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ARTICLE INFO ABSTRACT

Keywords:

Fluid-solid interaction study is conducted to investigate the effects of the flexibility of thin plate on the natural

FSI convection inside an enclosure. The plate is assumed to be at a higher temperature while the side walls are at a

Flexibile thin plate
Natural convection
Enclosure

colder temperature and the top and bottom walls are insulated. The inclination angle of the plate is considered
constant; however, other parameters such as the height and length of the plate, the elasticity modulus, Rayleigh
number, and Prandtl number are varied, and their effects are studied. The grid independence study is presented,

and the results are verified against available data in the literature. The effects of the plate flexibility on the flow
and heat transfer are addressed. It is found that the Nusselt number and the strength of the flow decrease as the
plate become more flexible. Additionally, as the plate moves toward the bottom of the cavity, the Nusselt
number increase but the strength of the vortices decreases. Finally, the effects of flexibility is found to be
considerable and it completely depends on the flow regime and other parameters.

1. Introduction

Manipulation of the design parameters is the key component in the
evolution of any design. Numerous ways have been proposed with the
purpose of heat transfer enhancement in thermal systems. Likewise,
forced and natural convections [1-7], which have a variety of appli-
cations such as electronic packaging, solar collectors, thermofluid and
energy storage systems, is comprehensively investigated throughout
literature. However, there are limited studies that investigate the effects
of fluid-solid interaction on natural convection inside enclosures
[8-12], which it has a significant effect on the behavior of the flow
domain as well as the heat transfer rate. This is due to the complexity
and time-consuming nature of these problems as well as hardware
limitations. Nowadays such numerical analysis becomes more con-
venient.

Some studies considered the cavity wall to be flexible [8,9], while
others investigated the cavity with a flexible plate or membrane inside
the cavity [10-13]. There are many industrial applications for both of
these configurations. For instance, enclosures with electronic boards
inside or enclosures with multiple electronic units, which are separated

into partitions utilizing thermal conductive plates, are examples of the
application of these configurations [9]. Other examples can be observed
in batteries or chemical reactors where two different chemical fluid
should be separated [10].

When the cavity contains a flexible wall, it was reported that the
flexibility of the flexible wall has a significant influence on the heat
transfer rate inside the enclosure [8,9]. The comparison between the
average Nusselt number of rigid wall and a flexible wall was presented.
In the case of mix convection [8], it was reported that the maximum
difference between the Nusselt number of a cavity with a rigid and
flexible bottom wall is 9.4%, which decreases as Reynolds number in-
creases. On the other hand, in the case of natural convection [9], the
maximum difference in Nusselt number of a cavity with rigid and
flexible side wall was reported equal to 13.6%. It was also found that
the difference in Nusselt number increases with the Rayleigh number.

Additionally, the results of natural convection inside cavities con-
taining flexible partitions [10] or flexible fin [11] showed that the heat
transfer increases as flexibility increases. It is mentioned that [10], this
is since the flexibility of the structure increases the shape of the
membrane changes in accordance to the flow pattern, which causes a
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Nomenclature

vector of displacement

Young's modulus in dimensional form
elasticity modulus in non-dimensional form
frequency

vector of body force

vector of gravity acceleration

size of cavity

fluid pressure

Prandtl number

thermal Rayleigh number
dimensional time

temperature

vector of velocity

velocity vector of the moving grid
Cartesian coordinate in x direction
Cartesian coordinate in y direction

By YR m A

<SR kg RS~

Greek symbols

a thermal diffusivity

B volumetric thermal expansion coefficient
o Tensor of stress

T non-dimensional time

u dynamic viscosity

v Poisson's ratio

p density

PR density ratio of fluid to solid structure
Subscripts

avg average

c cold temperature

f fluid

h hot temperature

P membrane partition

s flexible plate

Superscripts

tr transpose of matrix

*

indicates the dimensional parameter

significant increase in the heat transfer. On the contrary, the resistance
to the flow pattern increases and causes a reduction in the heat transfer
as the partition becomes more rigid.

