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Abstract

Purpose — This study aims to explore impact of fluid—structure interaction (FSI) analysis on the unsteady
convection heat transfer in wavy-heated wall cavity.

Design/methodology/approach — The arbitrary Lagrangian Eulerian approach within an unstructured
mesh and the finite-element method are used to determine the governing partial differential equation.

Findings — A number of factors influence the thermal design and formation of circulation flow, including
Rayleigh number, wall flexibility, amplitude and undulations. Changes in the undulation number and flexible
wall can have a notable impact, especially in the core regions and near the hot wall. One and two undulation at
large amplitude and high Rayleigh number cases penetrated toward improved heat transfer and the appearance
of flexible surfaces.

Originality/value — This study presents a novel computational investigation of FSI effects on unsteady flow and
heat transfer dynamics in wavy-walled cavities, addressing the gap in prior rigid-boundary assumptions by
incorporating dynamic wall deformation. By coupling advanced numerical modeling of transient fluid dynamics
and structural elasticity, the work uniquely examines how time-dependent interactions between a flexible right wall
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and natural convection alter thermal performance, flow instabilities and momentum transfer in wavy geometries.
The analysis reveals how structural deformation modulates heat transfer efficiency under unsteady conditions.

Keywords FEM (finite-element method), FSI (fluid structure interaction), Elastic wall, Transient
convection, Wavy wall

Paper type Research paper

1. Introduction

Free convection process found in wavy enclosures is of relevance to many engineer
considering its broad applications, for example those found in micro-electric devices, heat
exchangers, solar energy collectors and nuclear reactors. The alteration of surface waviness
and its types is regarded as a regulating criterion for evaluating the features of heat and flow
fields. A considerable body of evidence demonstrates that the thermal transfer coefficient is
markedly elevated because of the induced turbulent mixing and an expanded heat transfer
area relative to a flat surface. Alternative configurations in the interface of concurrent or
countercurrent two-phase flow.

Wavy geometries enhance heat transfer across mixed, natural and forced convection
regimes. In mixed convection with Fe;O4/multi-walled carbon nanotubes-water nanofluids,
higher Da (10°~107%) and lower Ha (0—10) amplify heat transfer in porous cubic cavities via
reduced magnetic damping (Jiang et al., 2023). Natural convection of nano-encapsulated phase
change material in wavy enclosures shows Ra = 10° quadruples local Nu vs Ra = 103, while
Ha = 100 suppresses Nu by 38% (Alazzam et al., 2023). Trapezoidal cavities with nanofluids
(¢ =0.06) reveal higher temperature gradients boost Nu, but Ha =25-—100 aligns flow,
damping turbulence (Shandar et al., 2025). Square cavities with corrugated rods highlight
sensitivity to Ra, Ha and undulations for electronics/nuclear applications (Nadeem et al., 2023).
Conjugate analysis in wavy minichannels (¢ = 0.2, 5 < Re < 15) yields higher Nu and PF, vital
for solar/heating, ventilation, and air conditioning systems (Borah et al., 2023).

Valuable works of Saidi et al. (1987) have contributed to the initial advancement of
mathematical modeling for natural research within wavy enclosures. Authors presented the
streamlines and isotherms of inside the wavy enclosure and stated that the total thermal
transmission of the wavy surface and the moving fluid was diminished as a result of
existence of the vortices. Adjlout et al. (2002) observed that the heated undulating surface
changed flow within the hollow and the rate at which heat transferred. Mahmud et al. (2002)
found that by decreasing waviness of the surface, the higher heat transfer drops or grows
constantly depending on the surface waviness parameter. Das and Mahmud (Das and
Mahmud, 2003) studied enclosure consists of the cavity including two wavy surfaces and
double straight surfaces. The amplitude-wavelength ratio was found small effect heat
transfer performance. Convective heat transfer is found by Morsi and Das (2003) to be
significantly modified by the waviness effect. Mahmud and Islam (2003) reported the
averaged entropy generation rate toward a variety of wave ratios. Mahmud and Fraser (2004)
studied an enclosure with double horizontal straight surfaces and double vertical undulating
surfaces where it follows a trigonometry profile. Sabeur-Bendehina et al. (2006) delineated
the propensity of heat transfer rate influenced by different aspect ratios of wavy geometry.
Abdelkader et al. (2007) demonstrated that heat transmission and flow patterns were
significantly influenced by the amplitude of a heated wavy bottom surface. Hussain and
Mohammed (2011) concluded that the thermal performance remains diminished by
improving Rayleigh number on the left wavy sidewall, whereas thermal performance
enhances with the rise of Rayleigh on the right wavy sidewall for the inclined enclosure.
Hasan et al. (2012) found that the development of convective flows supports three platforms:



Initial platform, transitional or oscillatory platform and steady platform. Tekkalmaz (2013)
studied the effects of heating the lower surface and cooling the upper surface of a cavity.
Sheikholeslami et al. (Sheikholeslami et al., 2014) examined a chamber with nanofluids
to see how magnetic field effects, orientation and waviness affect heat transfer. Transient
streamlines, isotherms and isoconcentrations of nanofluids are examined by Sheremet et al.
(2016) concerning a wavy-walled enclosure under the magnetic field impact. Alsabery et al.
(2018) and Hashim et al. (2018) considered an inner block the cavity filled nanoparticles and
host fluid where the goal is to choose an optimal waviness configuration. Cho (2019)
investigated steady convection and entropy formation within a wavy-wall lid-driven hollow
containing nanofluids and magnetic fields. Recently, Salehpour et al. (2019) conducted a
simulation for transient convection within a rectangular cavity loaded by a power-law non-
Newtonian liquid for corrugation amplitudes from 0.1 to 0.5, and frequency 1-5. Different
nanoparticle shape and undulation plate was found by Dogonchi et al. (2020) to have the
significant influence in the thermal performance. Chattopadhyay et al. (2020) stated that the
undulating wall direction influences convection.

It was seen that the majority of subjects were located in the thermal transfer region of wavy
cavities with rigid surfaces. It has a thin profile, is flexible and offers a wide range of thermal
characteristics as a result of the new material. A new engineered material offers a pliable
surface that boasts enhanced elastic properties, remarkable thinness and diverse thermal
characteristics. For instance, inelastic water manifold operations under expected radiation
during solar drying use very thin membranes to protect electrical components, the membranes
demonstrate significant elasticity and are influenced by the circulation of fluid (Alsabery
et al., 2019a). Flexible walls are frequently oscillated or shifted inside elastic domains, while
solids are forced by fluids to conform at stress boundary conditions. Engel and Griebel (2006)
asserted that the fluid’s response to a solid’s flexible deformation is contingent upon the
moving boundary’s position and velocity. By depicting the displacement and velocity
contours of the interface, he showed how fluid dynamics exerted forces on a flexible body.
Rigid and elastic wall aneurysm models exhibit significant differences in flow field
configurations, as delineated by Khanafer et al. (2009). The convection inside a cavity with a
flexible bottom surface was numerically evaluated by Al-Amiri and Khanafer (2011).
Khanafer (2013) analyzed the Nusselt number, isotherms and streamlines of stiff as well as a
flexible right wall. According to their findings, the intensity of heating and the elasticity of the
flexible surface significantly influence the morphology of the flexible surface, hence
enhancing heat transfer. Khanafer (2014) subsequently conducted a study between wavy and
flexible geometries concerning bottom-heated surfaces. Wang and Davidson (2016) showed
that rigid manifolds performed better than flexible manifolds due to entrainment collapse.
Selimefendigil and Oztop (2016) examined a cavity with a flexible wall filled with nanofluids
exhibiting volumetric generation of heat by magnetohydrodynamic mixed convection.
Jamesahar et al. (2016) examined a flexible diagonal separator with high thermal
conductivity. Raisi and Arvin (2018) investigated the upper flexible wall, resulting in
improved heat transport and augmented deformations of the flexible components by
increasing the Rayleigh number. Selimefendigil and Oztop (2017) studied the heat generation
of localized heated triangular containers containing nanofluids that have elastic surfaces and
internal heating sources (Selimefendigil et al., 2017). Following that, Selimefendigil et al.
(2019a) reached the cavity that was driven by a lid, along with elastic walls on top. A bottom
wall’s flexibility in a vented cavity has been explored later by Selimefendigil et al. (2019b) in
relation to an internal L-shaped conductive obstacle. As a result of using the flexible in an
inclined L-enclosure, Selimefendigil and Oztop (2019) achieved an 11% improvement in
heating efficiency. Alsabery et al. (2019b) investigated how heat is transferred and entropy is
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produced within cavities containing an elastic right surface and a rotating active cylinder.
Ghalambaz et al. (2019) examined the heating of nonuniform temperatures within a square
enclosure separated by flexible membranes. Ghalambaz et al. (2020) determined that a
pseudoplastic material enhanced the elastic heater’s thermal properties. Mehryan et al.
(2020a) discovered that the least tension and deformation occurred in the center of the plate
with elastic properties. Mehryan et al. (2020b) discovered that intensifying the heating
enhances heat performance and wall tension. Shahabadi et al. (2021) demonstrated that heat
transfer through a hot wall is not consistent with Young’s modulus.

