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Abstract The free convection flow through a flex-

ible baffle in an L-shaped enclosure has been numer-

ically analyzed. The governing equations are

introduced in an Arbitrary Lagrangian–Eulerian mov-

ing mesh frame. The full governing equations respect

to boundary conditions were solved numerically using

FEM. A grid-independent test was performed to

ensure the accuracy of the results, and the results of

the numerical solver are compared with previous

works. The influence of the dimensionless parameters,

including Rayleigh number, the elasticity modulus and

the length of the flexible baffle investigated on the flow

and heat transfer. Results indicate that a stiffer baffle

tends to resist the fluid flow and inhibits convective

heat transfer. For a higher value of Ra, a larger baffle

results in more resistance to the flow and inhibits heat

transfer, while, at the same time, increases the stress

over the baffle.
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List of symbols

g Gravity-constant vector

L Height of the cavity

W Width of the cavity

B Length of the flexible baffle

E Young’s modulus in dimensional form

ds Vector of displacement

f Frequency

Fv Vector of body force

Es Non-dimensional form of the elasticity modulus

Pr Prandtl number

P Fluid pressure

k Thermal conductivity

t Dimensional time

Ra Thermal Rayleigh number

w The vector of velocity for the mesh motion

T Temperature

u Velocity in a vector form

y Cartesian coordinate in y direction

x Cartesian coordinate in x direction

Greek symbols

q Density

m Poisson’s ratio

r Stress tensor, von Mises stress

s Non-dimensional time

qR The ratio of the fluid’s density to the structure’s

density

b Volumetric thermal expansion coefficient

l Dynamic viscosity

a Thermal diffusivity

Subscripts

h Hot temperature

av Average

s Flexible baffle

f Fluid

c Cold temperature

p Membrane partition

Superscripts

* The parameters in a dimensional form

1 Introduction

Passive enhancement of heat transfer is one of the

effective ways to improve the performance of thermal

equipment, while not significantly increasing the

power consumption of these devices. The concept of

Fluid–structure interaction is one of the new ideas

pursuing such a goal. The vibration of electronic

devices derived by cooling fan, sterling and mixing

devices, and shake of heat exchangers elements stand

within the scope of FSI problems. Such issues arise

when fluid and solid interactions occur at the joint

boundary.

The impact of an oscillating fin on the heat transfer

and fluid flow inside a lid-driven cavity was investi-

gated by Shi and Khodadadi [1, 2]. Jamesahar et al. [3]

studied natural convection heat transfer inside a

divided enclosure using a flexible membrane. They

inquired about the influence of membrane deformation

on heat transfer. Features of turbulent flows derived by

the oscillation of elastic structures were studied by

Gomes and Lienhart [4]. Al-Amiri and Khanafer [5]

studied mixed convection heat transfer inside an

enclosure with an elastic wall. The fluid and structure

domains are fully coupled. They reported that the

flexibility of the bottom wall results in heat transfer

enhancement. In addition, the contribution of forced to

natural convection heat transfer has a major impact on

the elastic wall, movement, and energy transfer

through the enclosure. Soti et al. [6] investigated an

increment of heat transfer using a large-scale flow

derived by deflection of a thin elastic structure.

The unsteady mixed convection of an assembled

enclosure-channel induced by the interaction of flex-

ible walls and fluid flow is numerically analyzed by

Sabbar et al. [7]. In contrast with rigid walls, the

flexible wall(s) enhances the heat transfer rate by

about 17%. Joshi et al. [8] examined the laminar

forced convection flow and heat transfer in a channel

in the presence of a set of flexible plates. The plates

were flexible and perpendicular to the fluid flow. The

plates bend due to the fluid interaction, which affects

the flow and heat transfer in the channel. The bending

of the plates reduced the thickness of the thermal

boundary layer and improved the heat transfer at the

channel walls. Park et al. [9] utilized the immersed

boundary method and explored the mixed convection

flow and heat transfer over a flexible cylinder in a

channel. They interestingly found that the cylinder

could be at two states of stretched-stable or flapping

states due to fluid–structure interaction with the flow.

The self-sustained flapping state of the flexible

cylinder could provide a better heat transfer perfor-

mance compared to that of the stretched-stable state.
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Considering an elastic fin, natural convection heat

transfer of an FSI problem inside the cavity was

studied by Alsabery et al. [10]. A meaningful effect of

the flexible fin on natural convection and the fluid flow

was reported. In another study, Alsabery et al. [11]

characterized transient mixed convection and entropy

generation inside the enclosure with an elastic wall.

The case of lower values of the elastic wall obliquity

and counter-clockwise spin of the circular cylinder

showed the highest global entropy generation and also

natural convection. Mehryan et al. [12] studied the

natural convection inside a tilted divided enclosure by

an elastic membrane.

