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Abstract
Purpose – A numerical model of an unsteady laminar free convection ﬂow and heat transfer is studied in a
cavity that comprises a vertical ﬂexible thin partition.

Design/methodology/approach – The left and right vertical boundaries are isothermal, while the
horizontal boundaries are insulated. Moreover, the thin partition, placed in the geometric centerline of the
enclosure, is considered to be hyper elastic and diathermal. Galerkin ﬁnite-element methods, the system of
partial differential equations along with the appropriate boundary conditions are transformed to a weak form
through the ﬂuid-structure interaction and solved numerically.

Findings – The heat transfer characteristics of the enclosure with rigid and ﬂexible partitions are compared.
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The effect of Rayleigh number and Young’s modulus on the maximum nondimensional stress and ﬁnal
deformed shape of the membrane is addressed.

The work of I. Pop has been supported from the grant PN-III-P4-ID-PCE-2016-0036, UEFISCDI,
Romania.

Originality/value – Incorporation of vertical thin ﬂexible membrane in middle of a cavity has
numerous industrial applications, and it could noticeably affect the heat and mass transfer in the
enclosure.
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Nomenclature
Latin symbols
d
E
Et
fi
Fv
g
L
p
Pr
Ra
t
T
T0
u
up
Ws
x,y

= Nondimensional displacement;
= Young’s modulus;
= Dimensionless Young’s modulus;
= Dimensionless body force introduced in equation (2);
= Dimensionless body force introduced in equation (9);
= Gravitational acceleration vector;
= Cavity size;
= Dimensionless pressure;
= Prandtl number;
= Thermal Rayleigh number;
= Dimensionless time;
= Temperature;
= Initial average of the temperature in the enclosure;
= Dimensionless velocity vector;
= Moving coordinate velocity;
= Strain energy density function; and
= Cartesian coordinates.

Greek symbols
a
b
«

u
r
s
t
y

= Thermal diffusivity;
= Thermal expansion coefﬁcient;
= Strain;
= Kinematic viscosity;
= Nondimensional temperature;
= Density;
= Stress tensor;
= Nondimensional time; and
= Poisson’s ratio.

Subscripts
c
f
h
p
s

= Cold;
= Fluid;
= Hot;
= Partition; and
= Solid.