The natural convection of a heated plate inside an enclosure is a
very well-known problem [14-18] with different industrial applica-
tions. Several attempts have been made to investigate this problem
[14-18]. Different geometry changes have been proposed to increase
the heat transfer from the plate. Some investigated horizontal posi-
tioning of the plate [16], while others studied vertical and horizontal
[14,15,17]. Additionally, Zhang et al. [18] investigated the heated plate
with a different angle of inclination. In all of these studies, it was found
that the change in geometry significantly affects the heat transfer rate
from the heated plate. For example, Hakeem et al. [14] found that the
enhancement in heat transfer is more significant when the plate is in the
vertical position compared to the horizontal one for the case of iso-
thermal boundary condition, while for the case of isoflux boundary, the
heat transfer rate of a horizontally mounted plate is higher.

In Ref. [11] there was a fin which was subject to a prescribed tip
movement. However, the structure of the fin was subject to interaction
with the natural convection flow. Indeed [11], was a mixed convection
heat transfer flow in a cavity. In the present study, the fin is passive,
and the deflection of the fins is solely due to the interaction with the
natural convection flow in the cavity.

In the studies as mentioned earlier, the fluid-solid interaction be-
tween the heated plate and the flow inside the enclosure was not taken
into account. Since it was mentioned that the flexibility of the part
affects the heat transfer significantly [8-12], in this study, these effects
are implemented to fully investigate the heat transfer problem from
heated plate inside a cavity. Authors aim to comprehensively in-
vestigate this problem due to the great importance and application of it.
After the grid dependency study, comparisons are made with the results
available in the literature to verify the current method. Then, the results
for a large range of Rayleigh number, elasticity modulus, the Prandtl
number and the height of the plate from the origin are presented.

2. Definition and mathematics of the problem

Fig. 1 illustrates the schematic view of the investigated cavity. The
origin of the coordinate system is defined at the center of the cavity.
The width and height of the cavity considered to be equal, L' = W". The
left and right bounds are at the temperature of T, whereas the top and

bottom walls are thermally insulated. A hot flexible thin plate with the
temperature of T;' is placed horizontally inside the cavity. The cavity
bounds are stationary and no-slip condition is taken into account on
them. The flexible thin plate of thickness ¢, is isotropic and uniform.
Boundaries of the enclosure and flexible thin plate are impervious. The
variations of the fluid density are approximated by employing Boussi-
nesq's approximation. The gravity force is imposed on the cavity in the
vertical direction. The body forces applied to the plate includes the
weight of the plate and the buoyancy force.

The governing equations including the mass, momentum and energy
conversation ones considering the mentioned assumptions for an in-
compressible, laminar and Newtonian fluid, and the arbitrary
Lagrangian-Eulerian (ALE) technique, are [19].

Continuity equation:

VEu* =0 (€]

Insulated wall

g Hot flexible thin plate

Cold wall
~
\
\
\
\
\
\
\
Cold wall

Line crossing the middle of the cavity

*

w

Insulated wall

Fig. 1. A schematic of the problem.
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Momentum equations:

*
alt + (Ut — w¥)-V*u* = —lV*P* + va*zu* + Bg(T* _ Tc*)

9 Py @
Energy equation:

%k
or* + (u* — W*)-V*T* = o V¥2T*

ot 3

Moreover, the following nonlinear elastodynamic equation can de-
scribe the structural displacement of the flexible plate:
d>dy
S
Ps ar
t

*
— V¥og* =F; )
where u"= (u"v") is the velocity vector of fluid, w" = (u,",v,") the ve-
locity of moving coordinate system, P* the pressure of the fluid T" the
temperature of the solid/fluid, g the gravity acceleration. dy" is the
displacement vector of the plate so that dd, /dt = w", o the solid stress
tensor, F,” the body force applied to the thin plate. p is the density and
subscripts of f and s refer to the fluid and solid, respectively. v5 is the
kinematic viscosity, ay thermal diffusivity of the fluid and $ the volu-
metric thermal expansion coefficient of the fluid.