Natural heat transfer through an enclosure is a well-

known problem in industrial and power engineering

equipment such as microelectronic chips, photovoltaic

sheets, and cooling electronic devices. Conventional

methods of investigating heat transfer inside enclo-

sures have attracted the attention of many researchers

such as Chamkha et al. [13, 14], Tayebi and Chamkha

[15], Kumar et al. [16], Dogonchi et al. [17], and

Alsabery et al. [18] considered the natural convection

inside cavities exposed to magnetic fields. The enclo-

sures have also been used containers for cooling of

domestic radiators [19], thermal energy storage

[20–22], welling space air heating [23, 24], and

electronic cooling [25].

The geometry parameter is a significant control

index for heat transfer related to thermal systems

[26–32]. Investigating and studying the natural con-

vection heat transfer inside different geometries such

as T-shaped [28, 33], L-shaped [34, 35], U-shaped

[36, 37], C-shape [38] have been the subject of much

research. These researches have been looking for ways

to increase heat transfer using optimum geometry.

As mentioned above, one of the ways to increase

and control free convection heat transfer is to use

flexible structures in cooling. In this study, the effect

of a flexible fin, which acts in the form of a baffle, is

addressed on convective heat transfer in an L-shaped

cavity.

2 Mathematical model and formulation

As illustrated in Fig. 1, an L-shaped enclosure having

the height and width of L� and D�, respectively, is
considered as the problem of the current study. It is

worth noting that L� is equal to D� and is the length

scale. A flexible baffle having the length of l�b is

connected to the vertical cold wall. In addition to the

right vertical wall, a horizontal wall, which can be

seen in Fig. 1, is also kept in the cold temperature of

T�
c . The left vertical and bottom horizontal walls of the

enclosure are at a high temperature of T�
h . The flexible

baffle of thickness t�b is considered to be isotropic and

uniform. The Newtonian fluid, flowing inside the

cavity, is incompressible and laminar. The flexible

baffle weight and the buoyancy force are two body

forces exerted to the flexible baffle, and the surface of

the baffle is also exposed to normal and tangential

tensions due to the hydrodynamic forces.

According to the mentioned assumptions, a numer-

ical model is developed to study the hydrodynamic

and thermal performances of a Newtonian fluid in the

computational domain of the L-shaped cavity, includ-

ing a flexible baffle. The formulated equations in the

Arbitrary Lagrangian–Eulerian (ALE) coordinate sys-

tem introduced as [12, 39]:

Mass conservation:

r� � u� ¼ 0 ð1Þ

Momentum conservation:

q�f
ou�

os�
þ u� � w�ð Þ � r�u�

� �
þr�P� � l�fr�2u�

� q�f g
�b�f T� � T�

c

� �
j

¼ 0

ð2Þ

Energy conservation for the fluid:

q�f C
�
p;f

oT�

os�
þ u� � w�ð Þ � r�T�

� �
� k�f r�2T� ¼ 0

ð3Þ

Energy conservation for the flexible baffle:

oT�

os�
� k�sr�2T� ¼ 0 ð4Þ

where the mesh and the fluid velocities are indicated

by w� and u�, respectively. Here P� and T� are the

pressure and temperature. The density and thermal

diffusivity are represented using q� and a�, respec-
tively, and the subscripts s and f represent the solid and

fluid properties.
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Structural displacement of the flexible baffle:

q�s
d2d�s
ds�2

� r�r� � F�
v ¼ 0 ð5Þ

where d�s the flexible baffle displacement vector, F�
v

the body force imposed on the flexible baffle. Also, r�

is the stress tensor and can be defined as:

r� ¼ J�
�1

F�S�F�tr ; F� ¼ I þr�d�s
� �

&J� ¼ det F�ð Þ
ð6Þ

S� is the second-order Piola–Kirchhoff stress can be
related to the strain, i.e. e, by the following relation:

S� ¼ oZ�
s =oe

�

Z�
s ¼ 1

2
l�l J��1I1 � 3
� �

� l�l ln J�ð Þ þ 1

2
k� ln J�ð Þð Þ2

e� ¼ 1

2
r�d�s þr�d�trs þr�d�trs r�d�s
� �

l�l ¼ E�
s

�
2 1þ m�ð Þ

k� ¼ E�
s m

�� 1þ m�ð Þ 1� 2m�ð Þ½ �
ð7Þ

In the above, E�
s and m� are the Young’s modulus

and Poisson’s ratio. To better describe the flow field,

stream function, w�, is employed:

r�2w� þ r� � u� ¼ 0 ð8Þ

r� in the above equation is:

r� ¼ o

ox�
iþ o

oy�
j ð9Þ

which i and j are the unit vectors along the x� and y�

axes. Taking into account the no-slip boundary

condition at the solid surfaces, the boundary condi-

tions in the dimensional coordinates are as below:

