bars: The presence of two bars leads to more complex
convection zones. Convection cells form around each bar
and interact with each other, creating a more intricate flow
pattern.

» Three bars: With three bars, the convection zones become
even more complex. The interactions among multiple bars
result in a highly dynamic flow, with numerous convection
cells interacting and overlapping.

To examine the role of the moving bar on the natural convec-
tion, a comparison between the pure convection case (without
the bar) and the case of a single moving bar at Ra=10° is per-
formed. Graphically, Figure 18 demonstrates the virtue of the
moving bar by elevating the periodic Nusselt number. The per-
centage enhancement in the Nusselt number can reach 7%.

Figure 19 presents the effect of varying the number of bars (N=1,
2, 3) on the average Nusselt number for Ra=10°, Uy, =0.3, and
T,,.=2/3,A=0.2, B=0.05.

From the figure, we observe the following:
« Initial state: In the initial state, the curves for different

numbers of bars are identical and coincide, indicating that
the presence of bars has a negligible effect on the average

—e— Abar
—m— Two bar
L —<&— Threebar |

FIGURE19 | Theinfluence of bar number (N=1, 2, 3) on the average
Nusselt number at Ra=10°, U,,=0.3,and T,, =2/3,A=0.2, B=0.05.

Nusselt number at this stage. After a dimensionless time
t=0.2, fluctuations begin to emerge due to the periodic
movement of the bars.

« Effect of increasing number of bars: As the number of
bars increases, there is a noticeable decrease in the average
Nusselt number. If we consider a bar as a reference, the pres-
ence of two bars leads to a decrease of 2%, and three bars a
decrease of 6%. This reduction in heat transfer efficiency
can be attributed to the increased disturbance caused by
the vertical movement of multiple bars. This disturbance
impairs the natural circulation of the fluid within the cav-
ity, leading to a decreased effectiveness of convection and,
consequently, a lower average Nusselt number.

5 | Conclusions

The present study investigates the effect of the periodic motion
of a rectangular bar on natural convection within a square cav-
ity. The problem is addressed using the finite element method
with a moving mesh to accommodate the bar's movement. The
influence of various parameters was analyzed, including the di-
rection of the bar's movement (horizontal and vertical), ampli-
tude of displacement (U,,,), period of displacement (T}, ), width
of the bar (B), and Rayleigh number (Ra), and number of bars
(N). The key conclusions are as follows:

« Effect of vertical bar movement: The vertical movement
of the bar significantly impacts the average Nusselt number.
An increase in the amplitude of displacement (U, , ) leads to
a decrease in the Nusselt number, while an increase in the
period of displacement (T, ) promotes thermal homogene-
ity. For optimal heat transfer, it is recommended to use T
=1and U, _with vertical displacement.

bar
bar
« Rayleigh number and bar movement: The coupling be-
tween the Rayleigh number and the periodic movement of
the bar affects the distribution of streamlines and isotherms.
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Higher Rayleigh numbers result in more complex second-
ary convection cells around the bar. The bar's movement
introduces additional convective flow, which improves the
Nusselt number.

+ Geometry of the bar: The bar's geometry plays a crucial
role in heat transfer. A narrow bar (B=0.05) enhances heat
transfer and creates minimal obstruction to horizontal air
movement. The impact on streamlines and isotherms is less
pronounced with a narrow bar. Conversely, increasing the
bar's width negatively affects heat transfer by obstructing
natural air movement. Therefore, B=0.05 is ideal for opti-
mal heat transfer.

« Number of bars: Increasing the number of bars has a det-
rimental effect on the Nusselt number and heat transfer
efficiency. Using a single bar is sufficient for effective heat
transfer.

These findings highlight potential applications in thermal engi-
neering systems where efficient natural convection is essential.
In particular, the results may contribute to the design of ad-
vanced cooling technologies for electronic devices, compact heat
exchangers, and energy storage systems, where dynamic obsta-
cles could be exploited to optimize heat transfer performance.

Nomenclature

Latin

A, B dimensionless length and width of the bar

g, gravitational acceleration

h the convective heat transfer coefficient

ki thermal conductivity

L cavity length

Nu average Nusselt number

P dimensionless pressure

Pr Prandtl number

Ra Rayleigh number

t dimensionless time

T dimensionless temperature

Ty dimensionless period of bar displacement

u’,v?andu,, v,  dimensional and dimensionless velocity
components

Upar dimensionless amplitude of bar displacement

XY the dimensionless Cartesian coordinates

Xpar dimensionless displacement of the bar

Greek symbols

oy thermal diffusivity

¢ the coefficient of thermal expansion

u dynamic viscosity

Pair density

Vi kinematic viscosity

v non-dimensional stream function

Subscript

c,h cold, hot
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