Superscripts
* = Dimensional.
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1. Introduction
Natural convection in a cavity is an enthralling engineering topic because of its broad
applications in nature and engineering, e.g. electronic geothermal systems, chemical catalytic
reactors, component cooling, thermal design of buildings, cryogenic storage and solar
collector design (Sheremet and Pop, 2014; Martyushev and Sheremet, 2014). Most studies are
dedicated to ﬂow and heat transfer in an enclosure without partitions. Indeed, different realms
of heat transfer have been studied in cavities such as conjugate heat transfer and nanoﬂuids
(Sheremet and Pop, 2014) or cavities with wavy walls (Sheremet and Pop, 2015;
Sheikholeslami and Shamlooei, 2017), with internal radiation (Martyushev and Sheremet,
2014; Sheikholeslami and Shehzad, 2017a) and under different magnetic ﬁeld (Sheikholeslami
and Rashidi, 2015; Sheikholeslami and Shehzad, 2017b; Sheikholeslami et al., 2017) and
porous media conditions (Sheremet et al., 2015). Nevertheless, there exist numerous
investigations on the effect of vertical plate in the rectangular and triangular cavities useful
for enhancing the free convection (Chamkha et al., 2012; Sathiyamoorthy and Chamkha, 2014;
Xu et al., 2009; Saha et al., 2014; Saha and Gu, 2014). Xu et al. (2009) studied the couple thermal
boundary layer adjacent to the partition in a differentially-heated cavity. Saha and Gu (2014)
investigated the heat transfer in an isosceles triangular enclosure partitioned in the center by
an inﬁnite conductive vertical wall. They showed the unsteady characteristics of the couple
thermal boundary layers and the overall free convection ﬂow in the partitioned triangular
cavity. The unsteady behavior is more problematic for multifarious bases. Knowing the
overall heat transfer rate across windows and walls that splitting up a hot room from a cold
environment or vice versa, could help to optimize the building design. Furthermore, it is also
essential to ﬁnd out the interaction of two convective systems and partially conducting wall.
The previous studies have shown that the natural convection for the laminar ﬂow regime
dwindles with respect to a non-partitioned enclosure even when a perfectly conductive partition
is used. Consequently, the heat transfer through the enclosure is noticeably descended (Xu et al.,
2009; Nishimura et al., 1988; Duxbury, 1979; Cuckovic-Dzodzo et al., 1999). Furthermore, all
investigations are constrained to the rigid and ﬁxed walls and partitions. On the other hand,
several works accounted the effect of moving boundaries on the transport phenomena (Ralph
and Pedley, 1988; Nakamura et al., 2000; Nakamura et al., 2001; Khaled and Vafai, 2002, 2003).
For instance, Nakamura et al. (2001) study the effect of wall vibration on different features of heat
and mass transfer in a channel, where the coordinate transformation method was used to change
the ﬂexible boundary into a ﬁxed boundary problem. Some other studies evaluated the inﬂuence
of the ﬂexible bottom surface in an enclosure using ﬂuid-structure interaction approach (Küttler
and Wall 2008; Mehryan et al., 2017; Al-Amiri and Khanafer, 2011). Al-Amiri and Khanafer
(2011) considered the bottom wall as a ﬂexible boundary and used ﬂuid-structure interaction
(FSI) analysis to study steady mixed convection heat transfer in a lid-driven enclosure.
The natural convection heat transfer in an enclosure containing chemical components is
common phenomena. Enclosures are divided into sub enclosures by partition membranes,
avoiding the mixing of chemical components. The coupling of the natural convection heat
transfer ﬂow with its interactions with a partition membrane is a new area of interest that is
studied neither in the context of FSI problems nor the heat transfer problems. In a recent
study, Jamesahar et al. (2016) focused on the unsteady natural convection in an enclosure
separated by two triangles using a ﬂexible thermal conductive partition. In this study,
adopting an unstructured grid and a Lagrangian–Eulerian formulation, the impact of
different important parameters on heat transfer was investigated.
Incorporation of a vertical thin ﬂexible partition has not been reported yet, although it
has multifarious industrial applications and could signiﬁcantly affect the heat and mass
transfer in the enclosure. Hence, in this study, for the ﬁrst time, we address the steady
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laminar free convection heat transfer in an enclosure compartmentalized with a ﬂexible thin
partition. The heat transfer behavior, the partition deﬂection and the induced maximum
stress in the partition will be then investigated.
2. Mathematical formulation
A two-dimensional unsteady free convection in an enclosure including a vertical ﬂexible
wall is modeled. It is presumed that the left vertical wall is suddenly cooled down to Tc and
the right vertical wall is suddenly heated up to Th, where Th>Tc. The bottom and top
horizontal walls are insulated. The impermeable cavity walls are assumed to be nonconducting and rigid. In addition, two small vertical parts with the length 0.1 per cent of the
height of cavity are considered to be open boundaries with relative pressure of zero to allow
transportation of ﬂuid owing largely to ﬂuctuating of the ﬂexible partition and
consequently, the alteration of volume in each cavity part. In other words, as we have
assumed that the ﬂuid is incompressible, the deformation of the ﬂexible partition changes
the volume of each part of cavity and to have a mass conservation we need to assume these
two open boundaries and due to the fact that these boundaries are really small, their
presence near the top corners does not affect the solution. Given the fact that the ﬂexibility
of the membrane may increase the temperature and velocity gradients to capture these
gradients adjacent to the boundaries, a clustered grid, assuming symmetric distribution in
vertical and horizontal directions in two parts of cavity and element ration to be 0.001, is
adopted near the walls and partition. The elemental details of the physical model are
presented in Figure 1. Except for density alteration that is conformed to Boussinesq
assumption, the other thermophysical properties of the ﬂuid are assumed constant. To
model the ﬂuid motion in FSI approach, a Lagrangian–Eulerian formulation is implemented.
The unsteady form of the governing equations for mass, momentum and thermal energy in
the ﬂuid phase for the partitioned cavity are represented here in canonical forms (Khanafer
et al., 2010; Khanafer and Vafai, 2010):
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Figure 1.
Schematic diagram of
the physical model in
which the coordinate
system is considered
to be at the center of
enclosure and the
membrane is
deformed under
external forces
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ru¼0

(1)

@u
þ ðu  up Þ  ru ¼ r  s f þ fyi
@t

(2)

@u
þ ðu  up Þ  ru ¼ r2 u
@t

(3)
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and quantities are nondimensionalized using the following parameters:


t af
x* ; y*
u* ; v* L
; ðu; vÞ ¼
t ¼ 2 ; ðx; yÞ ¼
L
af
L
u*p L
P * L2
T *  T0
p¼
;
u
¼
;
u
¼
p
Th  Tc
af
r f a2f

(4)