8 x�, y�
y� ¼ 0; 0� x� � L�

x� ¼ 0; 0� y� � L�

����� ) T� ¼ T�
h ; u

� ¼ v� ¼ 0

ð10-aÞ

8 x�, y�
x� ¼ L�=2; L�=2� y� � L�

y� ¼ L�=2; L�=2� x� � L�

����� ) T� ¼ T�
c ; u

� ¼ v� ¼ 0

ð10-bÞ

8 x�, y� x� ¼ L�; 0� y� � L�=2j ) oT�

ox�
¼ 0;

u� ¼ v� ¼ 0

ð10-cÞ

8 x�, y� y� ¼ L�; 0� x� � L�=2j ) oT�

oy�
¼ 0;

u� ¼ v� ¼ 0

ð10-dÞ

Also, at the interface of the fluid and flexible baffle:

k�f
oT�

on

� 	
f

¼ k�s
oT�

on

� 	
s

;
od�s
os�

¼ u�; r� � n

¼ �P� þ l�fr�u� ð10-eÞ

It is worth noting that n of the above equations is the

normal vector on the flexible baffle. Invoking the

below non-dimensional parameters, the governing

equations can be non-dimensionalized.

ds ¼
d�s
L�

; r ¼ r�

E�
s
; s ¼

s�a�f
L�2

; ðx; y;B; tbÞ ¼
ðx�; y�; l�b; t�bÞ

L�

u ¼ u�L�

a�f
; w ¼ w�L�

a�f
; P ¼ P�L�

2

q�f a
�2
f

; T ¼ T� � T�
c

T�
h � T�

c

ð11Þ

By considering r ¼ r�L�, the dimensionless

equations representing the thermal and hydrodynamic

behaviour of the fluid are listed below:

*= hT T

*L

*D

* 2L

Insulated

Insulated

Flexible baffle

rg

*y

*x

*= cT T

*
bl * 2D

Fig. 1 A schematic diagram of the physical model for the

L-shaped cavity with a flexible baffle
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Mass conservation:

r � u ¼ 0 ð12Þ

Momentum conservation:

ou

os
þ u� wð Þ � ruþrP� Prr2u� Pr Ra Tj ¼ 0

ð13Þ

in which Rayleigh number Ra and Prandtl number Pr

are, respectively:

Ra ¼
g�b�f T�

h � T�
c

� �
L�

3

t�f a
�
f

; Pr ¼
t�f
a�f

ð14Þ

Energy conservation for the fluid:

oT

os
þ u� wð Þ � rT �r2T ¼ 0 ð15Þ

The dimensionless governing equation for the

conduction heat transfer and structural displacement

of the flexible baffle are derived as:

Energy conservation for the flexible baffle:

oT

os
� jr2T ¼ 0 ð16Þ

Structural displacement of the flexible baffle:

d2ds

ds2
� qRErr� qREFv ¼ 0 ð17Þ

The dimensionless parameters in the above equa-

tions are:

E ¼ E�
sL

�2

q�f a
�2
f

; Fv ¼
q�f � q�s


 �
L�g

E�
s

; qR ¼
q�f
q�s

; j ¼ k�s
k�f

ð18Þ

Herein, the density of the fluid and solid are

assumed identical (q�f ¼ q�s ) for convenience. Thus,

qR ¼ 1 and Fv ¼ 0. In practice, the baffle could take

non-zero body forces due to the density differences

between the structure and the fluid inside the enclo-

sure. In this case, Fv acts as a simple source term in

Eq. (17). Applying the non-dimensional parameters

presented in Eq. (11), the normalized form of the

boundary conditions is:

8 x, y
y ¼ 0; 0� x� 1

x ¼ 0; 0� y� 1

����� ) T ¼ 1; u ¼ v ¼ 0

ð19-aÞ

8 x, y
x ¼ 1=2; 1=2� y� 1

y ¼ 1=2; 1=2� x� 1

����� ) T ¼ 0; u ¼ v ¼ 0

ð19-bÞ

8 x,y x ¼ 1; 0� y� 1=2j ) oT

ox
¼ 0; u ¼ v ¼ 0

ð19-cÞ

8 x, y y ¼ 1; 0� x� 1=2j ) oT

oy
¼ 0; u ¼ v ¼ 0

ð19-dÞ

Also, at the interface of the fluid and flexible baffle:

oT

on

� 	
f

¼ j
oT

on

� 	
s

;
ods

os
¼ u; r � n ¼ �Pþ Prru

ð19-eÞ

As an initial condition, the velocities and relative

pressures are zero. The temperature field is uniform in

the domain equal to 0.5. The local Nusselt number

(Nu) is defined as follows:

Nu ¼ � oT

ox

����
x¼0

or � oT

oy

����
y¼0

ð20Þ

The average Nusselt number, which indicates the

total heat transfer rate, is:

Nu ¼ �
Z1

0

oT

ox

����
x¼0

dy�
Z1

0

oT

oy

����
y¼0

dx ð21Þ

Finally, the normalized form of the partial differ-

ential equation of the stream function is:

r2wþr� u ¼ 0 ð22Þ

Since the cavity is closed, the value of stream

function on the walls is the same and adopted as zero.
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3 Numerical approach, gird examination,

and validations

3.1 Numerical approach

The governing equations, along with the correspond-

ing boundary conditions, are solved numerically. The

motion of the flexible baffle occurs through the fluid

inside the L-shaped enclosure, and hence, the mesh is

allowed to move along with the displacement of the

baffle. Arbitrary Lagrangian–Eulerian (ALE) method,

which deals with such coupling of structure deflection

and fluid flow, is used as an efficient technique. The

details of this method are discussed in Donea and

Huerta [40] and Zhang and Hisada [41].

The linear shape functions were utilized to dis-

cretize the pressure, temperature fields in the fluid

domain. The quadratic Lagrange shape functions were

used for the velocity components in the structure

domain. Then, the residual equations for the velocity

components as well as the pressure and temperature

field in the fluid domain and the structure velocities at

the structure domain were obtained using the standard

Galerkin approach at each element. The residual

equations were integrated numerically by Gaussian

quadrature with second-order accuracy.

The velocity components of w, which denotes the

moving velocity of the mesh in the ALE system, are

computed using the Laplace equation for free defor-

mation of the mesh. The Laplace equation builds a

boundary value smoothing PDE for the displacement

of meshes. The boundary conditions for the Laplace

equation are Dirichlet boundary conditions with zero

values at fixed walls and the displacement values at the

fluid–structure interface, i.e., the flexible fin walls. The

time step was controlled using a Backward Differen-

tiation Formula (BDF) with a free time-step

scheme automatically [42]. The Newton method, with

a damping factor of 0.8, was applied to iteratively

solve the residual equations by a PARDISO solver

[43–45]. The iterations were repeated until with a

residual error of O (10-6) is achieved. Finally, the

streamline equation was independently computed by

solving its Laplace equation in each time step by

means of the computed velocity field.

3.2 Grid independence test

The domain is discretized using a grid of triangular

elements. The mesh is refined near the boundaries. A

grid-independency test is performed in order to select

the optimal number of elements and verify thei

accuracy. Therefore, meshes with various numbers

of elements are tested and the corresponding results

are shown in Table 1. It is clear that the results are

mesh-independent when a mesh with 2542 (G5)

elements is considered. A view of the utilized mesh

is exhabited in Fig. 2.

3.3 Comparisons with others

Three different simulations are conducted to ensure

the validity of the utilized solver and accuracy of the

results. The first one, shown in Fig. 3, is the free

convection of air in a cavity. The temperature field in

the cavity is with the one obtained by Calcagni et al.

[46]. The second one concerns the transient analysis

and validated by comparing the local temperature at a

defined point to the result of Xu et al. [47]. Xu et al.

[47] considered a cavity divided by a conductive

partition into two subdomains (Fig. 4), and the local

temperature was extracted at a defined point with

coordinates (- 0.0083, 0.375). Figure 4 shows that a

good agreement between the temperature obtained at

the defined point using the present solver and the

outcomes of Xu et al. [47]. The final validation is done

by comparing the deformation of the flexible wall of

an enclosure to the result obtained by Kuttler andWall

[48]. As illustrated in Fig. 5, the ability of the used

solver to simulate the deformation of a flexible wall is

confirmed.

Table 1 Nu and rmax at s = 1, Ra = 106, E = 109, and

B = 0.175 considering various sizes of utilized meshes

Grid size Number of elements Nu rmax

G1 563 14.276 8.33E?07

G2 742 14.356 8.93E?07

G3 1200 14.842 9.12E?07

G4 1559 14.848 9.86E?07

G5 2542 14.856 9.90E?07

G6 6670 14.857 9.90E?07
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4 Results and discussion

In this section, the results concerning the streamlines,

isotherms, maximum von Mises stress on the flexible

baffle, average Nusselt number, and dimensionless

temperature are reported. The considered dimension-

less parameters are adopted as the elasticity modulus

(5 9 108 B E B 5 9 1010), the length of the flexible

baffle (0.05 B B B 0.225), and Rayleigh number

(103 B Ra B 106). The other parameters of the study

are kept fixed so that Fv ¼ 0, tb ¼ 0:015, Pr = 6.2,

and qR ¼ 1. The von Mises stress was used to

represent the stresses in the current work.

