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A B S T R A C T

The unsteady thermal flow and heat transfer adjacent to the sidewall of a differentially heated cavity with single
and multiple nonconductive fins are investigated utilizing the finite element method. The transition to the
unsteady flow, as well as flow oscillations, is described for the water-filled cavity and Rayleigh numbers ranging
from 1 × 107 to 1 × 1010, including the critical Rayleigh number. Characteristics of unsteady flows are in-
vestigated for early, transitional, and quasi-steady stages. For all cases, heat transfer from the finned sidewall to
the interior fluid is quantified and compared with the cavity without the fin. Results show that the volumetric
flow rate along the vertical axis in the middle of the cavity rises by increasing the number of fins (up to 13.41%
for the cavity with two fins for Ra = 1.84 × 109) in transitional and quasi-steady stages. Moreover, the in-
crement of fin number and Ra leads to a higher enhancement factor (ε) that shows the heat transfer enhancement
or depression. For Ra = 1.84 × 109, the maximum ε for the cavity with one and three fins is calculated about
17.5% and 34% respectively.

1. Introduction

One of the pivotal phenomena in daily life and industrial applica-
tions is buoyancy-driven convection, which is complicated due to the
essential coupling between flow and thermal fields. Heating and cooling
of buildings, heat exchangers, renewable energy sources, cooling of
electronic equipment, and computer technologies are applications that
have been subject of many types of research [1–4].

Free convection within a differentially heated enclosure is a long-
standing subject of a study initiated with early observations of
Batchelor [5], who proposed that the aspect ratio, Prandtl number, and
Rayleigh number are contributing factors that predominantly influence
flows and heat transfer inside the cavity. Natural convection in differ-
entially heated cavities with a horizontal plate attached to the center of
the cold vertical wall is demonstrated by Oosthuizen and Paul [6] for
aspect ratio between 3 and 7. They have reported that while the local

heat transfer rate increases on the upper portion of the hot wall, it falls
near the center of the wall. Frederick [7] numerically studied an in-
clined cavity for Rayleigh number ranging from 103 to 105 in which a
diathermal partition is attached on the cold wall. He proposed that the
heat transfer decreases up to 47% on account of partial suppression of
convection flows caused by the partition. Since conventional heat
transfer fluids, such as water, have a low thermal conductivity, utilizing
fluids containing nanosized solid particles is increasing [8–11].
Chamkha and Ismael [12] investigated the natural convection heat
transfer in a differentially heated and vertically partially layered porous
cavity, which is filled with a nanofluid. They figured out that the
convective heat transfer is enhanced using nanofluid even at a low
permeable porous medium.

Steady flows within cavities have been examined in early studies
[13,14], while most buoyancy-induced flows in industrial and natural
applications are unsteady. Unsteady natural convection induced by
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sudden heating or cooling is an active area of research which is started
by pioneering works of Patterson and Imberger [15]. They discussed
features of transient flows by using scale analysis method, which led to
fundamental scaling relations for the vertical thermal boundary layer
and the intrusion surrounding horizontal walls. This was followed by
Xu et al. [16], who utilized a shadowgraph observation of the transient
flow within a suddenly heated cavity with a small square fin on the
heated wall. They have divided the transient natural convection flow
into initial, transitional, and quasi-steady stages. Thin thermal
boundary layers develop next to heated and cooled vertical walls where
perturbations travel due to the Leading Edge Effect (LEE), during the
initial stage [17–19]. In the thermal boundary layer, the transition from
one-dimensional unsteady flow to two-dimensional steady flow takes
place when the LEE travels away [20,21]. As time elapses, the fluid
separates from the downstream thermal boundary layer, and the heated
fluid accumulates underneath the ceiling, and consequently, an intru-
sion appears. During the transitional stage, trailing waves form in the
upstream corner of the cavity, which are followed by the oscillations of
the intrusion between two side walls [16,22–24]. Rayleigh number
plays a vital role during the quasi-steady stage. For Rayleigh numbers
larger than a threshold value, the thermal flows within the cavity are
periodic [25–27] or even turbulent when the Ra number is adequately
large [28–30].

Utilizing a different shaped adiabatic or conductive fin provides
well-established passive means to control the fluid flow and heat
transfer within enclosures without consuming more energy, which has
critical importance in a variety of industrial applications. The thickness,
length, inclination angle and position of the divider, i.e., fin, are pre-
dominant parameters which have a vital role on the fluid flow as well as
heat transfer inside the cavity [31–35]. Systematic series of simulations
and experiments have been done to address the effect of fin length on
the free convection flow within the cavity in which the thickness of the
fin is considered to be negligible comparing to its length, i.e., thin fin
[36–38]. Secondary circulations have been observed at the upper and
lower corners of the fin when its length is sufficiently large. Increasing
the fin length reportedly has a retarding effect on the heat transfer
through the wall where the fin is located owing to the depression of free
convection [7,39,40]. Oosthuizen and Paul [6], however, stated that by
increasing the fin length, the heat transfer is enhanced through the
unfinned vertical wall on the grounds of secondary circulations, which
was later acknowledged by Bilgen [41]. He reported that whereas the
Nusselt number and therefore heat transfer in cavities are increasing
functions of Rayleigh number, the increment of the fin length, as well as
the relative thermal conductivity ratio, diminishes the heat transfer.
The fin length is not the only factor that controls the fate of natural
convection within the cavities. Nag et al. [42] described that the heat
transfer inside the cavity decreases by reducing the thickness of the fin
attached to the hot sidewall until the fin thickness reaches a threshold
value at which the heat transfer increases by a further reduction in the
fin thickness. Nag et al. [39] have also reported that the fin's vertical
location plays a significant role in heat transfer and convective flows in
the enclosure. They demonstrated that as the fin moves to an upper
position, the heat transfer drops sharply.