In an L-shaped enclosure with a flexible fin and elastic wall, sinusoidal forces applied to
both components induce periodic oscillations, increasing the Nusselt number on hot walls by
up to 28% at higher amplitudes and frequencies (Ahmed and Razavi, 2024). The elasticity of
the wall further amplifies this effect, with lower elastic modulus values (i.e. greater
flexibility) enhancing Nu due to larger deformations that intensify flow recirculation (Ahmed
and Razavi, 2024). Similarly, in lid-driven cavities with a flexible sidewall, the combination
of wall motion and flexibility boosts Nu by 28% compared to stationary rigid configurations,
with the direction of top-wall movement (left vs right) critically influencing flow vorticity
and thermal mixing (Yaseen et al., 2023).

The interplay between thermal and structural parameters governs these enhancements. In
natural convection within L-shaped wavy enclosures featuring a flexible baffle, higher
Rayleigh numbers (Ra) strengthen buoyancy-driven flows, while reduced elasticity modulus
(E) promotes baffle deflection, creating secondary circulation zones that augment heat
transfer (Alrasheedi, 2024). These circulation zones, influenced by Ra and E, disrupt thermal
stratification and improve convective efficiency, particularly in systems requiring adaptive
thermal management (Alrasheedi, 2024). Similarly, in 3D cavities with oscillating plates,
proximity to heated walls amplifies the local heat transfer coefficient by 8% when the plate is
positioned 25 mm from the right wall compared to 75 mm, as plate oscillations generate
turbulence near high-temperature regions (Hashemi et al., 2024). Thinner oscillating plates
(0.4mm vs 1mm) further improve performance by 4.24%, emphasizing the role of
geometric flexibility in optimizing thermal exchange (Hashemi et al., 2024).

Operational parameters such as Richardson number (Ri) and Reynolds ratio (Rer) also
modulate flexible-wall efficacy. In mixed convection, lower Ri values (0.01 <Ri<100)
favor inertial forces over buoyancy, enabling flexible walls to amplify shear-driven mixing,
while higher Rer ratios (1 <Rer<4) enhance inlet momentum, synergizing with wall
oscillations to redistribute heat (Yaseen et al., 2023). Notably, the synergy between multiple
flexible components — such as fins and walls-yield cumulative enhancements, as seen in
L-shaped enclosures where combined flexibility elevates Nu beyond the sum of individual
contributions (Ahmed and Razavi, 2024).

This study presents a novel computational investigation of fluid—structure interaction
(FSI) effects on unsteady flow and heat transfer dynamics in wavy-walled cavities,
addressing the gap in prior rigid-boundary assumptions by incorporating dynamic wall
deformation. By coupling advanced numerical modeling of transient fluid dynamics and
structural elasticity, the work uniquely examines how time-dependent interactions between a
flexible right wall and natural convection alter thermal performance, flow instabilities and
momentum transfer in wavy geometries. The analysis reveals how structural deformation
modulates heat transfer efficiency under unsteady conditions.

2. Mathematical formulation
Wavy wall surfaces and flexible enclosures have diverse applications, including enhancing
heat exchangers by increasing surface area for better heat transfer. In thermal management



for electronics, flexible walls adapt to fluid flow, improving heat dissipation in devices like
microprocessors. In addition, these systems are useful for energy harvesting, converting
thermal gradients into mechanical work, thereby contributing to self-sustaining renewable
energy generation systems, making them ideal for applications in solar thermal and
thermoelectric technologies. Here, a cavity with wavy surface and flexible wall is studied.
Figure 1 illustrates a model schematic along with the corresponding coordinate system. The
model illustrates the instability of heat transfer and free convection within a Newtonian,
incompressible liquid contained within a wavy vessel of length L including a flexible right
wall. Container’s left wavy wall maintains a high isothermal temperature (T}), whilst the
flexible wall exhibits a lower temperature (T;). The thermal insulation condition is preserved
in the horizontal walls. As a result of Boussinesq’s approximation and ignoring Joule heating
effects, thermal insulation is obtained for horizontal walls. In accordance with Alsabery et al.
(2019b), the dimensions primary equations can be articulated based on a set of assumptions
in an arbitrary Lagrangian—Eulerian (ALE) formulation:

v*.U* =0, (D
oU* , 1
(— + (U =W V*U*) = (yfV*ZU* —pe(T.—T) - V*P*)7 )
oT
(E + (U —W") V*T) =a; VT, 3)

Insulated wall

-n

Flexible|wall

=
,=P* + pu;V*U* =

y =

L

)

U'=0 Insulated wall

Source(s): Figure by authors
Figure 1. Schematic diagram of the square wavy container
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here U* represents velocity of the fluid while, and W* = (U, V) represents moving
mesh component velocities. P* and T, represent the pressure and temperature fields,
respectively. Density, diffusivity, viscosity kinematics and thermal expansion,
respectively, are represented by symbols p;, af, vand 8. An acceleration due to gravity is
denoted by g.