Figure 6 illustrates the development of the stream-

lines with time in the enclosure. Initially, the stream-

lines are developed near the hot walls at the left and

top parts of the cavity above the flexible baffle, which

is deflected due to the flow acting on it. Shortly after,

the flow separates into four recirculation zones with

different flow directions appear in the flow, one above

the baffle and three in the region under it. As the

direction of the recirculation above the baffle is

opposed to the one beneath it, the deflection of the

baffle is reduced. At s = 0.01, the three recirculation

zones under the baffle unite into one zone, and the flow

in the enclosure is separated into two zones, one to the

left and one to the right, and the deflection of the baffle

is increased. Two vortices appear in the right recircu-

lation zone at s = 0.02, before separating into two

recirculation zones at s = 0.06, without affecting the

baffle deflection. The two zones transition then into

one recirculation zone at s = 0.3, and the flow reaches

its steady-state at s = 0.5. In the steady-state, the flow

can be separated into three recirculation zones. One on

the left side of the cavity where the streamlines are

more concentrated near the bottom, and two on the

right side, and the flexible baffle keeps the same

deformation.

Figure 7 depicts the isothermal contours in the

enclosure at different instants. The isotherms for high

temperatures, i.e., temperatures close to the hot wall

temperature, are, for all the values of s, straight lines
that start at the top wall and move vertically down-

wards along the left hot wall, then horizontally along

the hot bottom wall and finish at the right wall. The

other isotherms follow the development of the flow

inside the cavity. These isotherms are, initially, at

s = 1 9 10-3, similar to the high-temperature iso-

therms. As the flow develops, their profile gets

distorted in the central part of the cavity near the

flexible baffle.

When the flow is in the steady-state, the isotherms

of high temperature (h between 0.7 and 1) are lines

near the hot walls, while those of low temperature (h
between 0 and 0.2) remain near the cold wall and

around the deflected baffle. The isotherms of interme-

diate temperature (h between 0.3 and 0.8) are

distributed throughout the enclosure. They start in

the left region as lines between the cold and hot wall,

then turn around the flexible baffle and finish as a

distorted pattern in the right part of the enclosure. It is

clear then that the presence of the baffle disturbs the

temperature distribution in the region around it.

Fig. 2 A view of the adopted mesh for the case of G5 = 2542 at a s = 0.001, and b s = 1
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The temporal evolution of the velocity surfaces

inside the enclosure is plotted in Fig. 8. In the left part

of the enclosure, the flow is always moving in the

clockwise direction due to natural convection, as the

hot fluid heated near the bottom and left walls move

upwards, and the colder fluid near the right walls

moves downwards. At s = 6 9 10-3, it is seen that the

flow moves around the baffle, then circulates above it

anti-clockwise direction. A separation zone appears

where two recirculation zones with different direc-

tions are created in the right part of the enclosure.

As time goes, the velocity surfaces in the left

portion of the enclosure remain unchanged, while in

the right part, they transition into different patterns

until finally reaching the steady-state, where the flow

above the baffle is moving in the clockwise direction,

while it is circulating in the opposite direction above it.

A small zone in which the flow is circulating

clockwise also appears to the right. These observations

are in accordance with the results of Fig. 6.

4.1 Effect of Rayleigh number (Ra)

on the streamlines and the isotherms

The influence of the Rayleigh number (Ra) on the

development of the streamlines, isotherms, and veloc-

ity surfaces in the enclosure is illustrated in Fig. 9. For

Ra = 103, two vortices appear in the flow in the left

(a) (b)

0.1
0.2

0.3

0.4
0.4

0.3

0.2 0.
1

0.5

0.7
0.8
0.9

0.6

Fig. 3 a The isothermal

contours obtained by

a Calcagni et al. [46], b the

ones obtained in the present

study

X
Y

C
ol

d
wa

ll

H
ow

wa
ll

Rigid partition

Point for evaluation

Insulated wall

Insulated wall

(a)
(b)
τ

T

10-1 100 101 102
-0.5

-0.4

-0.3

-0.2

-0.1

0
Xu et al.
Present study

Fig. 4 Comparison of the temperature at the defined point in the enclosure obtained in the current study and the one obtained by Xu

et al. [47]
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region of the enclosure, while the streamlines are not

fully developed in the right region under the baffle,

which does not show any deflection. When Ra is

increased to 104, a circulation zone starts to appear

under the baffle, which remains undeformed. The

circulation zone becomes more developed as Ra is

further increased, and finally, two circulation zones

occupy the enclosure, the first in the left side of the

enclosure and the second under the baffle.