The Rayleigh number has a pivotal role in natural convection flows
within the cavity [14,26,29,36]. Whereas literature demonstrates that
for low Rayleigh numbers heat is generally transferred through con-
duction, convection is the dominant heat transfer mechanism for high
Rayleigh numbers. Bilgen [38] investigated the steady convective flows
within a cavity in which a fin is located on the heated wall for low
Rayleigh numbers (less than 107). However, this was followed by sys-
tematic experiments executed by Xu et al. [43] on the transient flow for
a cavity with a square fin on its heated sidewall for Rayleigh numbers
higher than 109. The Prandtl number, which possesses critical im-
portance in natural convection within enclosures, has been long studied
by researchers [15,44,45]. Previous studies have considered convective
flows inside finned enclosures for an individual Prandtl number

[,43,46–51]. However, Ma et al. [52] have studied the transient natural
convection flows for Rayleigh numbers from 107 to 1010 and Prandtl
numbers ranging from 0.1 to 100 owing to the wide range of fluids of
different Prandtl numbers in numerous industrial applications. They
reported that for Pr > 1 and Pr < 1, there are entirely different dy-
namical mechanisms of the thermal flow, and the oscillations of
downstream flow become stronger as the Rayleigh number increases or
the Prandtl number decreases.

In abundant industrial applications such as heat exchangers and
solar collectors, the study of heat transfer through a cavity is of prac-
tical importance [51]. In previous studies, effects of the single fin on
transitional natural convection flows adjacent to the heated sidewall of
a cavity are examined in details; however, transitional flows within an
enclosure with multiple fins have not been studied. In order to cover the
existing lack of knowledge in the literature, unsteady transitional flows
are analyzed within a cavity in which one, two, and three fins are in-
stalled on its hot sidewall. To investigate the effects of fins, governing
equations are solved for some specified cases by using Computational
Fluid Dynamics (CFD) for Rayleigh numbers between 1 × 107 to
1 × 1010 and Pr = 6.62 (water). Characteristics of unsteady flows, as
well as heat transfer nearby the heated sidewall, are investigated for
early, transitional, and quasi-steady stages.

2. Numerical procedures

Considering previous literature [49–52], two-dimensional numer-
ical models are able to describe the flow features of the transient nat-
ural convection in a differentially heated cavity. Hence a two-dimen-
sional physical model is utilized here to understand the effect of the
adiabatic thin fin(s) (whose thickness is neglected and length is l) in a
rectangular cavity of H (height) × L (length). The fin(s) and horizontal
walls are considered as thermally insulated while there is a constant
temperature difference (ΔT) between two vertical sidewalls. Moreover,
all walls and the fin(s) are assumed rigid and no-slip. The boundary
conditions and computational domain are demonstrated in Fig. 1 for
three different cases. The center of the cavity is adopted as the co-
ordinate origin, and SI units are used in the present study unless
otherwise specified. The initial temperature of the fluid inside the
cavity, which is originally isothermal and at rest, is equal to T0. It is
worth mentioning that the flow heating due to the viscous dissipation
and the material volume change are negligible.

In this paper, Navier Stokes and energy equations incorporated with
the Boussinesq assumption are employed to characterize natural con-
vection flows induced by the fin(s) within the enclosure [50].

Fig. 1. Schematic diagrams of utilized cavities with (a) one fin, (b) two fins, and
(c) three fins.
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In which X, Y, U, V, P, and T are dimensional forms of directions,
velocity components, pressure, and temperature, respectively.
Moreover, ρ and T0 stand for density and initial temperature, g is the
gravitational acceleration, β is the thermal expansion coefficient, μ is
the dynamic viscosity, and α is the thermal diffusivity of the fluid.
Thermo-physical properties of water as the working fluid are given in
Table 1. As aforementioned, Rayleigh (Ra) and Prandtl (Pr) numbers,
defined as follow, play a significant role in the heat transfer and tran-
sient flows inside the cavity [42,45].

=
∆

Ra
g β T H

α ν

3

(5)

=Pr
α
ν

(6)

Here, ΔT is the difference between the hot and cold surface tem-
peratures, and ν is the kinematic viscosity. Furthermore, besides
Rayleigh and Prandtl numbers, the aspect ratio of the cavity (A) is
another dimensionless parameter that determines the subsequent de-
velopment of transient flows within the cavity [5].

=A H
L (7)

Based on the experimental study done by Xu et al. [53], the cavity
aspect ratio of A = 0.24 and the fin(s) length of l = 0.04 m are chosen.
Moreover, the Prandtl number of 6.62 (water) and a range of Rayleigh
numbers from 1 × 107 to 1 × 1010 are taken into account.

