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The coupled thermal boundary layers adjacent to a partition in a differentially heated cavity are nume-
rically investigated. The cavity is filled with water, which is initially quiescent but with an imposed tem-
perature difference between the two sides of the vertical partition. The numerical results show that the
development of natural convection flows in the partitioned cavity undergoes three main stages: an initial
stage, a transitional stage and a steady stage. The transient features of the coupled thermal boundary
layers adjacent to the partition as well as the overall natural convection flow in the partitioned cavity
are described, and heat transfer through the coupled thermal boundary layers and the partitioned cavity
is examined.
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1. Introduction

It is expected that when a fluid container is suddenly placed in
an ambient fluid of a different temperature, fluid motions will oc-
cur on both sides of the vertical wall of the container due to heat
transfer through the wall. This is relevant to many situations in
nature and engineering, one example of which is an oil tank of a
wrecked ship submerged in the sea [1]. In previous studies, the
presence of a thermal boundary layer outside the vertical wall of
the container is often ignored, and a typical scenario is that the ver-
tical wall is considered isothermal (see e.g. [1]). However, it is clear
that thermal boundary layers are present on both sides of the ver-
tical wall in real situations, and the coupling between these ther-
mal boundary layers may significantly impact on heat transfer
through the vertical wall. This has motivated the present investiga-
tion, which is concerned with heat transfer across such a partition
in a differentially heated cavity, taking into account the coupling
effect of dual boundary layers, as well as the overall natural con-
vection flow in the partitioned cavity. This study is therefore of
fundamental interest and of practical significance.

Indeed, natural convection in a differentially heated cavity has
received considerable attention in the literature. Previous studies
(e.g. [2]) showed that for low Rayleigh numbers (e.g. <103), con-
duction dominates heat transfer through the cavity. However, for
higher Rayleigh numbers, convective heat transfer becomes domi-
nant, and distinct thermal boundary layers adjacent to the cooled
and heated sidewalls are formed and the fluid in the core becomes
ll rights reserved.

: +61 7 4781 6788.
stratified at the steady state (see e.g. [3–6]). As the Rayleigh num-
ber increases further and becomes larger than a certain critical va-
lue, the flow becomes time-periodic, characterized by internal
gravity waves in the core and travelling waves in the thermal
boundary layer (e.g. [7–12]). If the Rayleigh number is sufficiently
large, natural convection in the cavity may eventually become tur-
bulent (e.g. [13–15]).

The majority of the early work on this topic has focused on fully
developed flows. However, due to the extensive presence of tran-
sient forcing in nature and in industry, transient natural convection
in the differentially heated cavity following sudden heating and
cooling has been paid increasing attention over the past three dec-
ades. Fundamental scaling relations quantifying transient natural
convection, including the development of the thermal boundary
layers adjacent to the sidewalls and the horizontal intrusion flows
along the horizontal walls were obtained by Patterson and Imber-
ger [8]. Subsequently, other transient features of natural convec-
tion in the cavity such as the leading edge effect (LEE) in the
thermal boundary layers at an initial stage and trailing waves in
the horizontal intrusion at the transitional stage were investigated
(e.g. [16–20]).

In addition to the above-mentioned studies of a basic model of
differentially heated cavities, the study of natural convection in a
differentially heated cavity with an interior conducting vertical
partition has also been given considerable attention due to its rel-
evance to industrial applications (e.g. [21]). In this case, the heat
transfer between the two differentially heated sidewalls is con-
trolled by the heat transfer across the partition, and an understand-
ing of the mechanisms which control that transfer is essential for
optimizing or otherwise controlling the overall heat transfer.