The Neo-Hookean solid model is utilized to represent the stress
tensor of Eq. (4).

o* = J-IFSF" )

F" is the transpose of matrix F. S, known as the Piola—Kirchhoff
stress tensor, is related to the strain energy density function W; and the
strain e.

F=(+ V*d®), J = det(F)and S = dW,/de ®)
W= 10 01 = 3) — 1 In @) + SA(In ()2
s = 2#[ 1 M 3 @
1
E= (VL + VR 4 VTV ®

where A and y; are known as Lame's first and second parameters, re-
spectively, and are achieved by the following relations:

w=E/QA +v)) (C)]
A=Ev/((1 +v)A - 2v)) (10)

The boundary conditions on the interface boundaries between the
fluid and the flexible thin plate, as well as, on the external bounds are

*
T* = Ty, 9d; =u* o* n=-pP*
ot
% _ Ik [ * [
y'=H7 —Z EXTE5
yr=H*+1f, —L<xx<t
+ u V¥tV x* y* 3 pro2mn T
4 ’ == Lol
2’ 2 =Y =5
x=1 Eoyect
2’ 2 =Y =2 (11-a)
x* , 0K y* < L¥

=0
T*=T% w=v¢=0 VY x* y* 3 =)=
c u y {x* — L*, 0< y* < L* (11-b)

y*=0, 0<x* < L*
y*:L*’ OSX*SL*

oT*

- =0, u*=v*=0 V x* y*13 {

dy (11-c)
The dimensional governing equations (1)-(4) can be converted into

non-dimensional equations using the following dimensionless para-

meters:

_ 4% _o __ gy _ Gty HY)
dx—E, C=% T= 12 (anaH)—T
_ urr _ WAL _ P2 _ T -T¢
T o T oy - pfaf ’ T oTE-T

v 73
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Fig. 2. Time variation of average Nusselt numbers for various numerical grid.

Table 1

The required time and memory for grid size independency.
Cases No. of elements Run time Memory
Case 1 5315 13 min, 17 s 1.56 GB
Case 2 7897 3 min, 49s 1.58 GB
Case 3 10529 4min, 44s 1.64 GB
Case 4 26482 11 min, 12s 2.04GB
Case 5 34766 16 min, 255 2.11GB

u=(1-cos[0.4nt])m/s
=  Outlet _,:

_ o Inlet

Kuttler and Wall [21]

== | == Present study

u=0.01m’/s
p1.0kg/m’
E=250N/m’
p=1.0kg/m’

Flexible wall

|=I-I
\ b ]
I‘\ +~'|
e b

Fig. 3. The evaluation of the current study results and the results reported by
Kuttler and Wall [21].
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Fig. 4. The values of temperature in typical point of square enclosure of the
presents study and work of Xu et al. [22].

a b

Fig. 5. a: Experimental temperature field presented by Calcagni et al. [23] and
b: numerical temperature field obtained in the present study.

In the non-dimensional form, we then have
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where
Ty — THL® v *2 (o; — p,)L*
Ra:u,prz_f’a=£2, vzfisg,pR
vray ar pfocf E
b
Ps ar

In the present work the buoyancy force applied to the flexible plate
is ignored (i.e., F, = 0). The dimensionless boundary conditions are

T=1, 5dx= ,
ot
— L !
y=H, -5 SX<
y=H+t, —+<x<-
m=—-P+PrVa V x,y 3
l l l
=— —5 <y
2 2 2
L ! !
X=3 zsysz
(18-a)
x=0, 0<y<1
T=0, u=v=0 Vx,yEI{x=l’ 0<y<1 (18b)
=0, 0<x<1
a_T=0, u=v=0 Vx,yEI{y_ <x<
% y=1 0sx=<l (18-c)