2.1. Mesh and time-step dependency tests

According to the initial and boundary conditions, the governing
equations are solved using a Finite Element technique with Second-
order elements discretization and Implicit Backward Difference
Method. For time marching solution, maximum order 2 has been em-
ployed as the integration scheme. The equations are discretized em-
ploying second-order triangular elements for velocity components,
linear elements for pressure, and second-order elements for tempera-
ture. The simulation is assumed converged when the estimated error in
the iterative solver is below 1 × 10−6. A heterogeneous triangular grid
mesh is constructed, which is uniform and relatively coarse in the
middle of the cavity. However, non-uniform and satisfactory grid mesh
is applied adjacent to the heated vertical wall and the fin(s) to illustrate
the features of unsteady convection flows around them accurately. The
mesh dependence test is conducted on three meshes size (62,488,
114,566, and 146,248 domain elements) for the cavity with one fin. To
evaluate the effect of the utilized grid system on the transient flows,
time series of the Nusselt number across the heated sidewall of the
cavity with one fin (Fig. 1a) is calculated (with Ra = 1.84 × 109 and
Pr = 6.62) for two various grid systems (Fig. 2). As presented in Fig. 2,
the results obtained by using different grid systems reveal a similar
trend for the calculated Nusselt number. Furthermore, the results de-
monstrate that the average Nu difference for two various grid systems is
smaller than 1%. This outcome indicates that both of the grid systems
can be employed to describe transient flows induced by the fin within
the enclosure; however, considering the computing time, the domain
with 62,488 elements is adopted in this research.

The numerical result's dependency on the time step is investigated
using time steps of 0.1 s and 0.05 s (based on [50]). The results are
depicted in Fig. 2. It can be inferred from Fig. 2 that the calculated Nu
for these time steps are almost the same. Hence the time step of 0.1 s,
which is sufficiently small to capture the unsteady convection flow
features, is utilized here.

2.2. Methodology verification

To assess the validity of our results, an experimental study of Xu
et al. [53] and a numerical analysis done by Tasnim and Collins [37]
are employed. All parameters, such as length of the fin as well as the
enclosure's dimensions and boundary conditions, are selected the same
as those used by [37,53]. Fig. 3a compares the flow structures obtained
by the current study and the shadowgraphs reported by Xu et al. [53].
As can be seen, the unsteady natural convection flows obtained by the
current numerical solutions are similar to those of the experimental
study. In addition, the comparison between the average Nusselt
number, which shows the average heat transfer across the heated
sidewall, obtained by Tasnim and Collins [37], and the present study is
illustrated in Fig. 3b. Referring to Fig. 3b, the average Nusselt numbers
calculated by our study for various fin lengths, at Ra = 1 × 105 and for
dimensionless fin height of 0.25, are in a reasonable agreement with
those given by [37] (the maximum calculated error is about 2.3%).

3. Results and discussion

In order to attain further insight into the fin(s) effect on the un-
steady natural flow near the finned sidewall in a water-filled cavity,
numerical simulations for the Rayleigh numbers of 1 × 107 to 1 × 1010

Table 1
Thermo-physical properties of Water as working fluid.

Density (kg m−3) Cp

(J kg−1K−1)
Thermal Conductivity (W m−1K−1) Dynamic Viscosity (kg m−1s−1) Thermal expansion coefficients

(K−1)

998 4180 0.606 9.59 × 10−4 0.000214

Fig. 2. Comparison between the calculated Nusselt number for different grid
systems and time steps.
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for three various cases (cavity with one, two, and three fins, demon-
strated in Fig. 1) are accomplished here. The Rayleigh number possesses
a critical effect on transitional flows inside the finned cavity such that
for the Rayleigh numbers larger than a threshold value, the flow at the
quasi-steady stage is likely to be periodic [25]–[27]. Xu et al. [53] have
stated that the local Rayleigh number based on the intrusion thickness
scale, which is proposed by Patterson and Imberger [15] for the first
time, is obtained by O Ra Pr( / )h

1/2 . In the present study, since the height
of the cavity is the same for one, two, and three finned cavities, by
increasing the number of fins, the distance between them reduces, and
consequently, the critical Rayleigh number decreases. However, the
selected range of Rayleigh number in this study (from 107 to 1010)
consists of the critical value for all three cases. The results obtained by
the current numerical solutions are described in the following sections.

3.1. Unsteady transient flows

Previous studies (e.g., [46,47]) have classified the transitional nat-
ural convection flows inside a water-filled enclosure with a thin fin into
three distinct stages: early, transitional, and quasi-steady stages. For the

Rayleigh number of 1.84 × 109, the development of transient flows
adjacent to the heated sidewall for the cavity with one, two, and three
fins are illustrated in Figs. 4 to 9.

As can be seen from Fig. 4a, which shows the isotherms inside the
cavity with one fin for Ra = 1.84 × 109, the upper and lower thermal
boundary layers are approximately identical close to the finned wall,
and two intrusion fronts are formed underneath the thin fin and the
ceiling. As time elapses, the heated fluid accumulates underneath the
fin and the ceiling, and consequently, the intrusions are likely to move
horizontally. Eventually, the lower intrusion front passes the fin (at
t = 24 s, Fig. 4b) and forms the starting plume, which demolishes the
similarity between the upper and lower thermal boundary layers
(Fig. 4c). In the subsequent development of flows, the starting plume
rises vertically due to the buoyancy force and thereby striking the in-
trusion beneath the ceiling (Fig. 4d and e, respectively). Afterward, the
broken plume head combines with the intrusion as well as the down-
stream thermal boundary layer (Fig. 4f and g). By passing of time, the
plume flow is drawn closer towards the hot sidewall and the fin through
the downstream thermal boundary layer entrainment (Fig. 4h).