A slight deflection appears in the baffle for

Ra = 105, while the baffle deformation substantially

increases for Ra = 106. This behaviour can be seen in

the profiles of the velocity vectors. It can be partic-

ularly observed that for Ra = 103 and Ra = 104, the

fluid circulates in the whole cavity in the clockwise

direction with very slow flow near the right bottom

wall. A zone with higher flow velocity appears above

and to the left of the baffle. On the other hand, when

two recirculation zones are in the enclosure for higher

Ra, the flow circulates in the counterclockwise

direction on the right side of the enclosure. High

velocity is present under the baffle. The flow direction

above and below the baffle is vertical going down-

wards, so no resistance to deflection is present in the

bottom, and consequently, the deformation of the

baffle becomes apparent.

The isothermal contours follow the development of

the flow in the cavity. For Ra = 103 and Ra = 104, the

isotherms start at the top wall and finish at the lower

right wall, with some deflection around the flexible

baffle. As Ra is increased, the isotherms patterns get

distorted, notably in the central part of the enclosure

below the baffle.

4.2 Effect of the elasticity modulus

(E) on the streamlines and the isotherms

Figure 10 shows the effect of the elasticity modulus

E on the streamlines, isotherms, and velocity surfaces

in the cavity. It is shown that the baffle deflection

increases with E are decreased. For E = 5 9 109, the

baffle is almost vertical, while for E = 5 9 1010, it

remains almost horizontal. The streamlines are mainly

affected in the region surrounding the baffle. A

recirculation zone is always present in the left region

of the enclosure for all the values of E.

Depending on the circulation of the fluid around the

baffle, the size of the recirculation zones on the right

side of the enclosure, below the baffle, changes. It can

be seen that the direction of the velocity vectors varies

following the flexible baffle orientation, and affects

the flow patterns and velocity distribution in the

bottom region of the enclosure. When the baffle is

almost vertical for E = 5 9 109, the velocity vectors

surrounding it are vertical until reaching the bottom

where they rotate in two recirculation zones due to

convective effects. On the other hand, when the baffle

is horizontal, the vectors above it are also horizontal,

and a small separation zone appears beneath it, where

the velocity vectors move in a vertical direction

towards the bottom before continuing in the recircu-

lation zones.

In addition, Fig. 10 shows that the inclination of the

beam affects the distribution of the isothermal con-

tours in the enclosure, following the flow patterns in

each case. However, it is shown that while increasing

E from 5 9 109 to 5 9 1010 has some impact on the

distortion of the isotherms, it does not seem to have a

substantial effect on the location of the isothermal

contours.

4.3 Effect of the baffle length on the streamlines

and the isotherms

The streamlines, isotherms, and velocity surfaces are

plotted in Fig. 11 for different values of the length of

the flexible baffle B. When the baffle is short

(B = 0.05), two vortices are present in the left and

X

Y

0 0.5 1
0

0.5

1

Present study

Kuttler and Wall

Input Output

Moving rigid wall;
u(t) = (1-cos[0.4πt]) ms-1

Flexible wall

Fig. 5 Deformation of the flexible partition in the current study

and the result obtained by Kuttler and Wall [48]
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Fig. 6 Time history of streamlines at Ra = 106, E = 109 and B = 0.175
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Fig. 7 Time history of isotherms at Ra = 106, E = 109 and B = 0.175
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Fig. 8 Time history of velocity surfaces at Ra = 106, E = 109 and B = 0.175
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Fig. 9 The trend of changes in the streamlines (left), temperature distribution (middle), and velocity surfaces (right) for various

Rayleigh numbers at E = 109 and B = 0.175
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right portions of the enclosure. As the size of the baffle

is increased, the distance between the two vortices

grows until the flow separates into two recirculation

zones (B = 0.15, 0.225). This behaviour is observed in

the velocity surfaces plot, where it is shown that

increasing the size of the baffle affects the distribution

of the velocity vectors around it and, consequently, the

flow patterns. This change in the flow patterns also

affects the isotherms distribution, mainly in the central

region far from the wall. The size of the baffle thus

plays an important role in the flow development

patterns and the temperature distribution inside the

cavity.

4.4 Effect of Ra on the heat transfer rate

Figure 12 shows the variation of the steady local

Nusselt numberNu over the hot walls and the variation

of the local von Mises stress interfaces over the

flexible baffle for different values of Ra. It is shown

that the effect of Ra on the variation of Nu depends on

the selected location on the hot interface. For the hot

left wall, Nu is maximum for Ra = 103 on the top near

the insulated wall. At the intersection of the two hot

walls (X ? Y = 1), Nu is the same for all the values of

Ra. For the longest part of the hot interfaces, Nu

increases with the rise of Ra. Indeed, Ra indicates the

importance of free convection driving forces. Increas-

ing Ra indicates that the buoyancy forces dominate the

resistive viscosity, and natural convection is

enhanced. In addition, it is shown that the stress over

the flexible plat decreases when the value of Ra is

reduced. The stress over the baffle is maximum for

Ra = 106. Increasing the convection driving forces for

higher Ra intensifies the fluid–structure interaction

forces with the baffle, which, as a result, raises the

stresses over it.