Here, u is velocity vector of ﬂuid; up is velocity of moving coordinate; (u-up) is relative
velocity; u is nondimensional temperature; t is nondimensional time; P is dimensionless
pressure; s f is ﬂuid stress tensor which is equal to p – Prr.u; fyi = Pr  Ra  u is
dimensionless body force; Pr = /af is the Prandtl number; and Ra = [g b (Th-Tc)L3] / af is
Rayleigh number. The initial condition of the working ﬂuid is considered to be quiescent
(u (x, y, 0) = 0). Moreover, considering the left and right vertical conditions to be Tc and Th,
respectively, the thin ﬂexible partition temperature is selected to be initially (ThþTc)/2.
Equations (1-3) are subjected to the boundary conditions of equation (5):
u ¼ 0 ; u ¼ 0:5 at x ¼ 0:5
u ¼ 0 ; u ¼ 0:5 at x ¼ 0:5
@u
u¼0;
¼ 0 at y ¼ 0:5 and 0:5
@y

(5)

It is assumed that the ﬂexible partition is a simple hyper-elastic material. Therefore,
considering the nonlinear geometric effects and using the Neo-Hookean model, the stress
tensor s * is introduced as equation (6):

*

s * ¼ J 1 FSF T

(6)

where F ¼ I þ rds , J = det (F) and S= @Ws/@ « in which ds* is dimensional displacement
of the membrane; Ws is function of strain energy density, and « denotes strain, which are
described as equations (7) and (8):

Table I.
Grid independence
test for Et = 1 
1014, FV = 0, Pr =
5.476 and different
Rayleigh numbers

Grid size

Ra = 1  107

Ra = 1  108

60  60
80  80
100  100
120  120
150  150

8.1465
8.1547
8.1588
8.1596
8.1598

16.7791
16.7883
16.7985
16.7992
16.7998

Fluid and heat
transfer

Downloaded by Prince Mohammad bin Fahd University At 02:37 30 January 2019 (PT)

2077

Figure 2.
Comparing the
present results and
literature data
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1
1
2
Ws ¼ m l J 1 I1  3  m l lnð J Þ þ l ðlnð J ÞÞ
2
2

«¼
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Figure 3.
Comparison of the
temperature contours
of enclosures with
ﬁxed (left side) and
ﬂexible (right side)
partition at different
times with the same
boundary conditions



1
rds* þ rds* T þ rds* T rds*
2

(7)

(8)

where I1 is the ﬁrst invariant of the right Cauchy–Green deformation tensor. The coefﬁcients
of m l and l are Lamé parameters calculated as m l = E/(2(1 þ )) and l =Ev/ [(1 þ v)(1  2v)]
in which E is Young’s modulus and  is kinematic viscosity. Furthermore, it should be noted
that the model of Neo-Hookean is unable for modeling materials such as plastics and rubberlike membranes (Gent, 2001).
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Figure 3.

The governing equation for the ﬂexible partition domain of the FSI model can be
represented by the elasto-dynamics equation (9) (Al-Amiri and Khanafer, 2011; Jamesahar
et al., 2016; Khanafer et al., 2010; Khanafer and Vafai, 2010):
1 d 2 ds
 Et rs s ¼ Et Fv
r R dt 2

(9)

where ds denotes the nondimensional solid displacement vector of the thin ﬂexible partition;
Fv is the nondimensional externally applied body force vector at time t ; r R is the ratio of
ﬂuid to solid densities; and s s is the solid stress tensor introduced as equation (10):
Et ¼

rf
EL2
d*
s*
ð r f  r s ÞLgy
; Fv ¼
; ds ¼ s ; s s ¼
; rR ¼
2
E
rs
L
E
r f af

(10)
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Given the fact that the membrane is highly conductive, balancing energy at the ﬂuid-solid
interface leads to an equal temperature gradient. In addition, considering the continuity of
dynamic movements and kinematic forces for ﬂuid-solid interaction at the partition surface
and no-slip boundary condition, we have:
@ds
¼ u ; Et s :n ¼ P þ Prru
@t

(11)
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3. Method of solution and validation
Using the Galerkin method as a ﬁnite-element approach with iteration, the system of
governing equations (1-3, 9) along with their boundary conditions, equations (5, 11) are
transformed to a weak form and solved numerically. The termination of iteration process

Figure 4.
Comparison of the
streamlines of cavity
with ﬁxed (left side)
and ﬂexible (right
side) partitions at
different times with
the same boundary
conditions

Fluid and heat
transfer
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Figure 4.