In dimensionless coordinate, the initial velocity and pressure of the
fluid are equal to zero. Moreover, the initial temperature is 0.5. Local
Nusselt number on the plate is used to measure the rate of heat transfer:

oT

Nuyoear = _E

On the hot plate (1 9)

where n is the normal direction to the surface of the flexible plate.
Besides, the average Nusselt number is achieved by integration on the
hot plate bounds:

1

Nugy = Nugoeards

2 (l + tﬁ") Hot plate (20)

Finally, the stream function y is employed in describing the flow
pattern:

L3
dy ax 2D

Vu=0 a3 3. Numerical solution and validations
9 . id i
M 4+ (u - w)-Vu = —VP + PrV?u + PrRaTj 3.1. Grid independence test
ot a4
The non-dimensional governing equations along with the men-
T + (u — w)-VT = V2T tioned boundary conditions are initially converted to the form of the
or s weak solution, then solved by applying the Galerkin finite element
, method. The Galerkin finite element approach is completely given in
1d dzs — E.Vo = E.F, Ref. [20] in details. The coupling between the fluid and structure are
pr dt (16) used using a free deformed mesh technique based on the arbitrary
Table 2
Comparison of average convective Nusselt numbers (on the outer cold wall) and |ymax| with Saravanan and Sivaraj [17] for 1 = 0.5 and zero wall emissivity.
Ra = 10° Ra = 10° Ra = 107
Nuayg [Wonax| Ntavg [Winax| Ntayg [Wimax|
Current study 3.2774 7.0928 5.1558 15.471 8.4297 32.6441
Saravanan and Sivaraj [17] 3.3339 7.0358 5.2804 15.5904 8.7997 32.4851
Error (%) 1.69 0.81 2.36 0.77 4.20 0.49
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Lagrangian-Eulerian method. The deformation of the solid domain is
computed based on the Lagrangian method while the heat and flow
equations are solved using the Eulerian method. The moving of the
mesh is calculated using the Laplace method following the motion of
the solid parts. Indeed, the term u-w accounts the absolute velocity of
the fluid by considering the effect of the moving grid. We tried to solve

International Journal of Thermal Sciences 145 (2019) 106001

the governing equations using a Segregated solver iteratively. However,
the solution was not stable and failed to converge. Hence, we used the
fully coupled method to solve all of the equations, simultaneously. It is
worth noting that using fully coupled equations increases the required
computational memory, but the solution is stable. An automatic time
step scheme with free steps based on the backward Euler method is also

T=1E-1, [Wmax=26.325

1=5E-1, [Wima=26.318

-5.

=1, [Yma=26.318

Fig. 6. Time variation of isotherms (left) and streamlines (right) (Ra = 10% Pr=6.2, E. =5 x 10°,1 = 0.4, H = 0.0).
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Table 3
Variation of the |Wmax| and Nu,yg (on the hot flexible plate) with non-dimensional time at different values of the elasticity modulus (H = 0.0, Ra = 10°, Pr = 6.2,
1=0.4).
E. T
1E-6 1E-5 1E-4 5E-4 1E-3 5E-3 1E-2 5E-2 1E-1 5E-1

| Wmax| 5 x 10° 0.0134 0.1004 1.5082 12.074 21.947 21.226 32.182 26.612 26.325 26.318

5 x 10'° 0.0131 0.0992 1.3224 4.0309 8.4661 30.995 67.314 46.850 45.664 45.753

Rigid 0.0044 0.0326 0.3970 3.2171 7.3762 71.789 68.383 49.502 47.385 47.121

Nuayg 5 x 10° 435.04 327.81 48.998 27.339 21.260 21.690 14.919 12.042 11.894 11.882

5 x 10%° 435.04 329.44 49.567 27.259 20.257 17.133 15.084 12.286 12.071 12.071

Rigid 435.04 355.27 54.645 29.443 21.645 16.181 15.144 12.305 12.082 12.084

utilized to monitor time steps and prevent divergence of the solution.
The grid independence test is of the most important stages of every
numerical work so that sometimes ignoring that can cause a drastic
deviation from the correct results. In this work, this examination is
performed for five grids of different sizes. According to the outcomes
illustrated in Fig. 2, although the grid with 10529 elements seems to be
accurate enough, the grid with 26842 elements is chosen to achieve the
results with the proper accuracy. Table 1 shows the computational time
and required memory of the calculations for various grid sizes. The
calculations were performed using a computer with 16 GB of Memory, 8
CPU cores each of 2.4 GHz. As shown, for the lowest number of