4.5 Effect of E on the heat transfer rate

The variation of Nu over the hot walls and the

variation of the local von Mises stress interfaces over

the flexible baffle are depicted in Fig. 13 for various

values of E. The general trend of the variation of Nu

remains the same as for all of the studied values of E,

as the one discussed in Fig. 13 for Ra = 106. However,

no clear relationship can be obtained between the

variation of Nu and the value of E. For instance, over

the left hot wall, Nu is maximum for E = 5 9 109,

while for the bottom wall, Nu presents a local

maximum at different points, depending on the value

of E. These observations are related to the observa-

tions discussed in Fig. 10, as varying E, affects the

streamline patterns and flow velocity distribution

above and below the baffle, and the impact of natural

convection changes locally as a result. The stress over

the baffle shows the same trend of variation for all the

values of E. Nonetheless, it increases when a higher

value of E is used, and maximum stress is obtained for

E = 5 9 1010. Indeed, as a stiffer baffle, i.e., with a

higher elastic modulus, is more resistant to the flow

and deformation. This resistance results in higher

stress over the baffle and smaller deflection.

4.6 Effect of B on the heat transfer rate

Figure 14 illustrates the variation of the steady local

Nusselt number, i.e. Nu, over the hot walls and the

variation of the local von Mises stress interfaces over

the flexible baffle for different values of B. The effect

of B on the variation of Nu is similar to the effect of E,

i.e., the effect varies locally. This is due to the

variation of the patterns flow passing through the gap

between the baffle and the wall, with respect to the

baffle size, as discussed in Fig. 11. The extent of free

convection varies subsequently, leading to the local

variation in the value of Nu. Figure 14 also shows that

the profile of the variation of the stress over the baffle

is the same for the various values of B. Nonetheless,

the maximum stress increases when a larger baffle is

used.

4.7 Variation of the maximum stress in the baffle

with the various parameters

To better illustrate the effect of E on the heat transfer

in the enclosure and on the stress over the flexible

baffle, the variations of the average Nusselt number,

i.e. Nu, and the maximum stress on the baffle rmax as
functions of Ra are plotted in Fig. 15 for the explored

values of E. First, it is shown that increasing Ra and/or

bFig. 10 The trend of changes in streamlines (left), temperature

distribution (middle), and velocity surfaces (right) for the

variation of the elasticity modulus (E) when Ra = 106 and

B = 0.175
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Fig. 11 Variation of streamlines (left), isotherms (middle), and velocity surfaces (right) for various length of the flexible baffle (B) at

Ra = 106 and E = 109
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rmax raises the value of Nu. In addition, it can be seen

that increasing E does not affect the values of Nu and

rmax for low values of Ra, typically less than 105. For

higher values of Ra, using a lower value of E tends to

increase Nu, slightly. On the other hand, rmax
substantially decreases when E is reduced. Indeed, a

baffle with higher E shows more resistance to the flow

and inhibits; consequently, the convective effects.

This increased resistance leads to higher stresses in the

baffle.

The effect of B on the average Nusselt number (Nu)

and rmax as functions of Ra is shown in Fig. 16. For

low Ra, increasing B tends to raise Nu slightly, as the

presence of a larger baffle disturbs the flow and leads

to local recirculation zones, enhancing convective

heat transfer. However, for higher Ra, an opposite

variation trend appears, and increasing B tends to

reduce Nu, as a larger baffle shows more resistance to

the intense incoming flow and inhibits heat transfer. It

is also shown that raising B has little effect on the

variation of rmax for low Ra. Nonetheless, for higher

Ra, rmax when rmax larger baffle is used. In fact, as the
size of the baffle is increased, more resistance to the

flow emerges in the baffle, thus increasing the

maximum stress.

The variations of the unsteady Nu and rmax as

functions of time for various values of Ra are

illustrated in Fig. 17. At s = 10-3, Nu start almost at

the same point for all the values of Ra, and as time

goes, the effect of Ra on the variation of Nu becomes

apparent, as the value of Nu is higher when Ra is

increased. The same effect remains when the steady-

state is reached at s = 10-1. On the other hand, the

effect of Ra on the variation of rmax appears early on

and, throughout the transition to the steady-state, rmax
increases when Ra is increased.

Figure 18 depicts the variations of the unsteady Nu

and rmax as functions of time for different values of E.