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.06.004
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Nomenclature

A aspect ratio
g acceleration due to gravity
H, L height and length of the cavity
N number of the partitions
Nuy, Nu local and overall Nusselt number
Pr Prandtl number
p, p� dimensionless and dimensional pressure
Ra Rayleigh number
Q volumetric flow rate
S stratification parameter (oT/oy)
T, T� dimensionless and dimensional temperature
T0 initial average temperature of the fluid in the cavity
Tc, Th temperatures of the cold and hot sidewalls
Ti, TP initial temperatures of the interior fluid and the parti-

tion (or sidewall)

DT temperature difference between the hot and cold side-
walls

t, t� dimensionless and dimensional time
ts time for convection to balance conduction
tf time for the cavity to be filled up with the thermal fluid

discharged from the coupled thermal boundary layers
Dt time step
u, v dimensionless velocities in x- and y-directions
u�, v� dimensional velocities in x- and y-directions
x, y dimensionless horizontal and vertical coordinates
x�, y� dimensional horizontal and vertical coordinates
b coefficient of thermal expansion
dT thickness of the thermal boundary layer
j thermal diffusivity
v kinematic viscosity

y

0/ =∂∂ yT

F. Xu et al. / International Journal of Heat and Mass Transfer 52 (2009) 4966–4975 4967
For a laminar flow regime, previous studies have shown that
such a partition, even though perfectly conducting, depresses nat-
ural convection in the cavity in comparison with that in a non-par-
titioned cavity, and thus heat transfer through the cavity is
significantly reduced (e.g. [21–23]). The relationship between heat
transfer and the Rayleigh number, quantified by the Nusselt num-
ber scale Nu � Ra1/4, has been confirmed by, for example, Anderson
and Bejan [24,25]. Since the partition depresses heat transfer
through the cavity, a further attempt to place additional partitions
into the cavity to further depress or suppress natural convection
has practical significance. Experimental and numerical results
(e.g. [26]) show that the Nusselt number on the sidewall is inver-
sely proportional to (1 + N), where N is the number of partitions.

All of these studies of natural convection in a partitioned cavity
have been in the context of steady flows. However, inspired by the
above-mentioned transient flow phenomena (e.g. the cooling pro-
cess of an oil tank of a wrecked ship immersed in the sea [1]), this
study considers transient natural convection resulting from a sud-
denly generated temperature difference between the fluids on the
two sides of a conducting partition. A phenomenon of particular
interest in the transient flow development is that the temperature
condition on the partition changes from initially isothermal to
approximately isoflux at the steady state. The impact of the parti-
tion on transient heat transfer is also discussed.

In the remainder of this paper, the numerical procedures are de-
scribed in Section 2. Transient features of natural convection in a
partitioned cavity following a suddenly generated temperature dif-
ference between the fluids on the two sides of the partition are
characterized in Section 3. Heat transfer through the partitioned
cavity is discussed in Sections 4 and 5 summarizes the major con-
clusions drawn from the study.
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2. Numerical procedures

Under consideration is a two-dimensional partitioned cavity
(height H and width L), which is illustrated in Fig. 1. The develop-
ment of natural convection in the partitioned cavity is governed by
the following dimensionless two-dimensional Navier–Stokes and
energy equation with the Boussinesq approximation:
L
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Fig. 1. Schematic of the physical problem.
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where quantities are non-dimensionlized as follows:

t ¼ t�jRa1=2

H2 ; x ¼ x�

H
; y ¼ y�

H
; u ¼ u�H

jRa1=2 ;

v ¼ v�H
jRa1=2 ; p ¼ p�H2

qj2Ra
; T ¼ T� � T0

Th � Tc
: ð5Þ

Here, the three dimensionless parameters which govern the flow
are the Rayleigh number (Ra), the Prandtl number (Pr) and the as-
pect ratio (A), defined as

Ra ¼ gbðTh � TcÞH3

mj
; ð6Þ

Pr ¼ m
j
; ð7Þ

A ¼ H
L
: ð8Þ
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Fig. 2. Time series of the temperatures at the point (x = �0.0083, y = 0.375) in the
downstream thermal boundary layer on the left side of the partition calculated
using different meshes and time steps.
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Note that in this study the working fluid is water with a constant
Prandtl number of Pr = 6.63; the aspect ratio of the overall cavity
is unity (A = 1); and the Rayleigh number for the partitioned cavity
is fixed at 9.2 � 108, which is of the same order as the Rayleigh
number considered for a non-partitioned square cavity in [27], in
which numerical results have been validated by corresponding
experimental data. Furthermore, a Rayleigh number (RaT) based
on the initial temperature difference across the thermal boundary
layer (between the interior fluid and the partition or sidewall) is
also adopted in this paper, and is defined as follows:

RaT ¼
gbðTP � TiÞH3

mj
; ð9Þ

where TP and Ti are the initial temperatures of the partition (or side-
wall) and the interior fluid, respectively.