A thin flexible wall is deflected using Mehryan et al. (2017):

Fuz(ps d[2 —VG). (4)

The stress tensor, applied volumetric forces and the displacement of the wall structure,
respectively, are represented by ¢*, F; and d. The wall structure’s motion was simulated
using a hyper-elastic model was applied, while the tension tensor was calculated by a Neo-
Hookean formula:

o =SI 'FFT, 3)
where

oW
de

S= , F=(V*d; +1), and det(F)=J. (6)

The transpose operation is indicated by (T). (¢) defines the strain, and (W) defines the energy
density as:

1 2 1
W, = (—,ulln )+ E/I(ln ) ) + 5,41(1—1,—3), (7
1 .
=5 ((VTVd)) + vid + v'dT). ®)
In this case, the first and second Lame constants can be expressed as y; = ﬁ and
A= m, respectively. Here, I, represents deformation tensor Cauchy-Green’s primary

invariant. The Poisson’s ratio and Young’s modulus are denoted by v and E, respectively.
Furthermore, the boundary conditions were defined by the continuity of displacements and
forces at the liquid-wall interface:

od;

U'=—, —P"+u,V'U'=06"-n 9

ot Hy &)
Heat flux continuity and temperature were determined at the interface between the thin wall
and the liquid:

oT _

— =0, T=T.. (10)
on

Here, n corresponds to the wall’s normal vector.



Next, we introduce a set of nondimensional parameters:

x y UL W*L v* v
—=X, = =Y. =U =W —=V7 7=V7
L ’ L ’ af ’ af ’ L L2
T_Tc d: * t t L2
= ) A‘__Sv aza_*a tpz%v Tzizf7 P=—2P*7 (11)
T,—T, L E L L prog
pr—ps)Lg E,L? (T, —T.)L? .
Ff=(f ) E= 1/27Ra=gﬂfpf(h ) 7Pr=&-
E, Pray Hray Ps

As aresult, the equations had no dimension as follows:

1 d*d,
— = _EVs=EF,, 12
p, dr? ’ 1
V-U=0, (13)
oU 5
0—+(U—W)-VU = (PrRa® + Prv*U—VP), (14)
T
a0
V20 = (a_ +(U-W)- ve). (15)
T

The thermophysical ratios, p, = 2 and p, = 2 in the above expressions denote density and
diffusivity, respectively, while Pr’ = f;f denotes Prandtl number. Furthermore, the buoyancy
body force is ignored, so F, = 0 due to its negligible impact on the structure.

The following are the dimensionless boundaries conditions:

A wavy surface :

(16)
(=Acos (2NzX)), (V=U=0), (6=1), 0<Y <1,
On the flexible wall :
a7
(V=U=0), (=0), (0<Y<1), (0<X<1)
Horizontal bottom and top walls are adiabatic :
00 (18)
(#0), =v=0)
On the flexible surface, the boundary conditions are:
od,
U=—, and (=P+PrVU)=Eos -n. (19)

or
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Nusselt number (Nu) is a characteristic parameter of heat transfer, which represents how
much heat is being transferred into the cavity. The surface energy balance allows us to
calculate the rate of thermal transfer along a wavy surface, i.e. Nusselt’s number (local):

hL 00
Nu= - —=—-L— 20
u 3 an’ (20)
2 2
% _ ) +<%> 1 1)
on 0X) L

By integrating over the Nusselt number, (Nu), the cavity’s mean heat transfer can be
determined:

1
Nu = 7J NudsS. (22)
SJo

3. Methodologies for computation

A numerical solution is found for these dimensionless equations by using Galerkin weighted
residual finite elements in equations (12)—(15) under initial and boundary conditions in
equations (16)—(19). According to Figure 2, a triangular component has been discretized at
various times within the computing region. Reddy (Reddy, 1993) describes in detail the finite
element method procedure. Furthermore, for each of the existing variables, convergence
toward the solution persists under these conditions:

I*i+1_[*i

& |<107°. (23)

In case with N=3, E = 10'%, Ra=10" and A =0.1, we performed calculations using a variety
of grid sizes to verify that the current solver is independent of the computational domain grid
size to determine the minimum strength of the mean Nusselt number (Nu), and the flow
circulation (¥min). According to Table 1, the G5 uniform grid shows negligible differences
from the finer grids. This paper uses the G5 uniform grid to compute all similar problems.