E=5E11

E.=5E10

E=5E9

elements, the run time is incredibly high and it decreases dramatically
when the elements number reaches to 7879. In fact, higher number of
iterations in each time step is required to reach the convergence criteria
for the coarse grid of the case 1. Hence, the run time is high. As ex-
pected, the required memory rises as the elements number increase.

3.2. Comparisons with others

Another most important stage in a numerical work is verification for
confirming the correctness and accuracy of the presented results.
Several verifications are performed to achieve this goal. In the first

Fig. 7. Effect of Elasticity modulus on the steady state isotherms (left) and Streamlines (right) for different values of H (0.3, 0.0 and —0.3), (Pr = 6.2, Ra = 105,

1=0.4).
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verification (Fig. 3), the results obtained in the current work and those
reported by Ref. [21] are compared to each other. A Lid-driven cavity
having a pliable wall was modeled in Ref. [21]. As illustrated, there is
excellent compatibility between the results related to the deformability
of the bottom walls.

In another verification, the outcomes of the present study and those
presented by Xu et al. [22] are compared. As shown in Fig. 4, there
exists satisfactory accordance between the results of the current model
and the results found by Xu et al. [22]. In addition, the numerical re-
sults of the present study are validated by comparing with the experi-
mental results reported by Calcagni et al. [19] as depicted in Fig. 5. It
can evidently be seen that the present results are reliable. Eventually,
the present results and those reported by Saravanan and Sivaraj [14]
are compared through evaluating the Nusselt number and maximum
strength of the streamlines for the different lengths of a rigid plate
placed inside a square cavity as well as the different values of Rayleigh
number. It is worth mentioning that for consistency, the average Nus-
selt numbers in Table 2 are measured on the outer cold wall, as was
done by Saravanan and Sivaraj [14]. As shown in Table 2, the max-
imum difference between the present results and those achieved by
Saravanan and Sivaraj [14] is 4.20%. Therefore, once again, the cor-
rectness and accuracy of the employed numerical approach and mod-
eling is confirmed.

Pr=0.71

Ra=5x10*

Ra=10’

Ra=5x10°

Pr=6.2
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4. Results and discussion

In this section, the effects of different parameters on the flow and
thermal fields and the flexible plate are investigated. These parameters
are as follows: the Rayleigh number (10% < Ra < 10°), the elasticity
modulus (5 x 10° < E, < 5 x 10'1), the Prandtl number (0.71, 6.2 and
200, representing air, water and a typical engine oil, respectively), the
plate length (0.1 < [ < 0.7) and the height of the plate from the origin
(—0.3 =H<0.3), while other parameters such as the non-di-
mensionless body force (F, = 0), the thickness of the plate (t, = 0.01)
and the density ratio (pr = 1) are kept constant during all simulations.
Moreover, although the results show that variation of the dependent
variables is diminished after about 0.2s, simulations are carried out for
a larger time interval (0.0 < 7 < 1.0) to ensure the steady state condi-
tion.

Fig. 6 illustrates isothermal contours and streamlines of the fluid at
different time steps until reaching the steady state condition. It can be
found that two vortices appear in the streamlines at the early stages of
the simulations, circulating in opposite directions near the vertical
edges of the plate. At this time, conduction is the main mechanism of
heat transfer, and the strength of the vortices are very low (r < 5E-4).
As time elapses, the convection heat transfer plays a more significant
role and therefore the strength of the vortices increase and impose the

Pr=200

Fig. 8. Effect of Rayleigh and Prandtl numbers on the steady state Isotherms (left) and Streamlines (right) (H = 0.0, E, = 101, 1= 0.4).
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E,=5x10°