As shown in Fig. 1, the top and bottom walls of the cavity are
adiabatic; the two sidewalls are isothermal and fixed at Tc

(= �0.5) and Th (= 0.5) respectively; the partition of a zero thick-
ness is vertically placed in the centre of the cavity and is diather-
mal (for which only horizontal heat transfer is considered, refer
to [24,25]); and all interior walls and the partition are rigid and
no-slip. Accordingly, the boundary conditions are summarized as
follows:

u ¼ v ¼ 0; T ¼ 0:5 at x ¼ 0:5;
u ¼ v ¼ 0; T ¼ �0:5 at x ¼ �0:5;

u ¼ v ¼ 0;
oT
oy
¼ 0 at y ¼ �0:5 and 0:5

ð10Þ

The working fluid is initially quiescent (u = v = 0). At t = 0, the tem-
perature of the fluid on the left side of the partition is �0.5, and that
on the right side of the partition is 0.5.

The governing equations are implicitly solved using a finite-vol-
ume SIMPLE algorithm. The advection terms are discretized by a
QUICK scheme, and the time integration is by a second-order back-
ward difference method (also see [27,28]).

Two non-uniform grid systems (423 � 298 and 541 � 538) with
coarser grids in the core and finer grids concentrated in the prox-
imity of all wall and partition boundaries were constructed for grid
dependence tests. Fig. 2 plots time series of the temperatures at a
point in the downstream end of the thermal boundary layer on the
left side of the partition calculated using the two grid systems.
Clearly, only very small variations may be observed at the occur-
rence of the second group of waves between the two sets of the
numerical results. This means that either grid system is able to re-
solve the transient natural convection in the partitioned cavity and
characterize the details of the boundary layers adjacent to the par-
tition and sidewalls at the present Rayleigh number. In consider-
ation of the computing time, the grid system of 423 � 298 with
grid inflation factors (which are the ratio of two consecutive grid
spacings along a given grid direction) of 1.0591 in the x-direction
and 1.0135 in the y-direction is adopted in this study.

Two dimensionless time steps of 0.0075 and 0.0038 (much
smaller than 0.0525 adopted by Patterson and Armfield [27]) are
tested to examine the effect of the time step. The numerical results
obtained using the two time steps are also plotted in Fig. 2. Evi-
dently, the development of the flow is not sensitive to the two
tested time steps, with either choice being satisfactory. Accord-
ingly, the larger time step of 0.0075 is considered to be sufficiently
small to capture the transient features of the flow development
and is adopted here.
3. Transient flow development

The temperature time series in Fig. 2 illustrate the overall devel-
opment of natural convection from a suddenly generated temper-
ature difference between the fluids on the two sides of the
partition to a steady state. The overall development may be
roughly classified into three main stages: an initial stage, a transi-
tional stage and a steady stage, as marked in Fig. 2. At the initial
stage (from start-up to the time ts), the temperature in the thermal
boundary layer adjacent to the partition follows the one dimen-
sional growth (with only x-dependence) predicted by, for example,
Goldstein and Briggs [29]. Here ts is the time at which the convec-
tion term balances the conduction term in the energy equation (4).
The scaling relation describing ts has been given by Patterson and
Imberger [8] as

tS �
H2

jRa1=2
T

: ð11Þ

Here, the initial temperature of the partition is T0, and the temper-
ature difference between the partition and the fluid at either side of
the partition is DT/2. Accordingly, the Rayleigh number RaT in (11)
is calculated based on a temperature difference of DT/2 for the pres-
ent flow configuration.