The thermal flow nearby the fin(s) enters a slow transitional stage

Fig. 3. Comparison between the current numerical methodology and (a) experimental study of Xu et al. [53] and (b) numerical analysis done by Tasnim and Collins
[37].
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when the perturbations generated by the plume head are convected
away, and the intrusion coming from the cooled sidewall approaches
the hot finned wall upstream of the fin(s). For the cavity with one fin,
the intrusion coming from the cooled sidewall arrives at approximately
t = 160 s (Fig. 5a). When the cold intrusion strikes the hot sidewall, a
double-layer structure forms in the subsequent development of the flow
upstream of the fin [50], which extends towards the fin (Fig. 5b and c).
The double-layer structure is a unique feature of the natural convection
flow within enclosed cavities, which does not appear in the natural
convection flow adjacent to the semi-infinite plate [16]. By the passage
of the time, this double-layer thermal boundary layer induced by the
cooled intrusion breaks the thermal flow above the fin and triggers a
plume, as illustrated in Fig. 5c. Downstream of the fin, the plume moves
upward and strikes the intrusion under the ceiling as well as the
thermal boundary layer adjacent to the hot sidewall (Fig. 5d and e).

By increasing the time further, the quasi-steady stage begins. For the
cavity with one fin, since the local Rayleigh number based on the in-
trusion thickness is higher than the critical condition of
Rayleigh–Bernard-type instability, the thermal flow above the fin is
influenced by Rayleigh-Bernard instability [53]. This instability triggers
intermittent plumes that interact with the thermal boundary layer
above the fin and generates traveling waves downstream of the fin.
Fig. 5f, g, and h show the traveling wave downstream of the fin as well
as the separation above it. Moreover, it is clear from Fig. 5f that the

interior fluid is stratified, and the upward thermal tongues of isotherms
are formed near the heated sidewall.

Fig. 6 shows the natural convection transient flow development
beside the heated sidewall of the cavity with two fins at the early stage
for Ra = 1.84 × 109. Following sudden heating, the thermal boundary
layer, which is divided into three similar portions by fins, appears next
to the heated sidewall. In this case, beneath the ceiling and fins, three
intrusion fronts are formed and move horizontally as the heated fluid
accumulates by the time (Fig. 6a and b). As the intrusion fronts bypass
the fins, two similar starting plumes are generated and rise vertically
(Fig. 6c). While the upper plume strikes the intrusion under the ceiling,
the lower plume merges into the intrusion under the upper fin (Fig. 6d).
Similar to the cavity with one fin, the broken plume heads combine
with intrusions as well as the downstream thermal boundary layer
(Fig. 6e). Consequently, entrainment by downstream thermal boundary
layer draws the plume flows closer to the hot sidewall, as illustrated in
Fig. 6f. The lower plume flow reaches the hot wall at t = 120 s (Fig. 6g);
however, it takes a long time for the upper plume flow to reach the
sidewall, which is due to the effect of the lower broken plume that
ascends and passes the upper fin.

Fig. 7 demonstrates the developments of natural convection flow
close to the hot sidewall in transitional and quasi-steady stages for the
enclosure with two fins. By increasing the time, unlike the cavity with
one fin, the cold intrusion strikes with the lower fin, not the thermal

Fig. 4. Development of natural convection flow near the heated sidewall of the cavity with one fin in early stage for Pr = 6.62 and Ra = 1.84 × 109 at (a) t = 15 s,
(b) t = 24 s, (c) t = 35 s, (d) t = 45 s, (e) t = 52 s, (f) t = 63 s, (g) t = 90s, (h) t = 120 s.
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boundary layer upstream of it because the fin is installed at a lower
position (Fig. 7a). Consequently, the thermal flow surrounding the fin
breaks and plume front forms (Fig. 7b). The plume front ascends and
fuses with the intrusion underneath the upper fin and the thermal
boundary layer adjacent to the sidewall (Fig. 7c). Then the intensified
intrusion under the upper fin passes the fin and strikes with the one
beneath the ceiling (Fig. 7d). Furthermore, the clockwise flows over the
fins are clear from Fig. 7d. As can be seen from Fig. 7e, the next plume
front has bypassed the lower fin and is rising towards the upper one. As
the temperature stratification establishes and reaches the fins, the flow
enters the quasi-steady stage. At the quasi-steady stage, a disturbed
structure known as traveling wave forms at the upper corner of the
lower fin and the sidewall because of the interaction of the thermal flow
around the fin, induced by the cold intrusion, with the thermal
boundary layer downstream of it (Fig. 7f). The traveling waves ascend
and strike with the intrusion beneath the upper fin, which leads to
oscillation of thermal flow downstream of it (Fig. 7g and h).

For the cavity with three fins, the isotherms of natural convection
flow adjacent to the heated sidewall in the early stage are depicted in
Fig. 8 for Ra = 1.84 × 109. Here, the initial thermal boundary layer is
divided into four identical segments, which lead to four intrusion fronts
under the ceiling and fins (Fig. 8a). As time elapses, the intrusion fronts
generated under the fins grow and eventually bypass the fins and form
three starting plumes, which ascend because of buoyancy force

(Fig. 8b). Since the distance between the fins is the lowest in this case
comparing with previous ones, the plumes strike to their upper intru-
sions promptly (t = 43 s). By increasing time, the broken plume heads
combine with their upper intrusions as well as the downstream thermal
boundary layers (Fig. 8d). While the lowest plume flow is drawn closer
to the hot sidewall by the downstream thermal boundary layer en-
trainment at approximately t = 100 s, it takes a longer time for the
middle plume flow to reach the wall (Fig. 8f and h, respectively).
However, the entrainment stage fails to complete for the uppermost
plume flow because the cavity enters the transitional stage (Fig. 9d).

