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Abstract

The characteristics of the laminar natural convection in an air-filled square cavity heated and cooled on the side walls was studied for
cases where the temperature of the top wall was significantly larger than the heated vertical wall. Experiments were performed for a hor-
izontal Grashof number of 1.3 � 108, and non-dimensional top wall temperatures from 1.4 to 2.3. The results show that the plume
formed on the heated vertical wall separated from this wall before reaching the top wall. As a result, three different regions were observed
in the cavity: a stratified core region, a buoyant plume region, and a highly stratified region above the plume after it had separated from
the vertical wall. The highly stratified region above the plume became larger and more stable with an increase of the top wall temperature,
stabilizing the motion of the plume across the cavity. The similarity solutions developed by Kulkarni et al. [A.K. Kulkarni, H.R. Jacobs,
J.J. Hwang, Similarity solution for natural convection flow over an isothermal vertical wall immersed in thermally stratified medium, Int.
J. Heat Mass Transfer 30 (1987) 691–698] to characterize the natural convection heat transfer along an isothermal single vertical plate did
not agree with the results for the current measurements; however, the non-similarity model of Chen and Eichhorn [C.C. Chen, R. Eich-
horn, Natural convection from a vertical surface to thermally stratified fluid, J. Heat Transfer 98 (1976) 446–451] was in good agreement
over most of the wall. There were some discrepancies in the temperature distributions and the heat transfer characteristics, especially at
y/H P 0.8 due to the separated flow in this region.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of plume flows in stratified environ-
ments, including free plumes [1] or plumes along a wall
[2,3], are of considerable practical interest. In these cases,
the buoyancy of the plume is affected by the entrainment
of the varying density ambient fluid into the plume. In
heated plumes along a heated or cooled vertical wall in a
thermally stratified environment, the buoyancy of the
plume is also affected by the heat transfer to or from the
wall. This type of heated plume commonly occurs in cavi-
ties heated on the vertical walls or the vertical and the hor-
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izontal walls [4–6], and can be laminar or turbulent
depending on a number of factors including the size of
the cavity, the temperature of the walls and the Prandtl
number of the fluid. Laminar natural convection flow is
often observed in smaller cavities [7,8].

The laminar natural convection flow and heat transfer
characteristics in cavities heated on the side walls have been
studied both experimentally [9–11] and numerically [12,13]
for different working fluids and aspect ratio [5,14,15]. The
early investigations on this topic have been reviewed [16–
18]. Ostrach and Raghavan [19] and Shiralkar and Tien
[20] observed that the temperature of the top and bottom
walls of the cavity had a significant effect on the stratifica-
tion inside the cavity that in turn affected the flow pattern
and the heat transfer characteristics. Ravi et al. [5] and Wu
et al. [6] numerically and experimentally investigated how
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Nomenclature

A stratification rate of the ambient air, a = dT1/dy

B(y) non-dimensional integral of the buoyancy
force along the heated vertical wall, BðyÞ ¼R d

0
q1ðyÞgbðyÞ�½T ðx;yÞ�T1ðyÞ��dx

ðT H�T1;0Þq1ðyÞbðyÞg
ðgbðyÞa

4m2n Þ
1=4

FB(y) local buoyancy force along the heated vertical
wall, FB (y) = q1(y) � g � b(y) � [T(x,y) � T1(y)]

g gravity constant, m/s2

Gr(y) local Grashof number, GrðyÞ ¼ gbðT H�T1ðyÞÞy3

m2

GrL horizontal Grashof number, GrL ¼ gbðT H�T CÞL3

m2

h(y) local heat transfer coefficient, W m�2 K�1

H height of the cavity, m
K thermal conductivity of the air, W m�1 K�1

L width of the cavity, m
M(y) non-dimensional momentum flux of the bound-

ary layer flow along the heated vertical wall,

MðyÞ ¼
R d

0
V q1ðyÞV �dx

q1ðyÞ�25=2�m1=2�½gbðyÞ�3=4�ðT H�T1;0Þ3=4�y5=4

Nu(y) local Nusselt number, NuðyÞ ¼ hðyÞ�y
k

TB average temperature of the bottom wall in the
cavity, �C

TC average temperature of the cooled vertical wall
in the cavity, �C

TH average temperature of the heated vertical wall
in the cavity, �C

TT average temperature of the top wall in the cav-
ity, �C

T1(y) local ambient temperature in the central or core
region of the cavity, �C

T1,0 temperature of the ambient air at the height of
y = 0, �C

V vertical velocity component of the upward flow
along the heated vertical wall, m/s