As time increases, the development of the flow in the parti-
tioned cavity enters into a transitional stage. As seen in Fig. 2,
the temperature growth does not cease immediately after ts. In-
stead, an overshoot of the temperature and subsequent travelling
waves, which are characteristics of the leading edge effect (LEE,
see [16–20]), are clearly present. A second group of waves may also
be induced by internal gravity waves (see Section 3.2).

Associated with the formation of the coupled thermal boundary
layers on the two sides of the partition, the thermal flows from the
boundary layers are continuously discharged into the left and right
cores of the partitioned cavity until the time tf, where tf is the time
for the cavity to be filled up with the thermal fluid discharged from
the coupled thermal boundary layers. Since the volumetric flow
rate of the thermal boundary layer is Q � k(RaT)1/4 [8], tf may be
estimated as

tf �
H L

2

jRa1=4
T

� Ra1=4
T

2A
ts: ð12Þ

Note that here RaT, the same as that in (11), is also calculated based
on a temperature difference of DT/2.
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For t > tf, the rate of temperature growth with time decreases
and the temperature at a particular location eventually approaches
a constant value, as seen in Fig. 2. The development of natural con-
vection then enters into a steady stage.

In the following sections, the transient features of the natural
convection flow including the developments of the coupled ther-
mal boundary layers, intrusions and internal gravity waves will
be characterized. Furthermore, for the purpose of comparing be-
tween the thermal boundary layers adjacent to the partition and
a suddenly heated isothermal sidewall and examining the effect
of the partition on heat transfer, another two cases are also pre-
sented. One case is a square cavity (with A = 1) without a partition
in which the boundary conditions on the top, bottom and sidewalls
are identical to those for the partitioned case; and the other is a
narrow cavity (with A = 2) which effectively constitutes the left
half of the partitioned cavity with the partition and the fluid on
the right half of the cavity replaced by an isothermal wall at the
initial temperature of the fluid on the right half of the cavity. In
the latter case, all other boundary conditions and the initial condi-
tion are the same as those of the left half of the partitioned cavity.
The impact of the partition on the flow and heat transfer in a cavity
may be quantified by comparing the partitioned and non-parti-
tioned square cavity cases. Moreover, the variation of heat transfer
through a thermal boundary layer adjacent to an isothermal verti-
cal wall (a typical idealised scenario assumed in the literature, see
for example [1]) and that through the coupled thermal boundary
layers adjacent to a vertical wall (the realistic condition) may be
examined through the comparison between the narrow cavity
and the partitioned square cavity cases. The initial and boundary
temperature conditions for all the three cases considered in this
study are listed in Table 1 (here, the x- and y-velocities at the initial
time and on all boundaries for all three cases are zero, i.e. u = v = 0).
It is worth noting that the fluid on the left hand side of the partition
is heated by the partition, whereas the fluid on the right side is
cooled by the partition.

3.1. Coupled thermal boundary layers

Fig. 3(a) shows the time evolution of two isotherms (T = �0.49
and 0.49) on both sides of the partition following the sudden
start-up. Clearly, in addition to the temperature growth close to
the partition in the initial stage (seen in Fig. 2), the horizontal shift
of the isotherms shows that the thickness of the coupled thermal
boundary layers also increases with time. Note that the isotherms
at the upstream end of the coupled thermal boundary layers show
the presence of waves. This is a result of the LEE as the boundary
layers undergo a transition from a one dimensional unsteady state
to a two-dimensional steady state [18,20].

For the purpose of illustrating the scaling relation describing the
thickness of the thermal boundary layers, the dependence of the
calculated thickness on time is plotted in Fig. 3(b), where the thick-
ness (dT) is defined as the distance between the isotherm of
T = �0.49 and the partition at the mid height (y = 0). Furthermore,
the calculated thicknesses of the thermal boundary layers adjacent
to an isothermal sidewall for the non-partitioned square cavity and
narrow cavity cases are also shown in Fig. 3(b). Patterson and
Table 1
Initial and boundary temperature conditions for all the three cases.