A A AT A AT A AT A VAV ATATAe
R R R I HRIIIIE
XX R RIIILITL

X
XXIKKKXK
I KITIIIIKK KKK R RRIS
R R R IR
K KRR IIIRE I RIS
KIRELR B

TATAYSVAIOLISLSy
VAVAVAVAVAVAVAVAVS

EE
R
KR
R RERRIRX
RRXREII
XRIIRX

RIIIPARSPRIIIIIIIRSINARR g O RIIIIIIIIISISISRIRIS R RIRRIIRIIIRIIRIRRS

Source(s): Figure by authors

Figure 2. Grid-points distribution for a grid size 4969 at different time (left) z=0.001, (middle)
7=0.01 and (right) 7=1



Table 1. Analyzing grids for ¥y, and Nu at several grid numbers for N=3, E=10'2, A= 0.1 and
Ra=10’

Item Elements no. ¥ in Nu

G1 2773 -41.638 19.961
G2 3119 -41.61 20.032
G3 3439 -40.564 20.192
G4 4299 -40.416 20.303
G5 4969 -40.383 20.307
G6 6499 —40.374 20.311

Source(s): Table by authors

With the aim of validating the numerical results, comparisons are made using numerical
and experiment data from Paroncini et al. (2012) based on free convection inside square
enclosures surrounded by sidewalls, as shown in Figure 3. Besides, different validation does
performed by comparing the results of the current study with the numerical findings of
Mebhryan et al. (2017) for convection and FSI models, within cavities divided by a flexible
membrane for parameters Ra = 107, Pr =6.2 and E = 10'%, as presented in Figure 4(a) and 4
(b), . Moreover, the results of the current overall heat transfer have been correlated with the
numerical outcomes that described in Churchill (2002) study and the experimental findings
of Nishimura et al. (1988) regarding free convection within cavities with temperature
variation toward side partitions, as exhibited in Figure 5 when Pr =6.0. These comparisons
indicate that the intended goals are significantly aligned with those in previous studies.

4. Analysis and discussion of results
This work investigates the following specializations about the corresponding dimensionless
combinations: waved surface amplitude, 0 <A <0.2, undulated surface number, 1 <N <5,
Rayeigh number, 10* < Ra < 107. Young’s modulus is taken as E = 10'%,

Figures 6(a)—(j) and 7(a)—(j) depict streamline time versus temperature contours forn= 2,
E =102, Ra=107 and A = 0.2. The early stage, that is, z=0.0001, is characterized by a
straightened cold elastic wall, with poor circulation of natural convection in the cavity. There
is a large distance between streamlines. Figure 7 shows that all of the enclosure, except for a

2

Source(s): Figure courtesy of Paroncini ez al. (2012)

Figure 3. Comparison of isotherms between (left) experimental outcomes of Paroncini et al. (2012),
(middle) numerical work of Paroncini et al. (2012) and (right) the current work; Pr =0.7 and
Ra=228x10°
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Figure 4. Streamlines (a) and isotherms (b); Mehryan et al. (2017) (left) and present study (right) for
Ra=107, E=10"and Pr =6.2

narrow area around the hot wall, is constant cold at the beginning (® = 0). The plume of hot
fluid shown in Figure 7(c) moves upward of the cavity because the cavity was initially at a
low temperature. Heat causes the fluid’s density to decrease, so buoyancy forces it upward as
it moves up the hot wall. A deflection of the flexible wall is illustrated in Figure 7(c) at the
upper right corner of the cavity. The hot fluid leaves the warm wall, moves up the top wall to
reach the flexible wall. At corners, the fluid should switch direction to vertical from top to
bottom. The flexible wall will therefore be subjected to a force that opposes the fluid’s
movement. As a consequence, the top wall appears concave. An intense natural convection



22+ o Experiment
-0- Numerical

ol ™ Present work

10 10’ 10
Ra

Source(s): Figure by authors
Figure 5. Comparison among the current overall Nusselt number and the experimental data confirmed
by Nishimura et al. (1988) and the numerical outcome according to Churchill’s relation by Churchill
(2002) with Rayleigh number toward rectangular cavity at AR =4 and Pr =6

flow begins within the cavity after some time. Heat moves upward along the top wall until it
reaches the flexible low-temperature wall. With the fluid near the cold wall moving
downward, a loss of energy occurs as it moves toward the bottom. Figure 6(f) demonstrates a
significant deflection of the flexible wall at the apex, resulting in a concave configuration.
The streamlines of Figure 6(f) indicates that upon reaching the bottom, the cold fluid
detaches from the cold wall. At its base, it creates a low-pressure zone as it exits cold walls.
This low pressure causes flexible walls to gently incline inwards, resulting in convex shapes.
Ultimately, the hole will remain invariant owing to the mass conservation. Consequently, the
lower section of the flexible wall assumed a convex configuration to accommodate the
overall volumetric alterations of the enclosure.