As depicted in Fig. 9a, b, and c, for the cavity with three fins, the
cold intrusion arrives, strikes with the lowest fin, and forms a plume
that ascends and strikes with the middle fin and separates the flow over
it. The generated intrusion rises, strikes the top fin, and induces a
clockwise flow between the middle and the top fins (Fig. 9d). As time
elapses, the intensified flow underneath the upper fin passes the fin and
strikes the intrusion beneath the ceiling, as presented in Fig. 9e and f.
Similar to the previous cases, this phenomenon will take place until the
interior fluid completely stratifies, and the thermal boundary layer flow
adjacent to the hot sidewall and fins enter the quasi-steady stage
(Fig. 9g). It is clear from Fig. 9g and h that the traveling wave appears
at the corner of the lowest fin with the sidewall, rises, strikes with the
intrusion under the middle one, and causes a separation over it.
Eventually, the traveling wave passes the upper fin and fuses with the

Fig. 5. Development of natural convection flow near the heated sidewall of the cavity with one fin in transitional and quasi-steady stages for Pr = 6.62 and
Ra = 1.84 × 109 at (a) t = 160 s, (b) t = 178 s, (c) t = 187 s, (d) t = 200 s, (e) t = 215 s, (f) t = 990 s, (g) t = 997 s, (h) t = 1002s.
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intrusion underneath the ceiling.
To evaluate the effect of Ra on the unsteady flow within the cavity,

Fig. 10 is presented, which compares the isotherms of convection flow
adjacent to the heated sidewall of the cavity with two fins for different
Rayleigh numbers. It can be inferred from Fig. 10 that by increasing the
Rayleigh number, the thickness of the thermal boundary layer adjacent
to the sidewall and the plume front become thinner and the plume front
forms and ascends faster. Additionally, the cold intrusion does not ar-
rive to the hot sidewall at t = 1900s, and therefore, the oscillations fail
to appear for Ra = 1 × 107 since it is lower than the critical value.
However, the interior fluid is stratified for other Rayleigh numbers, and
thermal tongues are formed.

3.2. Temperatures

In order to illustrate further the overall transition of natural con-
vection flow in the vicinity of the finned sidewall to the time-dependent
flow, time series of the calculated temperatures are obtained at parti-
cular points in the vertical boundary layer downstream of the fins. The
early transient flow is consists of the Leading Edge Effect (characterized
by overshoot and the subsequent group of traveling waves), perturba-
tions induced by the ascending plume, and reattachment of the thermal
flow bypassing the fin [50]. Fig. 11a shows the time series of the
temperature at P1(0.498 m, 0.06 m) downstream of the fin for the cavity

with one fin at Ra = 1.84 × 109. A logarithmic time scale is utilized
here to demonstrate the early flow behavior clearly. As presented in
Fig. 4, when the starting plume front bypasses the nonconductive fin, it
is not entrained into the downstream vertical boundary layer. Conse-
quently, a complete LEE can be observed at the downstream of the fin
during the early stage. It takes about 120 s that the intrusion beneath
the fin bypasses the fin, forms the starting plum, strikes the intrusion
under the ceiling, and entrained into the vertical thermal boundary
layer, which is clear from Fig. 11a. Then, through a slow transitional
stage, the boundary layer undertakes a time-dependent periodic flow
due to the perturbations induced by traveling waves, which occurs at
approximately t = 200 s for the first time. Considering Fig. 5f and g,
separating and reattaching of intermittent plume formed downstream
of the fin to the vertical thermal boundary layer induces a periodic flow
at the vicinity of the hot sidewall during the quasi-steady stage, as il-
lustrated in Fig. 11a. Therefore, the flow around the fin is unsteady and
oscillatory, which is predictable by comparing the utilized Rayleigh
number (1.84 × 109) with the critical one (about Ra = 2 × 107 [52]).

For the cavity with two fins, time series of the temperature for two
distinct points, P1(0.498 m, 0.08 m) and P2(0.498 m, 0.0 m), are pre-
sented in Fig. 11b for Ra = 1.84 × 109. As explained in section 3.1, the
thermal boundary layers are similar for both fins at the beginning,
which is confirmed by Fig. 11b. Moreover, it is clear from Fig. 11b that
flows around both fins are unsteady and oscillating; however, the

Fig. 6. Development of natural convection flow near the heated sidewall of the cavity with two fins in early stage for Pr = 6.62 and Ra= 1.84 × 109 at (a) t = 12 s,
(b) t = 26 s, (c) t = 35 s, (d) t = 49 s, (e) t = 70s, (f) t = 97 s, (g) t = 120 s, (h) t = 150 s.
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temperature at P1 is higher than that at P2 during the quasi-steady
stage. The lower fin is affected more by the cold intrusion, and therefore
the flow downstream of it has a lower temperature in comparison with
the one downstream of the upper fin.

Fig. 11c displays a time series of the temperature at
Ra = 1.84 × 109 for three different points selected in the vertical
boundary layer, P1(0.498 m, 0.09 m), P2(0.498 m, 0.03 m), and
P3(0.498 m, −0.03 m) respectively. The overall trend of the tempera-
ture is similar to the previous cases. For the cavity with three fins, since
the formation of three intrusions beneath the fins besides starting plums
are similar to each other, the temperatures series are almost similar at
the beginning. It can be seen from Fig. 11c that the perturbations of the
temperature at P3 are descending while they oscillate around constant
values for the other two points. Furthermore, the flow temperature at P3
is the lowest because it is more affected by the intrusion coming from
the cold sidewall. But the temperature of P1 is the highest since it is far
from the cold intrusion.