The effect of E on Nu appears limited for all the values

of s. A slight rise in the value of Nu can be observed

when E is decreased. On the other side, the variation of

rmax presents numerous fluctuations, and as the

transitions die out, it can be seen that rmax rises when
a higher value of E is used. The effect of B on the

variations of the unsteady Nu and rmax is illustrated in
Fig. 19 as functions of time. It is shown that increasing

B tends to raise the values of Nu and B for the different

values of s. In addition, the time needed to reach the

Fig. 12 Variation of the steady a local Nusselt number interfaces with heated walls, b local von Mises stress interfaces with flexible

baffle for various Ra at E = 109 and B = 0.175
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Fig. 13 Variation of the steady a local Nusselt number interfaces with heated walls, b local von Mises stress interfaces with a flexible

baffle for various E at Ra = 106 and B = 0.175

Fig. 14 Variation of the steady a local Nusselt number interfaces with heated walls, b local von Mises stress interfaces with a flexible

baffle for various B at Ra = 106 and E = 109
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steady variations also varies depending on B in the two

cases.

4.8 Effect of the presence of a flexible baffle

Figure 20 compares the effect of the presence of a

baffle and its flexibility of the streamlines, isotherms,

and velocity surfaces. Figure 21 illustrates the corre-

sponding Nusselt numbers. The results are reported for

four cases which are as follows. Case 1 shows the

cavity without flexible baffle, Case 2 shows the cavity

with a completely rigid solid baffle without FSI model,

Case 3 depicts the cavity with flexible baffle and high

elasticity (E = 1011), and Case 4 illustrates the cavity

with flexible baffle and low elasticity (E = 5 9 108).

As seen the presence of the baffle tends to suppress the

natural convection flow as it acts as a barrier for flow

circulation. However, as it is connected to the cold

wall, it also acts as an extended surface which

increases the heat transfer surface. Figure 21 shows

that the presence of the baffle could eventually

improve the heat transfer rate. Figure 20 indicates

that a flexible baffle can bend with the fluid flow and

reduce the drag forces on the fluid circulation while

maintaining the extended surface for heat transfer.

However, a very flexible fin can bend too much and

block the flow circulation at the bottom of the cavity.

As seen, the flexibility of the baffle induces a

Fig. 15 Variation of the steady a average Nusselt number, b maximum von Mises stress with Ra for various E at B = 0.175

Fig. 16 Variation of the steady a average Nusselt number, b maximum von Mises stress with Ra for various B at E = 109
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Fig. 17 Time history of a the average Nusselt number, b maximum von Mises stress with s for various Ra at E = 109 and B = 0.175

Fig. 18 Time history of a the average Nusselt number, b maximum von Mises stress with s for various E at Ra = 106 and B = 0.175

Fig. 19 Time history of a the average Nusselt number, b maximum von Mises stress with s for various B at Ra = 106 and E = 109
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Fig. 20 The effect of the presence of a baffle and its flexibility on the streamlines (left), isotherms (middle), and velocity surfaces

(right) when Ra = 106
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competitive situation in average Nusselt number. It

improves the heat transfer in some region and

deteriorates it in another region. Figure 22, depicts

the average Nusselt number at various Rayleigh

numbers. As seen, the case of flexible baffle provides

the best heat transfer rate at high Rayleigh number

values. When the Rayleigh number is large, the fluid

circulation is high, which boosts the influence of the

baffle shape on the hydrodynamic and heat transfer in

the enclosure. Thus, it can be concluded that a baffle

with moderate flexibility (E = 5 9 108) could provide

a reasonably high average Nusselt number on all areas

of the heated surfaces of the cavity.

5 Conclusion

The free convection flow and heat transfer in a baffled

L-shape enclosure were theoretically addressed using

ALE associated with the moving mesh method. The

finite element method was employed to solve the

governing equations. The grid study was performed,

and validations were reported for several cases. A

summary of the results reported in the current

numerical study can be presented as follows:

• Increasing Rayleigh number Ra enhances heat

transfer in the cavity and the flexible baffle

deflection, due to the dominance of free convec-

tion-driven forces with respect to the resistive

viscous ones.

• The elastic modulus E of the flexible baffle affects

the flow patterns and the distribution of the

isotherms in the enclosure. As a result, heat

transfer is reduced when E is increased, as a stiffer

baffle tends to resist the fluid flow and inhibits

convective heat transfer. On the other hand, the

deflection is reduced, and the stress over the baffle

rises when E is increased.

• The length of the baffle (B) also affects the flow

and heat transfer in the enclosure. However, its

effect is less apparent for low Ra (less than 105).

When Ra is increased to 106, a larger baffle shows

more resistance to the flow and inhibits heat

transfer, while, at the same time, increases the

stress over the baffle.

• The effects of E and B on flow and heat transfer are

present throughout the time of the transition from

unsteady to steady-state. Nonetheless, the time

required to reach the steady-state varies depending

on the value of E and/or B.
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