E,=5x10"
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Fig. 9. Effect of the plate length and the elasticity modulus on the steady state Isotherms (left) and Streamlines (right) (Ra = 10°, Pr = 6.2, H = 0.0).

required stress for the plate to bend. A new vortex appears and grows
with the rate of deformation (5E-4 < z < 5E-3) as the plate bends.
However, at about r = 7.5E-3, the new vortex is destroyed by the older
vortices moving toward the upper space of the plate. The two separated
vortices are finally merged to form a single stronger circulation above
the deformed plate. As the plate deformation is directly related to the
force exerted by the fluid motion, the plate exhibits different values of
stress and strain before reaching the steady state condition.

Table 3 shows the variation of the flow rate and total heat transfer
at different non-dimensional times and the elasticity modulus. By
bending the plate, the average distance between hot and cold regions
increases which causes a slight decrease in the overall rate of heat
transfer. Thus, in comparison with the rigid plate case, the average
Nusselt number on the hot plate is slightly lower. In addition to this, the
fluid flow rate is again lower when compared to the rigid case. This
happens because a portion of the fluid momentum is devoted to the
plate deformation.

Fig. 7 depicts the effect of the Elasticity modulus E, and position of
the plate H on the isotherms and streamlines of the fluid and the flexible
plate, at the steady state condition. E, represents the resistance of the
plate against the strain; therefore, the rate of deformation decreases as
it increases. As mentioned before, the flow rate declines when the plate
deformation increases. The isothermal lines move slightly toward the
plate as the E, decreases, indicating a slight increment in the heat
transfer rate.

On the other hand, the plate position shows a substantial impact on
the isothermals and flow patterns which can be explained by lower
effective space for the heat transfer, as the plate moves toward the top
of the cavity. When the plate is near the top wall (H = 0.3), unlike other
cases, two separate vortices appear beneath the plate, and the flow rate
remains approximately unchanged with different values of the elasticity
modulus. The rate of deformation shows that position of the plate can
greatly influence the vortices strength and the rate of heat transfer.

The effect of the Rayleigh number Ra on the isotherms and
streamlines of the fluid and the flexible plate at the steady state con-
dition for different Prandtl numbers is shown in Fig. 8. It is clear that
the Rayleigh number is a measure of buoyancy force; thus, increasing

the Ra leads to an increase in the flow rate and consequently greater
plate deformation. The isothermal lines move toward the plate by in-
creasing the Rayleigh number, indicating an augment in the rate of heat
transfer. Besides, it is seen that the increase of Prandtl number enhances
the flow strength. This is due to that the momentum diffusion is higher
than the heat diffusion when the Prandtl number is higher.

Fig. 9 illustrates the effect of the hot plate length on the flow and
temperature fields of the cavity for two values of the elasticity modulus.
It is clear that the length of the plate acts as a resistance against the
buoyancy driven flow inside the cavity and thus reduces the strength of
the streamlines. By increasing the hot plate length, the center of the
vortices shifts toward below of the plate. Furthermore, increasing the

100 B 20
= Pr=0.71 <5<:‘> 1
—O0—— Pr=6.20 1 . )
—— Pr=200 » o )
80 e 16
Nuavg 1 {‘) :
O ‘ .
SRR [N |
60 RN 412
g0 ' 4 Voo 1 —=
= S N
z AN 1 =
e g —p=o
40F A -8
- 8 P = =< ]
20k -4
-, ’\\':/\\)j ]
A O ]
0k RS il ] = b NI | R | ey
10" 10° 1(%’2 10" 10°

Fig. 10. Time variation of the average Nusselt number on the plate and the
maximum value of the streamlines for different Prandtl numbers (H = 0.0,
E.=5x 10'° Ra = 10° 1= 0.4).
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Fig. 11. Time variation of the average Nusselt number and the maximum value of the stress on the plate for different (left) Rayleigh numbers (H = 0.0, E. = 5 x 10°,
Pr = 6.2, 1 = 0.4) and (right) plate length (H = 0.0, Ra = 10° E. = 5 x 10°, Pr = 6.2).

plate length divides the cavity into two separate regions when the de-
formation rate decreases (E, = 5 x 10'! and [ = 0.7) and the fluid is
almost stagnant below the hot plate in this case. As a result, the heat is
mainly transferred by conduction mechanism below the hot plate for
the mentioned case, while the convection heat transfer dominates for
the upper part. Moreover, there is a direct correlation between de-
formation and length of the plate as the exerted force on the hot plate
enhances when its length increases (see the 0,,,,x on Table 5 for different
plate length).