Initial fluid temperature

Partitioned square cavity T = �0.5 on the left of the partition; T = 0.5 on the right of the
Square cavity (A = 1) T = 0
Narrow cavity (A = 2) T = �0.5
Imberger [8] and others have pointed out that the thickness of
the thermal boundary layer adjacent to an isothermal wall grows
with time according to the scaling relation dT � k1/2t1/2, which
may also be expressed in a dimensionless form as dT Ra1=4

T � t1=2.
Fig. 3(b) shows a very good linear correlation between
dT Ra1=4

T and t1=2 for all the three cases considered here, confirming
that the scaling relation for the thickness of the thermal boundary
layer adjacent to an isothermal wall also holds for the coupled
thermal boundary layers. It is worth noting that for the narrow
cavity case, RaT is double that of the other two cases since the ini-
tial temperature difference between the fluid and the hot sidewall
is DT for the narrow cavity case (see Table 1).

To illustrate further transient features of the coupled thermal
boundary layers, Fig. 4 shows comparisons between the time ser-
ies of the temperatures at the specified point in the downstream
thermal boundary layers for all the three cases. Note that for
the purpose of comparing different thermal boundary layers for
all the three cases, the normalized temperature growths in the
thermal boundary layers with reference to the initial interior fluid
temperatures are plotted in this figure. Clearly, the temperature
growth in the thermal boundary layer adjacent to the partition
is consistent with that adjacent to the isothermal sidewall for
the non-partitioned square cavity case except for some variations
during the occurrence of travelling waves. This is because the ini-
tial temperature difference between the partition and the fluid is
the same as that between the sidewall and the fluid for the non-
partitioned square cavity case (= DT/2, see Table 1); and in the ini-
tial stage, the partition is approximately isothermal (which is also
confirmed by the following numerical results). However, for the
narrow cavity case, the initial temperature difference between
the sidewall and the interior fluid is DT (doubling that for the par-
titioned cavity case, see Table 1), which results in a faster temper-
ature growth different from that adjacent to the partition, as seen
in Fig. 4.

Fig. 5 shows the development of the temperature structure
within the coupled thermal boundary layers. It is seen from
Fig. 5(a) that the vertical temperature profiles on the partition
(x = 0) change from an initially isothermal to an approximately lin-
ear vertical distribution between y = �0.4 and y = 0.4 at the steady
stage (e.g. t = 300). Since in the initial stage there is a temperature
difference between the partition and the fluid on the left side of the
partition similar to that between the isothermal sidewall and the
fluid for the non-partitioned square cavity case, the temperature
growth in the thermal boundary layer adjacent to the partition in
the initial stage is also similar to that adjacent to the sidewall in
the non-partitioned square cavity case (refer to Fig. 4). Further-
more, Fig. 5(b) shows the evolution of the horizontal temperature
profiles of the coupled thermal boundary layers. Clearly, the tem-
perature of the interior fluid on the left side of the partition is
approximately �0.5 and that on the right side of the partition is
0.5 at the early stage (e.g. t = 0.5, 1 and 6, also see the zoomed plot
for details). However, as the thermal fluid is continuously dis-
charged from the coupled thermal boundary layers into the cavity,
the temperature of the interior fluid on the left at y = 0 apparently
increases and that on the right decreases, particularly for t P tf/2
(= 52 for the present Rayleigh number).
Temperatures on wall boundaries

Cold sidewall Hot sidewall Top and bottom

partition (T = 0 on the partition) T = �0.5 T = 0.5 @T/@y = 0
T = �0.5 T = 0.5 @T/@y = 0
T = �0.5 T = 0.5 @T/@y = 0
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3.2. Intrusions and internal gravity waves

Previous studies (e.g. [8]) have shown that a horizontal wall of a
differentially heated cavity forces an intrusion to be discharged
from the vertical thermal boundary layer into the core. Fig. 6(a)
and (b) shows the temperature and flow structures of the intru-
sion, which are similar to the experimental observations in a
non-partitioned cavity with a comparable Rayleigh number (based
on the temperature difference across the thermal boundary layer)
reported in Patterson and Armfield [27] and Xu et al. [30]. Note
that since the laminar natural convection in the partitioned cavity
for the present Rayleigh number is centro-symmetric about the
origin (which is illustrated by the time series of the temperatures
at two centro-symmetric points in Fig. 6(c) but is not further
exploited in the numerical solution, refer to [25]), the isotherms
and streamlines are shown in one half of the cavity only in
Fig. 6(a) and (b), respectively.