Fig. 11d is presented to obtain further insight into the effect of the
number of fins on unsteady transitional natural convection flows ad-
jacent to the hot finned sidewall. Fig. 11d demonstrates the time series
of temperature at a specific point Ṕ(0.498 m, 0.09 m) for the cavity with
one, two and three fins in which the Rayleigh number is 1.84 × 109.
Although the overall behavior of the temperature is the same for all
three cases, the temperature of Ṕ reduces by increasing the number of
fins at the early stage. The reduction of the temperature at the early
stage is associated with the thickness of the thermal boundary layer. By

increasing the number of fins, the distance between Ṕ and the top fin
decreases, and consequently, the corresponding thermal boundary layer
thickness at this point reduces which leads to a lower temperature. As
can be seen from Fig. 11d, the temperature for the cavity without fin
does not oscillates and is almost steady; however, the perturbation in-
duced by the cold intrusion is observed at approximately t = 200 s.
Moreover, by increasing the number of fins, the distance between the
top fin and the ceiling decreases, and consequently, the amplitude of
the temperature oscillation diminishes.

Fig. 12 shows the time series of temperature at P1 for the cavity with
one fin, as well as Ṕ for all three cases, for various Rayleigh numbers. As
can be seen from Fig. 12a, the temperature reaches a constant value and
does not oscillates for Ra = 1 × 107 since it is lower than the critical
value. By increasing Ra, perturbations appear at the boundary layer
adjacent to the hot sidewall, and convection flows inside the cavity
become unstable. Furthermore, the convection will be the dominant
heat transfer mechanism for higher Rayleigh numbers, and conse-
quently, the intensity of the cold flow is more likely to increase, which
leads to a lower temperature. Fig. 12 illustrates that the transitional and
quasi-steady stages begin sooner as the Rayleigh number rises for all
cases.

As aforementioned, the thermal flow oscillation above the fin trig-
gers traveling waves in the boundary layer downstream of it. In order to
obtain insights into the mechanism responsible for the oscillations,
temperature profiles of the fluid layer above the middle of the fins are
illustrated in Fig. 13 for all cases at t= 8000 s. Considering Fig. 13a, for

Fig. 7. Development of natural convection flow near the heated sidewall of the cavity with two fins in transitional and quasi-steady stages for Pr = 6.62 and
Ra = 1.84 × 109 at (a) t = 160 s, (b) t = 190 s, (c) t = 200 s, (d) t = 205 s, (e) t = 235 s, (f) t = 1283s, (g) t = 1290s, (h) t = 1300s.
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the cavity with one fin, there exists a thin fluid layer above the fin with
the thickness of δ. Moreover, an adverse temperature gradient is ob-
served which is potentially unstable and increases towards the fin
surface. The local Rayleigh number, defined as
Raloc = gβ(Tmax − Tmin)δ3/υk, governs the stability of this layer [47].
Since the temperature gradient is adequately large here, the thin fluid
layer above the fin is unstable in a Rayleigh–Benard sense, and the
plume-like intermittent separation appears, which is clear in Fig. 5f, g,
and h.

Temperature profiles of the fluid layer above the fins are depicted in
Fig. 13b and c for the cavity with two and three fins, respectively (at
t = 8000 s). As it is clear from Fig. 13b, the unstable fluid layer above
the lower fin is cooler than that above the top fin because it is affected
more by the cold intrusion. Moreover, there exists an erratic behavior
above the upper fin, which is more noticeable for the cavity with three
fins (see Fig. 13c). Referring to Fig. 9g, there is a clockwise circulation
above the middle fin, which is the contributing factor to this irregu-
larity. As it is clear from Fig. 13c, the thickness of the fluid layer above
the fin is thinner for the lower fin comparing to the middle one. Fur-
thermore, the temperature profile for the top fin is similar to the middle
fin profile; however, it possesses a smaller temperature range since it is
drowned in the intrusion beneath the ceiling. Fig. 13d represents the
temperature profile of the fluid layer above the middle of the fin for the
cavity with one fin for Rayleigh numbers from 107 to 1010 at the quasi-

steady stage. Since the conduction heat transfer is the dominant me-
chanism for lower Rayleigh numbers, their temperature profile pos-
sesses higher values. On the other hand, an adverse temperature gra-
dient appears for higher Rayleigh numbers.

3.3. The volumetric flow rate and heat mass transfer

To quantitatively examine the natural convection flow inside the
enclosure, the volumetric flow rate (Q) along the vertical axis in the
middle of the cavity for the unit depth of 1 m is calculated numerically
as the representative quantity [46].