Fig. 10 depicts the effect of the Prandtl numbers on the time var-
iation of the average Nusselt number on the plate and the maximum of
stream function. Elapsing time reduces the temperature difference be-
tween the hot plate and the fluid around it and therefore decreases the
rate of heat transfer. Higher Prandtl number results in greater flow
intensity and leads to the higher plate deformation, as shown in Fig. 8.
Additionally, deformation of the plate reduces the fluid flow and in-
creases the average distance between the hot and cold area and con-
sequently reduces the average Nusselt number. Thus, as a result, and
due to the plate deformation, the Nu,,, for water (Pr = 6.2) is greater
than the others while for air (Pr = 0.71) and industrial oil (Pr = 200)
are approximately equal. The maximum stream function increases as
time passed, and reaches to its extrema at about = = 0.1-0.2 for air and
water. For Pr = 200, due to the greater strain of the plate, the |ymay| is
lower even than Pr = 0.71. This is related to greater impact of the flow
field on the plate. Moreover, shape of the |ymax| for industrial oil is
different in comparison with the other materials as discussed above.

Fig. 11 shows the effect of the Rayleigh number and the plate length
on the time variation of the average Nusselt number and the maximum
values of Von Mises stress on the plate. Increasing Ra leads to the
greater Buoyancy force and therefore improves the rate of heat transfer.
The behavior of the 0y, and Nug,, at Ra = 106 is different with other
values of Ra as this is related to the fact that at high Rayleigh numbers
the plate exhibits different values of stresses and deformations. In-
creasing the plate length reduces the values of the average Nusselt
number. This means that although the overall rate of heat transfer rises
directly with the length of the plate, the rate of heat flux per surface
area of the plate decreases as the hot plate length increases (Eq. (20)).
Similar trend with the findings of Saravanan and Sivaraj [17] could be
obtained if the average Nusselt number had been evaluated on the cold
walls. As mentioned earlier, the exerted stress on the plate is raised as
the length of the plate is increased.

Table 4 provides information about the effect of the plate position
on the average Nusselt number for the both elastic and rigid case. It is
evident that the plate position affects the rate of heat transfer strongly
and the Nug,, exhibits a drastic decrease as the plate position changes
from the bottom of the cavity to its top, both for the flexible and rigid
case. This is mainly due to the lower space and therefore weaker flow
vortices which reduces the rate of heat transfer. Moreover, the reduc-
tion of the Nug,, is more significant when the plate moves toward the
top of the cavity, again for rigid and flexible plates. Although the plate
deformation increases as the plate is placed near the bottom of the
cavity (i.e. H= —0.3, see Fig. 7), the rate of heat transfer for the
flexible plate is slightly higher than the rigid case. Since the average
distance between the hot plate and cold walls is higher for the negative
values of H, the plate deformation leads to the reduction of the men-
tioned distance and therefore enhance the average Nusselt number (for
the case H = —0.3).