As time increases, the intrusions strike the isothermal sidewalls.
Fig. 7(a) shows an inclined isotherm in the core on the left side of
the partition. As pointed out by Patterson and Imberger [8], such an
inclined isotherm may induce internal gravity waves in the cavity;
that is, the tilting isotherm is oscillatory, as shown in Fig. 7(b) and
(c). For the purpose of illustrating the presence of internal gravity
waves, a time series of the x-velocity (u) at a point close to the top
wall is plotted in Fig. 7(d), in which the times corresponding to
Fig. 7(a)–(c) are marked. Clearly, internal gravity waves are present
(e.g. for t < 40) but are significantly damped out after t = 100.
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Indeed, these strong internal gravity waves may trigger a convec-
tive instability on the coupled thermal boundary layers, which
are indicated by the second group of travelling waves, as seen in
Figs. 2 and 6(c).

To examine the effect of the partition on horizontal convection
flows, volumetric flow rates, defined below (see [31]),

Q ¼ 1
2

Z 1=2

�1=2
jujdy; ð13Þ

are calculated across the vertical plane at x = �0.25 for all three
cases and plotted in Fig. 8. Note that the oscillations of the volumet-
ric flow rate in the early stage are the result of internal gravity
waves. Furthermore, it is seen from this figure that due to the block-
ing effect of the partition, the volumetric flow rate in the partitioned
cavity is smaller (approximately 37% lower) than those in the non-
partitioned square and narrow cavity cases in the steady stage (e.g.
at t = 300). Clearly, the horizontal convection is depressed due to
the presence of the partition.

It can be seen in Fig. 7(a)–(c) that a given isotherm gradually
moves downwards as the thermal flow discharged from the cou-
pled thermal boundary layers fills up the cavity. Ultimately, the
fluid in the cavity becomes stratified. Fig. 9(a) shows the develop-
ment of the stratification in the core at x = �0.25. It is clear that the
temperature structure is initially uniform in the core (see e.g. t = 6)
and approaches an approximately linear distribution (e.g. at
t = 300) except in the proximity of the top and bottom walls.
Fig. 9(b) shows the time evolution of the stratification parameter
(S = @T/@y) in all cases. The stratification parameter at t = 300 is
smaller than that for the non-partitioned square cavity case except
for that in the proximity of the top wall; that is, due to the presence
of the partition, the overall stratification in the cavity becomes
weaker than that for the non-partitioned square cavity case.

Fig. 10 shows the temperature structure on the left side of the
partition and the flow structure on the right side of the partition
at the steady stage. It is seen in Fig. 10(a) that a thermal boundary
layer adjacent to the far-left isothermal sidewall is ultimately
formed (also see [28]). It is worth noting that, as illustrated by
the streamlines in Fig. 10(b), the thermal boundary layers adjacent
to the partition and sidewall are not symmetric with respect to the
centre of each half of the cavity. This is because the boundary con-
ditions of the thermal boundary layers adjacent to the partition
and sidewall are different at the steady state; that is, the sidewall
is isothermal but the temperature on the partition varies with the
height (refer to Fig. 5(a)). It will become clear that the partition is
approximately isoflux at the steady state, which is confirmed by
the following numerical results.
4. Heat transfer

Previous studies (e.g. [24]) show that, for a laminar flow regime,
a vertical partition in a differentially heated cavity apparently de-
presses heat transfer through the cavity. In this section, the effect
of the partition on transient heat transfer will be examined. For
the purpose of illustrating quantitatively the effect of the partition,
both local and overall Nusselt numbers (Nuy and Nu) are calculated
on a rigid heat transfer surface (either the partition or a sidewall).
By definition, the Nusselt number represents the ratio of convec-
tive heat transfer rate over conductive heat transfer rate. For the
present investigation, heat is ultimately transferred from one side-
wall to the other, and thus the separation between the two side-
walls (with or without the partition) is an appropriate length
scale for calculating the conductive heat transfer rate. This results
in the following definitions for the local and overall Nusselt num-
bers in non-dimensional form:

Nuy ¼
1
A

oT
ox
; Nu ¼ 1

A

Z 1=2

�1=2

oT
ox

dy: ð14Þ

For the purpose of quantifying the effect of the partition on heat
transfer through the square cavity, Fig. 11(a) shows the time series
of the overall Nusselt numbers calculated on the partition and
sidewall for the partitioned and non-partitioned square cavity
cases. For the partitioned case, due to the zero temperature differ-
ence between the fluid and isothermal sidewall at the initial stage,
the calculated overall Nusselt number on the isothermal sidewall is
negligibly small until t = 5. After the intrusion from the coupled
thermal boundary layer strikes the isothermal sidewall, the overall
Nusselt number on the isothermal sidewall starts to increase.
Eventually it approaches the same value as the overall Nusselt
number calculated on the partition, as expected from energy
conservation.

Since the temperature distribution on the partition in the initial
stage (except for that close to the two ends, see Fig. 5(a)) is approx-
imately isothermal and the initial temperature difference between
the partition and the interior fluid is the same as that for the non-
partitioned square cavity case, there is a good agreement between
the temperature structures in the thermal boundary layer adjacent
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to the isothermal sidewall for the non-partitioned square cavity
case and in the coupled thermal boundary layers adjacent to the
partition in the initial stage, as seen in Fig. 4. As a consequence,
the calculated overall Nusselt number on the isothermal sidewall
of the non-partitioned square cavity is in general consistent with
that on the partition for t < 1 (see Fig. 11). However, as shown in
Fig. 5(a), the approximately isothermal condition on the partition
lasts only for a short while after the start-up, and the temperatures
near the two ends of the partition deviate from zero. This temper-
ature distribution on the partition may have resulted in the slightly
higher heat transfer through the partition than that through the
isothermal sidewall for the non-partitioned case until t = 9.

For the non-partitioned square cavity case at t > 9, since the cold
intrusion coming from the cold sidewall strikes the hot sidewall,
the temperature difference between the hot sidewall and the fluid
entrained from the cold intrusion to the thermal boundary layer is
much larger than that between the partition and the fluid en-
trained into the coupled thermal boundary layers. As a conse-
quence, the calculated overall Nusselt number on the hot
sidewall for the non-partitioned square cavity case surpasses that
on the partition, as seen in Fig. 11(a). At the steady state, NuRa�1/4

on the sidewall for the non-partitioned square cavity case is 0.32,
which is double that on the partition (NuRa�1/4 = 0.16). This result
is consistent with that reported by Nishimura et al. [26].

In order to compare heat transfer through the coupled thermal
boundary layers (on the two sides of the partition) with that
through the thermal boundary layer adjacent an isothermal wall,
Fig. 11(b) shows the time series of the overall Nusselt numbers cal-
culated on the partition and the sidewall of the narrow cavity. In
the literature, the latter case is often used to simulate the former
case (realistic situations); that is, the thermal boundary layer on
the other side of a vertical wall (the partition in the present case)
is ignored, as noted in the introduction (also see [1]). Since the left
half of the partitioned cavity is compared with the narrow cavity
here, the aspect ratio (A) in (12) is 2 for both cases in Fig. 11(b),
and thus the calculated NuRa�1/4 on the partition is half of that pre-
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sented in Fig. 11(a). Clearly, the calculated overall Nusselt number
on the hot sidewall of the narrow cavity is basically double that on
the partition throughout the development of the natural convec-
tion flows, as seen in Fig. 11(b) (also see the zoomed plot for the
very early stage of the flow development). This is because in the
initial stage, the temperature difference between the sidewall
and the interior fluid for the narrow cavity case is DT, double that
between the partition and the interior fluid on the left side of the
partition (see Table 1). As a result, the heat transfer rate through
the sidewall of the narrow cavity is approximately double that
on the partition. Furthermore, in the steady stage, heat transfer
through the sidewall of the narrow cavity is also approximately
double that on the partition since the temperature difference be-
tween two sidewalls of the narrow cavity is double the average
temperature difference (DT/2) between the left sidewall and the
partition of the partitioned square cavity. The result shown in
Fig. 11(b) indicates that neglecting the presence of the coupled
thermal boundary layers in real situations and representing it with
a single thermal boundary layer adjacent to an isothermal wall re-
sults in a significant over-estimation of heat transfer through the
wall.