occurs when the residuals for the deﬁned dependent variables become less than 108. The
meticulous information about solution methods is obtained in the literature (Reddy, 1993;
Basak et al., 2006). To ensure that an accurate solution is independent of grid size, the steady
state average Nusselt numbers of the left cold wall for different grid sizes and two Rayleigh
numbers are calculated (Table I). The grid size of 120  120 provides accurate results and
used for the simulations in this work.
Three different conﬁgurations are modeled to conﬁrm the solution procedure validation.
First, a cavity with a centered vertical ﬁxed thin partition with the boundary conditions of
equation (5) (Xu et al., 2009); second, a lid driven cavity with a ﬂexible bottom surface
(Küttler and Wall, 2008); and third, an experimental study recapitulating the Nishimura et al.
(1988), work considering natural convection heat transfer in a cavity with multiple vertical
partitions. Comparing the results of current research and the works of literature (Figure 2),
show an excellent match between the computed temperature, deformation and Nusselt
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Figure 5.
The horizontal and
vertical deﬂection of
the two points of the
ﬂexible partition over
time

number in the ﬁrst, second and third conﬁgurations (Xu et al., 2009; Küttler and Wall 2008;
Nishimura et al., 1988; Churchill, 1983).
4. Results and discussion
To investigate the unsteady free convection of the enclosure with an elastic vertical
partition, placed in the center of geometry, the nondimensional parameters Ra and Pr are
ﬁxed to 1.0048  107 and 5.476, respectively. The time step is assumed to be adjustable. The
results are presented for a set of nondimensional parameters unless otherwise mentioned.
The temperature contour maps (isotherms) of the cavities with ﬁxed and ﬂexible
partitions at different times are presented in Figure 3. According to the isotherms for rigid
partition model and FSI model in different times (Figure 3), the heat transfer is augmented
when the middle partition is deformed. According to the present results, the shape of the
ﬂexible partition is profoundly dependent on the time.
Increasing the time induces an elevation in the convection heat transfer which leads to
augmentation of the external force and consequently soaring the ﬂexible partition
deformation. In addition, the deformation of ﬂexible partition changes the ﬂow regime and
consequently temperature distribution. Moreover, the streamlines corresponding to the
presented isotherms (Figure 3) are shown in Figure 4. The streamlines develop with time
and the deformation of the ﬂexible thin partition affects the pressure distribution in the
domain; consequently, it leads to elongating the recirculation region of the ﬂow on both
sides of the partition and therefore inﬂuences the heat transfer in the cavity.
The displacement of the elastic thin partition over time at two points (x = 0, y = 0.25) and (x =
0, y = 0.25) is evaluated (Figure 5). The results show that the deﬂections at the top and bottom
parts of the partition change smoothly at beginning followed by ﬂuctuating over time, and
ﬁnally, it becomes constant in the steady state condition. Generally, the displacement is an
increasing function of time at beginning as the heat transfer and ﬂuid ﬂow empower the external
forces. The oscillation of the ﬂexible partition then dwindles slightly as the partition deformation
reaches to an almost steady form. Further, the ﬂuctuation in the vertical direction is negligible
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Figure 6.
Total deformation of
the ﬂexible thin
partition for different
times, Et = 1  1014,
FV = 1.646  102,
Ra = 1.0048  107,
Pr = 5.476

Figure 7.
Variation of the
average Nusselt
number of the left
vertical boundary
with time for different
Rayleigh numbers,
Et = 1  1014, FV = 0,
Pr = 5.476
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Figure 8.
The dimensionless
stress of the ﬂexible
partition as a function
of different
dimensionless
Young’s modulus
values and different
Rayleigh numbers,
FV = 1.646  102,
Pr = 5.476

with respect to the horizontal direction. Also, the displacement of the thin membrane is drastically
affected by the physical and thermophysical properties. Figure 5 shows the general behavior of
the ﬂexible partition respect to time for two target points.
The displacement of the thin ﬂexible partition respect to time is shown in Figure 6. As
substantiated in Figure 6, in contrast to the lower and upper part of the thin ﬂexible partition, the
most part of the membrane is deformed and vibrated to the left side of the initial position at
beginning (t = 5  106). Moreover, as time goes on, the membrane deﬂection leans right. Owing
to the fact that the ﬂuid ﬂow circulation in right compartment is in the opposite direction to the
left one, the external forces applied to the centered thin partition change proportional to the ﬂuid
ﬂow regime. In addition, the deformation becomes almost invariant at t = 103.
The effect of Rayleigh number on the average Nusselt number on the left cold wall is
shown in Figure 7. The results show that when the Rayleigh number increases, the value of
average Nusselt number ascends signiﬁcantly. Moreover, decrease in Rayleigh number
reduces period of reaching to steady state condition. As time goes on, the difference between
the average Nusselt numbers for various Rayleigh numbers soars and it continues to reach a
steady state condition under which the difference remains constant.
Moreover, calculating the maximum nondimensional stress in the membrane is critical
for evaluating the heat and mass transfer. The variation of stress for various Young’s
modulus and Rayleigh numbers is shown in Figure 8. The stress is an increasing function of
Et and depending upon the value of the Ra, this increment function shows a different
behavior. For instance, the slope of the increase in stress for Ra = 1.0048  107 is low and as
Et ascends, this slope becomes higher and reaches a constant value. On the other hand, the
stress increases by increasing Et with a constant rate for Ra = 1.0048  105. Also, any
increase in the modulus of elasticity leads to an increase in the stiffness of the membrane
and the value of stress. Furthermore, increasing the magnitude of Rayleigh number
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increases the stress for low values of Et . On the other hand, for high values of Et , the
variation of Rayleigh number has no effect on the stress. In fact, the alteration in stress
resulted from changes in Rayleigh number is due to the effect of buoyancy force on the
ﬂexible partition. Accordingly, as the modulus of elasticity increases, the augmentation of
stiffness dominates the variation of buoyancy force.
The variation of dimensionless stress and deformation of the ﬂexible partition in the
steady state under different body forces applied on the membrane is represented in Figure 9.