X distance from the heated vertical wall, m
Y height above the bottom wall, m

b volume expansion coefficient at constant pres-
sure, K�1

g1 a non-dimensional distance from the heated
vertical wall in the similarity solution [26],
g1 = (gb/4m2)1/4a1/4x

g2 a non-dimensional distance from the heated
vertical wall in the non-similarity solution [25],
g2 = (gb/4m2)1/4(a/n)1/4x

m kinematic viscosity, m2/s
q1 density of the ambient air, kg/m3

h non-dimensional temperature, h = (T � TC)/
(TH � TC)

hB non-dimensional temperature of the bottom
wall in the cavity, hB = (TB � TC)/(TH � TC)

hC non-dimensional temperature of the cooled ver-
tical wall in the cavity, hC = (TC � TC)/
(TH � TC)

hH non-dimensional temperature of the heated ver-
tical wall in the cavity, hH = (TH � TC)/
(TH � TC)

hT non-dimensional temperature of the top wall
temperature in the cavity, hT = (TT � TC)/
(TH � TC)

h1 a non-dimensional temperature in the similarity
solution [26], h1 = (T � T1)/(TH � T1)

h2 a non-dimensional temperature in the non-simi-
larity solution [25], h2 = (T � T1,0)/(TH � T1,0)

n non-dimensional vertical distance, n = ay/
(TH � T1,0)

d thickness of the boundary layer, m

Subscripts

B bottom wall of the cavity
C cooled vertical wall of the cavity
H heated vertical wall of the cavity
T top wall of the cavity
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the change in the temperatures of the top and bottom walls
affected the natural convection flow in a square cavity with
a moderate temperature difference in the vertical direction.
They found that an increase in the temperature of the top
wall resulted in a significant change in the flow pattern in
the cavity. This was true particularly near the upper corner
between the heated walls when the temperature of the top
wall was close to or larger than that of the heated vertical
wall. In this case, the flow separated from the top wall near
the corner due to the formation of a negatively buoyant
plume. The development of the plume for higher tempera-
tures has not been investigated experimentally for air flows,
though the results from the numerical study [20] suggested
the vertical plume may separate below the corner when the
temperature of the top wall was much larger than the ver-
tical wall. In particular, the flow formed a recirculating
region near the corner when the temperature difference in
the vertical direction was five times that in the horizontal
direction. There was no evidence of significant oscillation
in the plume similar to the observations by Ravi et al. [5]
and Wu et al. [6] for the cases with more moderate top wall
temperatures.

A number of models have also been developed for the
natural convection flows on isolated isothermal vertical
walls in stratified environments. For example, Cheese-
wright [21] developed similarity solutions for the flow along
an isothermal plate in non-isothermal ambient air. This
included solutions for a range of ambient temperature dis-
tributions, but not a linear stable ambient temperature dis-
tribution like those observed for the natural convection
flows in cavities driven by a temperature difference between
the vertical walls [6,11]. Sparrow and co-workers [22–24]
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proposed a local non-similarity method that included a sec-
ond term to account for the changes in the streamwise
direction. Chen and Eichhorn [25], later, compared the
solutions from this non-similarity approach to the experi-
mental measurements of natural convection from a cylin-
der in a stratified fluid with a Prandtl number of 6.0 and
found good agreement between the experiment and the
solution. They examined the flow with a Prandtl number
of 0.7 but did not compare the results with experiments.
Kulkarni et al. [26] later suggested that there were similar-
ity solutions for the natural convection flow along a verti-
cal wall in a stratified environment with a linear
temperature distribution, but did not compare their results
with experiments, instead comparing with other similarity
and non-similarity solutions. Heretofore, there does not
appear to have been any attempts to compare these solu-
tions to experimental results for natural convection of air
flows in cavities.

Thus, the objectives of this investigation were twofold.
The first is to experimentally study the effect that the top
wall temperature had on the buoyant air plume on a heated
vertical wall in a square cavity, in particular for larger top
wall temperatures where the plume seems to separate from
the vertical wall. The second is to compare the predictions
from previous similarity and non-similarity models for the
natural convection flow along an isothermal vertical wall to
the results from the experiments in order to examine if
these models can accurately predict the development of
the wall plume in these cases.
2. Experimental methodology

The experiments in this investigation were performed in
an air-filled square cavity shown in Fig. 1 that was also
used by Wu et al. [6]. The cavity was set up so its width
and height were both 305 mm. The depth of the cavity
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Fig. 1. Schematic of square cavity with heated top and cooled bottom
walls.
was 914 mm, which was three times the height and width,
so that the flow should be approximately two-dimensional
as suggested in a number of previous studies [11,19]. The
walls of this square cavity were designed so that one of
the vertical walls and the top wall could be heated indepen-
dently, while the other vertical wall and the bottom wall
were cooled. The ends of the square cavity were sealed
using walls with large glass windows so the flow in the cav-
ity could be visualized.