Figure 8(a)-(c) shows the steady-state temperature and streamline contours in the
enclosures for A = 0.2, E = 10'? and Ra = 10. Clearly, the undulation number is primarily
affected by enclosure’s core. The streamlines on the bottom and top walls behave similarly.
Warm fluid ascends upward without regard to its configuration, after which the horizontal
wall directs the fluid stream. In the same manner, as the cool fluid departs from cold walls, it
passes through the bottom wall, flowing horizontally. Consequently, alterations in flexibility
and number of undulations tend to be predominantly noticeable at the central regions of the
enclosure. Figure 8 also shows that the amount of undulation has minimal impact on wall
deflection. As mentioned, undulation number only affects the enclosure’s core, whereas
force exchanges primarily affect the cold wall’s bottom and top. Therefore, the undulation
number does not influence the flexibility of the wall. When the undulation number is small
(lets say N =1, 2), the fluid usually tracks the shape of the hot wall. However, when the
undulation number reaches 3, the hot flow and streamlines follow the top wall rather than the
corner. So, the contours of the isotherm can be seen to be affected by such a change in flow
path.

For E = 10'%, N=4 and Ra = 107, Figure 9(a)—(c) presents how the undulation amplitude
affects the isotherms and streamlines. This figure shows that variations in undulation
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Note(s): (a) T=0.0001; (b) T=0.0005; (c) T=0.0015; (d) T=0.003; (e) T=0.006;
) t=0.02; (h)T=0.06; (i)T=0.1; () t=1.0
Source(s): Figure by authors

Figure 6. Time evolution of the streamlines at N=2, £ = 10', A= 0.2 and Ra = 107

amplitude have little effect on the overall behavior of isotherms and streamlines within the cavity,
except close to the hot cavity wall. Due to the hot wavy wall, hot fluid streams through the wavy
wall upwards. According to the hot wall isotherms, the hot wall is always covered with a layer of
hot fluid regardless of the amplitude of the undulations. As this layer gets heated, it moves upward.
A high undulation number dampens the hydraulic impact of the hot wall by covering it with a
heated layer of liquid. In the case of a heated layer covering the wall, the effect of undulation
amplitude on hydraulic behavior is minimal. Convection is also responsible for driving the
process. Due to the increased buoyancy force caused by heat absorption in undulation space, the
undulation amplitude has little effect on enclosure behavior in general. Heat transfer may increase
as the gap between the cold and hot walls decreases as the undulation amplitude increases.

For E=10", N= 5 and A = 0.1, Figure 10(a)~(c) illustrates Rayleigh numbers’
consequences for streamlines and isotherms in steady-state conditions. In low Rayleigh
numbers, flow circulation becomes poor, as the exchange of momentum between fluid flow
and flexible walls remains limited. Accordingly, Figure 10(a) and (b), show that the cold wall
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Note(s): (a) T=0.0001; (b) T=0.0005; (c) T=0.0015; (d) T =0.003; (e) T = 0.006; (f) T=0.02;
(h)t=0.06; (i))t=0.1;j)T=1.0
Source(s): Figure by authors

Figure 7. Time evolution of the isotherms at N=2, E = 10'2, A=0.2 and Ra = 108

does not deflect much. As shown by the isotherms, streamlines do not pass through
undulations with low Rayleigh numbers, thus keeping fluid trapped inside. In cases where
Rayleigh numbers are high, fluid tends to penetrate into undulation spaces, thus proving the
advantages of flexible and wavy walls.

Figure 11(a) and (b), illustrate how undulation number and amplitude affect local Nusselt
number. Figure 11(a), plots the results along the wall’s normal length. Hence, the wall’s
length will rise as the undulation number increases. Based on Figure 11(a), it can be seen that
a substantial heat transfer occurs by convection from the wall’s bottom, regardless of the
undulations. In general, the Nusselt number decreases as distance increases from the bottom
wall and as cold fluid approaches the wall. Due to the wavy geometry of the hot wall, the
Nusselt number increases near geometrical waves over the warm wall. This is the point at
which the wall is in contact with a fresh, cold flowing fluid. There is usually a trapped fluid
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Note(s): (@) N=1; (b)) N=3;(c) N=3
Source(s): Figure by authors

Figure 8. Variation of the streamlines (left) and isotherms (right) evolution by undulation number for
E=10"2,A=0.2and Ra = 10’

between the peaks in the undulation spaces and reaches a hot temperature between the peaks.
As aresult of this, the trapped fluid within the undulations has little temperature gradient. It is
interesting to note that at the left undulation peaks, which are quite enclosed within a hot
uniform fluid, the minimum local Nusselt number equals zero. In addition, maximum
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Figure 9. Variation of the streamlines (left) and isotherms (right) evolution by undulation amplitude for
E=10",N=4and Ra =10’