∫= −Q U dY1
2

| |H

H

2

2

(8)

The time series of the volumetric flow rates across the vertical axis
in the middle of the cavity with one, two, and three fins, as well as the
cavity without it, are illustrated in Fig. 14a for Ra = 1.84 × 109. It is
clear that the flow rate is zero until the intrusion front under the ceiling
passes through the central line, then rapidly increases to its maximum
value and eventually approaches a constant or oscillatory value in the
quasi-steady stage [52]. From Fig. 14a, it can be inferred that the
overall behavior of the flow rate is similar for all cases. However, the
flow rate of the cavity without fin is the lowest in comparison with
other ones, which clearly demonstrates the effect of the fin on the

Fig. 8. Development of natural convection flow near the heated sidewall of the cavity with three fins in early stage for Pr=6.62 and Ra=1.84 × 109 at (a) t = 15 s,
(b) t = 35 s, (c) t = 43 s, (d) t = 55 s, (e) t = 80s, (f) t = 100 s, (g) t = 120 s, (h) t = 150 s.
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natural convection flows inside the cavity. While the flow rate is the
highest for the cavity with two fins in the early stage, the one with three
fins possesses the highest amount of the volumetric flow rate during
quasi-steady stages. This implies that the presence of three fins on the
hot sidewall of the cavity intensifies the generated perturbations and
thereby increasing the convective flow rate when compared with the
other cases. Moreover, Fig. 14a shows that the flow rate across the
vertical axis in the middle of the cavity oscillates for all cases, but its
amplitude increases by adding the fin number. For different Rayleigh
numbers, obtained volumetric flow rates are depicted in Fig. 14b. As
aforementioned, by increasing the Rayleigh number, the starting plume
forms faster, and perturbations are more likely to intensify. Conse-
quently, the volumetric flow rate grows, and its maximum value occurs
sooner for higher Ra.

As reported by previous studies ([46,50] and etc.), mixing in the
thermal boundary layer adjacent to the heated sidewall is improved due
to the presence of the thin fin and consequently results in an en-
hancement in heat transfer. In order to assess the impact of the fin
number on the heat transfer, the Nusselt number through the hot
sidewall is calculated, which is defined as follows [54]:

∫= ∂
∂

Nu T
X

dY
0

0.24

(9)

Fig. 15a presents the time series of the calculated Nusselt numbers

across the hot sidewall for different cases in which the Rayleigh number
is 1.84 × 109. In spite of the fact that the heat transfer is enhanced for
the finned cavity throughout the various stages of the natural convec-
tion flow development, the general behavior of the Nu is similar in all
cases. After sudden heating, conduction from the heated sidewall to the
fluid nearby is the dominant heat transfer mechanism. In this stage, the
significant temperature difference between the hot sidewall and the
interior fluid induces large Nu in all cases, which decrease with time
because the thermal boundary layer grows. When the starting plume
front re-attaches to the hot sidewall by the downstream thermal
boundary layer entrainment, oscillation in the obtained Nu appears
excluding that in the case without fin in which the natural convection
flow approaches a steady flow. Considering Fig. 15a, it is noticeable
that by increasing the number of fins, the Nu and consequently the heat
transfer is more likely to rise.

An enhancement factor is utilized here to quantitatively evaluate
the heat transfer enhancement or depression through the hot sidewall
based on the calculated Nusselt number through the sidewall. The en-
hancement factor (ε) is defined as below [50]:

= −ε Nu Nu Nu( )/fin nofin n fino (10)

Considering the definition, the positive and negative enhancement
factors express the enhancement and depression percentages of the heat
transfer along the finned sidewall of the cavity with reference to the one

Fig. 9. Development of natural convection flow near the heated sidewall of the cavity with three fins in transitional and quasi-steady stages for Pr = 6.62 and
Ra = 1.84 × 109 at (a) t = 160 s, (b) t = 173 s, (c) t = 180 s, (d) t = 190 s, (e) t = 200 s, (f) t = 220 s, (g) t = 1200s, (h) t = 1210s.
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without a thin fin, respectively.
Fig. 15b demonstrates the time series of the calculated enhancement

factor for the cavity with one, two, and three fins installed on the he-
ated sidewall for Ra = 1.84 × 109. It is clear from Fig. 15b that the
enhancement factor is positive for all three cases, which confirms that
the presence of the fin(s) has enhanced heat transfer. After sudden
heating, ε increases significantly by time until it reaches its peak. The
maximum amount of the enhancement factor is obtained in the early
stage due to the large temperature difference between the hot sidewall

and the interior fluid. By the further passage of the time, ε declines and
approaches oscillatory value as the starting plume front reattaches to
the hot sidewall, and the flow enters the quasi-steady stage. Further-
more, it can be inferred from Fig. 15b that by increasing the number of
fins, the enhancement factor rises. The maximum calculated ε for
Ra = 1.84 × 109 is about 17.5%, 27.5%, and 33.9% for the cavity with
one, two and, three fins, respectively. By adding fin, although ε in-
creases, its rate of increment is more likely to decreases.

In order to gain further insight into the effect of Ra on heat transfer

Fig. 10. Isotherms of natural convection flow near the heated sidewall of the cavity with two fins for Pr = 6.62 at (a) t = 100 s for Ra = 107, (b) t = 41 s for
Ra = 108, (c) t = 12 s for Ra = 1.84 × 109, (d) t = 6 s for Ra = 1010, (e) t = 450 s for Ra = 107, (f) t = 133 s for Ra = 108, (g) t = 35 s for Ra = 1.84 × 109, (h)
t = 16 s for Ra = 1010, and at t = 1900s for (i) Ra = 107, (j) Ra = 108, (k) Ra = 1.84 × 109, (l) Ra = 1010.