Fig. 12 shows the vertical profiles of the local Nusselt numbers
(here A = 1 in the calculation of the local Nusselt number) at the
steady state on the partition and hot sidewall for the partitioned
square cavity case. It is clear that the local Nusselt number on
the sidewall is non-uniform, and the local Nusselt number in the
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upstream section of the hot sidewall is much larger than that in the
downstream section of the hot sidewall due to the stratification in
the core. However, the local Nusselt number on the partition is
approximately constant over the full height except for the two
ends; that is, the heat transfer rate through the partition does
not vary with the height except for in the proximity to the top
and bottom walls. This implies that the partition is approximately
isoflux at the steady state. Therefore, an interesting flow condition
is reached at the steady state with the two thermal boundary lay-
ers governed by different thermal forcing: one is the coupled ther-
mal boundary layers adjacent to the partition subject to an
approximately isoflux boundary condition, and the other is the
thermal boundary layer adjacent to the sidewall subject to isother-
mal thermal forcing (the flow is not symmetric with respect to the
centre of either half of the cavity).
5. Conclusions

In this paper, the coupled thermal boundary layers induced by a
suddenly generated temperature difference between the fluids on
the two sides of a partition in a differentially heated cavity are
investigated numerically. The transient features of natural convec-
tion flows in the partitioned cavity are characterized, and the
development of natural convection flows has been classified into
three distinct stages: an initial stage, a transitional stage and a
steady stage. The time scales quantifying the three stages are
estimated.

In the initial stage, coupled thermal boundary layers are formed
on both sides of the partition, and the leading edge effect (LEE),
which is present on both sides of the partition and plays a key role
in the transition of the thermal boundary layer to a steady state, is
observed. The dependence of the thermal boundary layer thickness
on time is found to be consistent with the scaling relation given by
Patterson and Imberger [8]. In the transition to the steady state, as
the thermal flows discharged from the downstream ends of the
coupled thermal boundary layers continuously fill each half of
the partitioned cavity, additional thermal boundary layers form
adjacent to the isothermal sidewalls. A phenomenon of particular
interest in the transient flow development is that the temperature
distribution on the partition enclosed by the coupled thermal
boundary layers changes from an initially isothermal to an approx-
imately linear profile at the steady state. As a consequence, an
approximately isoflux condition is established across the partition
in the steady state. Clearly, the usual assumption of an isothermal
wall in this configuration is incorrect.

Apart from the variations in the temperature distributions be-
tween an isothermal vertical wall and a vertical wall between
the coupled thermal boundary layers (i.e. the partition), heat trans-
fer through the coupled thermal boundary layers is considerably
lower than that through the corresponding thermal boundary layer
adjacent to an isothermal wall. Therefore, neglecting the effect of
coupled thermal boundary layers, which is present in many real
life situations, will cause an over-estimation of heat transfer
through a wall. For the present Rayleigh number, heat transfer
through the coupled thermal boundary layers is only half of that
through the corresponding thermal boundary layer adjacent to
an isothermal wall.

The evolution of the intrusions and the stratification in the
cores on both sides of the partition show features similar to those
in a non-partitioned cavity. However, the quantitative comparisons
presented in this study have shown variations between the parti-
tioned and non-partitioned square cavity cases. Due to the pres-
ence of the partition, the stratification in the core becomes
weaker and the horizontal convective flows are significantly de-
pressed. For the present Rayleigh number, the volumetric flow rate
is depressed by approximately 37% and heat transfer depressed by
50% by the single partition.
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