Fluid and heat
transfer

2085

Figure 9.
The effect of applied
nondimensional body
force on the
membrane for
Et = 1  1015,
Ra = 1.0048  107,
Pr = 5.476, left side:
variation of
nondimensional
stress in the steady
state

Figure 10.
Comparing the
alteration of velocity
magnitudes with
nondimensional time
at point (0.25, 0), the
upper part of the
membrane, between
the square enclosures
with ﬂexible and
rigid partitions for
Et = 1  1014, FV = 0,
Ra = 1.0048  107, Pr
= 5.476
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Depending on the value of the applied body forces, the steady state stress of the membrane
varies. In other words, in the case of Fv = 0, the stress remains approximately constant. In
addition, when the applied body force is negative, the stress at the bottom of the membrane
ﬂuctuates and then soars when the membrane length is approximately greater than 0.1. On
the contrary, for the positive values of Fv, the ﬂuctuation phenomenon occurs on the top
section of the membrane and the stress increases when the membrane length becomes less
than 0.9. Moreover, the shape of the deformed membrane in the steady state, which is
dependent on the stress, is variable (Figure 9). In other words, the maximum deﬂection of the
membrane in positive and negative values of the applied force take place on top and bottom
sections of the ﬂexible partition, respectively. Noted that, the more increase in the value of
Fv, the more increase in the magnitude of the stress and deformation.
It is worth mentioning that the variation of parameters such as Prandtl number, Young’s
modulus and applied body force on the membrane do not have noticeable impact on the heat
transfer; therefore, the effect of these parameters on the Nusselt number has not been shown
here, for the sake of brevity.
Finally, to ﬁnd out the inﬂuence of ﬂexible thin partition on velocity ﬁeld, the velocity
magnitude at point (0.25, 0) over time is shown in Figure 10. The results show that the
velocity value ﬂuctuation is profoundly reﬂected by the deformation of the ﬂexible thin
partition. In other words, there is a signiﬁcant difference between the point velocities
magnitudes in cavities with rigid and ﬂexible partitions at early times, for which the ﬂexible
partition ﬂuctuates noticeably.
5. Conclusion
The transient natural convection of an enclosure with a hyper-elastic thin partition is
numerically investigated. The diathermal membrane is vertically located at the center of the
enclosure with a zero thickness and inﬁnite conductivity, under which only the heat transfer
perpendicular to the ﬂexible partition is modeled. The effect of both ﬂexible and rigid thin
partition with the cavity on the heat transfer are investigated and compared. Moreover, the
inﬂuence of Rayleigh number on the average Nusselt number of the left vertical wall is
evaluated. The maximum and steady state nondimensional stress under various parameters
of the system are calculated. The heat transfer in a ﬂexible partition in a nutshell augments
with respect to a rigid partition. Furthermore, the higher the Rayleigh number, the higher
the average Nusselt number of the left vertical wall. As Rayleigh number dwindles, the
period of reaching the steady state condition decreases. Furthermore, as the modulus of
elasticity increases, the maximum nondimensional stress soars signiﬁcantly. When the
value of modulus of elasticity is low, increasing of Rayleigh number leads to an increase in
the maximum nondimensional stress. In addition, depending on the value of applied body
force on the membrane, the dimensionless steady state stress and deformation in the ﬂexible
partition are variable. Finally, it is concluded that the deﬂection of the membrane leans right
in the steady state due to external forces of the ﬂow ﬁeld.
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