Influence of the Rayleigh and Prandtl numbers and the length of the
plate on the flow and thermal fields of the fluid in the cavity are pre-
sented in Table 5. The first and second columns of the table represent
the maximum values of stress on the plate in the steady-state condition
(Omax-ss) and the transient condition (0y,,x), respectively. It can be found
that for low flow rate of the fluid (Ra = 10%), the stress (and therefore
the plate deformation) reaches to its maximum value and remains un-
changed before the steady state condition. While for the other simula-
tion parameters, there is a quite large difference between the Opayx.ss
and 0y,,x, indicating that the plate deformation reduces after reaching
its maximum value. Moreover, it is obvious that the flexibility reduces
the rate of heat transfer and the flow rate. Furthermore, it should be
noted that the effect of flexibility on the thermal and flow fields com-
pletely depends on the boundary conditions since it can improve or

Table 4
Impact of the plate position on the average Nusselt numbers and the maximum
streamlines (Ra = 10, Pr = 6.2, Et = 5 x 10'%, 1 = 0.4).

H -0.3 -0.15 0.0 0.15 0.3
Nuvg Flexible 12.647 12.527 12.071 11.218 8.8603
Rigid 12.587 12.538 12.084 11.248 9.0217
| Wimax| Flexible 7.545 21.993 45.769 63.286 72.842
Rigid 7.605 23.036 47.145 63.904 73.585
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Table 5
Effect of the Ra, Pr and the plate length on the 0y« (in both transient and steady state), Nu,yg and |ymax| (for the flexible and rigid plate) in the steady-state condition
(H = 0.0).
Omax.ss Omax Nttavg Ntavg rigia [Wimax| [Wmax-rigidl
Ra (E. = 5E9, Pr = 6.2, 1 = 0.4) 10* 1.11E7 1.11E7 (t = 0.155) 4.2485 4.2546 1.774 1.8083
10° 7.72E7 1.03E8 (t = 0.012) 7.2346 7.3108 8.9669 10.043
10° 4.79E8 6.09E8 (t = 0.011) 11.882 12.084 26.318 47.145
Pr (Ra = 1E5, E, = 5E10, 1 = 0.4) 0.71 9.96E6 1.28E7 (r = 0.020) 7.0633 7.0645 8.418 8.433
6.2 7.52E7 9.39E7 (tr = 0.010) 7.3031 7.3108 9.939 10.040
200 2.58E9 3.01E9 (tr = 0.026) 7.1215 7.3407 6.862 10.084
1 (Ra = 1E5, E, = 5E9, Pr = 6.2) 0.1 5.28E6 6.69E6 (t = 0.013) 15.792 15.792 10.621 10.626
0.4 7.72E7 1.03E8 (t = 0.012) 7.2346 7.3108 8.9669 10.043
0.7 2.32E8 2.32E8 (t = 0.142) 4.7516 5.6821 4.7951 10.014

reduce the rate of heat transfer (see Raisi and Arvin's work [24]). Fi-
nally, as discussed before, despite increasing the rate of heat transfer
with raising the plate length, the average Nusselt number decreases, as
it indicates the heat transferred rate per surface area of the hot plate.

5. Conclusion

In this study, the natural convection caused by a heated plate inside
an enclosure was studied, and the effects of plate flexibility on the fluid
flow and heat transfer were presented. It was assumed that the plate is
at a higher temperature while the side walls of the cavity are cold and
the bottom and top walls are insulated. Different ranges of modulus of
elasticity, height and length of the plate, Rayleigh and Prandtl numbers
on the fluid flow, Nusselt number, and stress were investigated. Some of
the key findings of this research can be summarized as follow:

e The Nusselt number decreases as the flexibility increases, and also it
increases as the plate moves toward the bottom of the cavity.

e The flow strength decreases as the plate becomes more flexible,

while it increases as the plate moves toward the top of the enclosure.

The Prandtl number has a negligible effect on the Nusselt number;

however the Rayleigh number has greater effects on the Nusselt

number.

When the plate is rigid, the Nusselt number and flow strength in-

crease with increasing the Prandtl number and Rayleigh number.

However, for a flexible plate, Nusselt number and flow strength

increase by changing the Prandtl number from 0.71 to 6.2 and then

decrease by changing the Prandtl number from 6.2 to 200.

e Increasing the plate length reduces the rate of heat transfer per

surface area of the plate.

The steady state solution for the maximum stress on the plate shows

that the stress increases with the Prandtl number, the plate length

and the Rayleigh number.
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