H.M. Sadeghi, et al. International Communications in Heat and Mass Transfer 116 (2020) 104642

11



and unsteady natural flows inside the cavity, the Nusselt numbers along
the sidewall of the cavity, as well as the enhancement factors are cal-
culated for all cases at different Rayleigh numbers which are depicted
in Figs. 16 and 17, respectively. For all three cavities by increasing Ra,
the calculated Nu and the enhancement factor rise, the maximum en-
hancement factor occurs sooner, and its oscillations intensify con-
sidering Figs. 16 and 17. While the enhancement factor is positive for
high Ra, it is negative for Ra = 1 × 107, which shows that the presence
of the fin has an inverse effect on heat transfer for low Ra numbers.

4. Conclusions

In the present study, the transitional unsteady natural convection
adjacent to the hot sidewall of a cavity is investigated to examine the
effects of the number of non-conductive fins. The development of
transient flows, as well as natural convection heat transfer, is studied
and quantified for a wide range of Ra from 1 × 107 to 1 × 1010.
Furthermore, the characteristics of unsteady flow are described for Ra
more than the critical values of all three cases (one, two, and three fins).

Fig. 11. Time series of the calculated temperature for Ra = 1.84 × 109 at (a)
P1 in the cavity with one fin, (b) P1 and P2 in the cavity with two fins, (c) P1, P2
and P3 in the cavity with three fins, and (d) at Ṕ(0.498 m, 0.09 m) for all cases. Fig. 12. Time series of the calculated temperature for Pr = 6.62 and different

Ra at (a) P1 in the cavity with one fin, and Ṕ for the cavity with (b) one fin, (c)
two fins, (d) three fins.
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It is found that, at the early stage, intrusions appear beneath the
non-conductive fins and ceiling. As the intrusions pass the fins, starting
plume fronts form and ascend. Eventually, due to the entrainment of
the thermal boundary layer downstream of the fin, starting plumes are
drawn to the thermal boundary layer adjacent to the heated sidewall.
The traveling waves forms, and the convection flow enters the transi-
tional stage as the intrusion induced by the cold sidewall reaches the
lower fin. Oscillations are observed above the fins in the quasi-steady
stage for all three cases at Ra = 1.84 × 109. Moreover, the plume-like

intermittent separations above the fins are observed, which induce the
perturbations in the downstream thermal boundary layer.

Comparing the calculated time series of temperature for various
Rayleigh numbers reveal that the temperature reaches a constant value

Fig. 13. The temperature profile of the fluid layer above the middle of the fin for the cavity with (a) one fin, (b) two fins, (c) three fins for Pr = 6.62 and
Ra = 1.84 × 109, and (b) the cavity with one fin for different Rayleigh numbers.

Fig. 14. The calculated flow rate for (a) the cavity with one, two and three fins
as well as without the fin for Pr = 6.62 and Ra= 1.84 × 109 and (b) the cavity
with one fin for Pr = 6.62 and different Rayleigh numbers.

Fig. 15. (a) Calculated Nu across the hot sidewall for the cavity with one, two
and three fins as well as without the fin for Pr= 6.62 and Ra= 1.84 × 109. (b)
Calculated enhancement factor for the cavity with one, two, and three fins for
Pr = 6.62 and Ra = 1.84 × 109.
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and does not oscillate for Ra = 1 × 107. However, perturbations ap-
pear at the boundary layer adjacent to the hot sidewall, and convection
flows inside the cavity become unstable by increasing the Ra. Moreover,
the temperature descends for higher Rayleigh numbers, for instance
from 303.2 K (for Ra= 1× 107) to 300 ± 0.3 K (Ra= 1× 1010) at P1
in the cavity with one fin.

Furthermore, the maximum volumetric flow rate along the vertical
axis in the middle of the cavity for the enclosure without fin (Qmax, no

fin = 2.26 × 10−4 m3/s) is the lowest in comparison with other cases
(Qmax, 2 fin = 3.02 × 10−4 m3/s). It is further revealed that increment
in the fin number leads to increment in flow rate in transitional and
quasi-steady stages and consequently results in better heat transfer
performance adjacent to the finned sidewall. The heat transfer rate
through the hot sidewall of the cavity is quantified in terms of the
Nusselt number and the enhancement factor. It is reported that the
enhancement factors which increase by the number of fins (when
Ra = 1.84 × 109, the maximum calculated ε is about 17.5%, 27.5%,
and 33.9% for the cavity with one, two, and three fins, respectively),
are positive for all three cases, and therefore, the depression of the heat

transfer does not take place when Ra = 1.84 × 109. Moreover, it is
found that by increasing the Rayleigh number, the Nu and ε rise for all
three types of cavities, and they begin to oscillate during the transi-
tional and quasi-steady stages.
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Nomenclature

A: Aspect Ratio
g: Gravitational acceleration (ms−2)
H: Height of the cavity (m)
L: Length of the cavity (m)
Nu: Nusselt number
Q: the volumetric flow rate (m3s−1)
Pr: Prandtle number
Ra: Rayleigh number
T: Temperature (K)
Th: The hot surface temperature (K)
Tc: The cold surface temperature (K)
ΔT: The initial temperature difference between the interior fluid and sidewall (K)
t: time (s)
U: The velocity components in the x direction (m)
V: The velocity components in the y direction (m)
X: The vertical coordinate (m/s)
Y: The horizontal coordinate (m/s)
α: Thermal diffusivity (m2s−1)
β: Thermal expansion coefficien (K−1)
δ: Thickness of the fluid layer (with an adverse temperature gradient) above the fin (m)
ε: Enhancement factor
ν: Kinematic viscosity (m2s−1)
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