Nusselt number peaks N= 4 are comparable with that of N= 5. The increase of the
undulation amplitude extends the overall hot wall length, and hence, the larger the undulation
amplitude, the longer the wall length. A small undulation amplitude results in large
maximum local Nusselt number at the inside undulation peaks and also larger values of
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Note(s): (a) Ra=1.3 x 10% (b) Ra =7.5 x 10% (a) Ra = 10’
Source(s): Figure by authors

Figure 10. Variation of the streamlines (left) and isotherms (right) evolution by Rayleigh number for
E=10"2 N=5andA=0.1
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Figure 11. Variation of local Nu along the left wall for different undulation number (a) and undulation
amplitude (b) at Ra = 107 and E = 10*

minimum local Nusselt numbers at the outside undulation peaks. This is since a small
undulation amplitude does not trap the fluid. A small undulation amplitude, however, could
result in a shorter overall wall-length, thereby reducing the overall thermal transfer rate, i.e.
average Nusselt.
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Figure 12 illustrates the mean Nusselt number over the time period for various numbers
12(a) and undulation amplitudes 12(b) at £ = 10'? and Ra = 10’. As seen in this figure, the
undulation number and amplitudes are significant at an early stage. Undulation amplitudes
and undulation numbers affect average Nusselt numbers moderately during transitional
phases, while undulation numbers have a small effect. By adjusting undulation amplitudes,
the transitional phase interval can be shifted. Figure 11 shows the influence of undulation
amplitudes and undulation numbers on mean Nusselt numbers during steady phases. As
discussed in previous figures, this conclusion is consistent with streamline and isotherm
contours.

In Figure 13, Rayleigh number is examined in relation to Nusselt number for the cases of
N=113(a), and N= 5 13(b). Figure 13(a) depicts a local maximum for Nusselt number at
N = 1. With Ra = 10%, the flow circulation is weak, and the conduction effects are important.
According to Figure 8, the shortest distance exists midway along the hot wall’s length.
Nusselt number reaches its maximum here. As Rayleigh number increases, convection flows
become stronger, diminishing this local conduction advantage. A higher Rayleigh number
corresponds to a higher Nusselt number overall. Figure 13(b), shows how increasing
Rayleigh number increases undulation’s effect on streamlines. This is in agreement with the
discussion of Figure 10, where the same conclusion was achieved from the distribution of the
streamlines. Interestingly, increasing Rayleigh numbers reduces the length of minimum
Nusselt numbers. Nusselt number minimums occur in areas where hot fluid traps are small
and gradients in temperatures are small. By increasing Rayleigh number, streamlines enter
the undulation spaces, and the trapped regions decline.

Figure 14 illustrates the mean Nusselt number over time at different Rayleigh numbers for
N=1 [Figure 14(a)] and N =5 [Figure 14(b)]. The development of convection heat transfer
progresses through three distinct phases: The initial phase between 0.0001 <z <0.001, a
transition phase between 0.001 <z < 0.1 and then a steady state after = 0.1 for a Rayleigh
number of Ra = 10°. Phase intervals can be adjusted by modifying the Rayleigh number. In
both figures, Rayleigh number fluctuations are observed during the initial phase. These
fluctuations result from changes in the flexible wall shape. As the Rayleigh number
increases, more pronounced fluctuations are noted during the transitional phase. In the steady
phase, convection becomes significantly more intense at higher Rayleigh numbers,
particularly in both the one undulation and N = 5 cases.

An analysis of the effect of the undulation amplitude (Figure 15) as well as the undulation
number (Figure 16) on the mean Nusselt number can be seen in Figures 15 and 16. Here,
Figure 15(a) shows the results for the case of N= 1, while Figure 15(b) is plotted for N= 5.
The increase in undulation amplitude improves the mean Nusselt number for Rayleigh
numbers that are large; however, when the Rayleigh number is low, the variation undulation
amplitude has little effect. This improvement could be attributed to the hot wall’s increased
length. However, in the case of N= 5, an opposite behavior could be observed. As the
undulation amplitude increases, the mean Nusselt number is reduced. As the undulation
increases in amplitude, the hot wall lengthens, but trapped regions increase too, where the
hot fluid accumulates without contributing to transferring heat. The mean Nusselt number
generally deteriorates with increasing the undulation number when the undulation amplitude
is moderate, i.e. A = 0.1 in Figure 16. There are fee expectations at high Rayleigh numbers
about 107 where the circulation flow gets quite intense and penetrates the trapped regions
between undulations.

Figure 17 shows the steady-state mean Nusselt number at Ra = 10” and E=10" as a
function of undulation amplitude and number. The Nusselt number increases with the
undulation number up to N= 3, with a 4.7% improvement from 18.1 to 19.0, when the
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Figure 13. Variation of local Nu along the left wall for different Ra when undulated number, N=1 (a)
and undulated number, N=5 (b)atA=0.1and £ = 102

number of undulations increases from 1 to 3 for an amplitude of A = 0.15. Further
increases in undulation number reduce the Nusselt number due to fluid trapping in closely
spaced undulations, limiting temperature gradients and heat transfer. In addition,
increasing the undulation amplitude from 0.05 to 0.20 at N= 3 results in an 8.8%
improvement, raising the Nusselt number from 17.6 to 19.3. Thus, the optimum heat
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Figure 14. Variation of the unsteady Nu with  for different Ra when N=1 (a)and N=5 (b) at A= 0.1
and E = 10"

transfer is achieved with N= 3 and A = 0.20, balancing enhanced heat transfer surface area
with fluid circulation.

Table 2 shows the average Nusselt number for both flexible (£ = 10'?) and rigid walls
across different wavy amplitudes (A) and wavy numbers (N). The results demonstrate that
flexible walls consistently improve the heat transfer rate, as seen by the higher average
Nusselt numbers compared to rigid walls. The greatest enhancement in heat transfer occurs
at three undulations (N = 3) and larger amplitudes (A = 0.15 and A = 0.2), where the Nusselt
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Figure 15. Variation of Nu with Ra for different Awhen (a) N=1and (b) N=5 for E = 102

number reaches its peak values. This suggests that increasing the wavy amplitude and
undulation number can significantly boost heat transfer, especially when using flexible walls.
However, at higher undulation numbers (V= 5), the heat transfer enhancement decreases,
indicating that there may be an optimal range for maximizing performance.

5. Conclusions
This study examined FSIs in natural convection within a wavy enclosure featuring right-
movable walls. The governing partial differential equations are numerically solved by



[NINININI
S TNCICTNCT

Ra

Source(s): Figure by authors

International
Journal of
Numerical
Methods for Heat
& Fluid Flow

Figure 16. Variation of Nu with Ra for different N when undulation amplitude, A = 0.1 at E = 10"
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Figure 17. Variation of Nu with N for different N when Rayleigh number, Ra = 107 at E = 10'?

applying the Galerkin finite element technique. The simulation findings concerning
temperature and flow distributions, along with overall thermal transfer, are represented
graphically. The waviness, Rayleigh number and elasticities are intricately linked to the
design of streamline vortices, thermal patterns and modes of heat transport. As a result of the

current investigation, the following notable findings were found:

+  Structural deformation of wavy-heated walls extremely improves heat transfer
performance by inducing complex flow patterns, which enable greater thermal mixing.
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Table 2. The variations of the average Nusselt (Nu) number with the flexible and rigid wall for
various values of the waviness parameter

Elasticity and waviness parameters N=1 N=3 N=5
Flexible, A =0.05 17.58 17.75 16.65
Rigid, A=0.05 16.02 16.51 14.99
Flexible, A=0.1 17.75 18.24 17.12
Rigid, A=0.1 15.98 16.78 15.24
Flexible, A=0.15 18.05 19.11 16.65
Rigid, A=0.15 15.88 17.19 14.49
Flexible, A=0.2 18.41 19.25 16.62
Rigid, A=0.2 15.83 16.88 14.23

Source(s): Table by authors

The composite impact of wall waviness and elasticity greatly impacts the natural
convection characteristics within the enclosure, influencing both the rate of heat
transfer and flow of fluids.

The transfer of heat by convection occurs in three phases: initial, transitional and a
steady state. The intervals of each phase can be altered by changing the undulation
amplitude, and the Rayleigh number.

A number of factors influence the thermal design and formation of circulation flow,
including Rayleigh number, wall flexibility, amplitude and undulations. Changes in
the undulation number and flexible wall can have a notable impact, especially in the
core regions and near the hot wall.

One and two undulation at large amplitude and high Rayleigh number cases
penetrated toward improved heat transfer and the appearance of flexible surfaces.

Increasing the undulation amplitude from 0.05 to 0.20 at N = 3 improves the average
Nusselt number from 17.6 to 19.3, an 8.8% increase in heat transfer. With a typical
amplitude of A = 0.15, increasing the undulation number from 1 to 3 raises the
average Nusselt number from 18.1 to 19.0, a 4.7% improvement in heat transfer.

The understandings achieved from this study on the interplay between wall waviness
and elasticity can be used to design of more efficient techniques in energy
management, microfluidics and other engineering specializations where natural
convection and flexible boundaries are crucial.
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