The top wall and the heated vertical wall were con-
structed using 12.7 mm thick aluminium plates. The heated
vertical wall included three silicone rubber heaters, with a
maximum capacity of 180 W, while the top wall included
two heaters in the section examined here. Each heater
was independently controlled using a multi-channel vari-
able duty controller. Guard walls with seven independent
heaters were attached outside these walls to reduce heat
loss from the walls. In the current experiments, the heat
transfer between the heated vertical wall and its guard wall
was less than 15% of the heat transfer into the cavity from
the heated vertical wall. The bottom wall and the cooled
vertical wall were also constructed from 12.7 mm thick alu-
minium plates that contained serpentine cooling channels.
Municipal water was circulated through the channels to
remove the heat from these two plates. The temperature
of these walls in this case was kept approximately uniform
by maintaining a relatively high cooling water flow rate.
This was facilitated by the fact that the heat flux through
the walls was relatively low in the current investigation.
The heated walls were also maintained at a uniform tem-
perature by independently controlling the power to the
individual heaters. In all cases, the maximum discrepancy,
which occurred near the corner regions, between the local
temperature and the average wall temperature was less
than 4%. In order to minimize the heat transfer between
the heated vertical wall and the top wall, the junction
between the walls was insulated using a thin layer of min-
eral fibre paper. The heated vertical wall was isolated from
the bottom wall by supporting its guard wall on four small
Delrin blocks so that an air gap of approximately 1 mm
high was present. The temperature on the walls of the
square cavity was measured using 0.25 mm (0.01000) T-type
thermocouples that were embedded in the plates. There
were, respectively, 18, 11, 12 and 11 thermocouples embed-
ded in the heated vertical wall, cooled vertical wall, top
wall and bottom wall. Among them, 6, 3, 4 and 3 thermo-
couples were embedded along the centerlines to continu-
ously monitor the changes in the temperatures so that the
average wall temperatures reported here can be calculated.

The temperature distribution of the air in the square
cavity was measured using two different T-type thermocou-
ples mounted on a two-dimensional traverse. In the first
experiments, the temperature was measured with a
0.25 mm (0.01000) diameter T-type thermocouple probe
mounted on a 3.2 mm diameter and 63.5 mm long ceramic
tube angled at 10� to the horizontal so measurements could
be performed in the upper corner region. It was found that
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this angled thermocouple probe could not be used to accu-
rately measure the temperature distributions very close to
the heated vertical wall. Thus, in the second set of experi-
ments, the air temperature was measured using a
Table 1
Summary of the wall temperatures and Grashof numbers for the cases studied

Case TH (�C) TC (�C) TT (�C) TB (�C) hH

1-a 52 12 69 12 1
1-b 52 13 67 13 1
2-a 51 14 86 14 1
2-b 51 14 83 14 1
3-a 54 12 109 12 1
3-b 54 15 106 15 1
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Fig. 2. Flow patterns (left) and temperature contours (right) in the upper left re
1.4, (b) 1.9, and (c) 2.3.
0.051 mm (0.00200) diameter T-type thermocouple mounted
between two 1.5 mm diameter tubes that were 57 mm long
and 29 mm apart. These tubes were horizontal similar to
Wu et al. [6] and the measurements from this probe were
in this investigation

hC hT hB GrL Type of thermocouple probe

0 1.4 0 1.39 � 108 Angled
0 1.4 0 1.34 � 108 Horizontal
0 1.9 0 1.32 � 108 Angled
0 1.9 0 1.32 � 108 Horizontal
0 2.3 0 1.44 � 108 Angled
0 2.3 0 1.31 � 108 Horizontal
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Fig. 3. Typical flow patterns across the entire width of the square cavity
with non-dimensional top wall temperature of 2.3. The images (a) and (b)
were taken about 15 s apart.
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found to be more accurate, especially in the region close to
the heated vertical wall. The position of the thermocouple
probes relative to the walls for both probes was determined
using positioning rods installed in the probe holder that
closed an electrical circuit when they touched the wall.
Since the temperature changed sharply near the heated ver-
tical wall, the temperature measurements were made at
0.25 mm intervals for the first 6.5 mm from the wall. The
distance between consecutive measurement locations was
subsequently increased from 0.5 mm to 30 mm as the dis-
tance from the wall was increased. For the step size of
0.25 mm, the accuracy of the location of the probe is
approximately 0.02–0.03 mm, resulting in an uncertainty
in the temperature gradient of about 5%.

In each case, measurements were started after the wall
temperatures fluctuated less than ±0.5 �C for over 1 h.
The wall temperatures in the two sets of experiments were
matched as closely as possible for each case as summarized
in Table 1. The instantaneous temperature measurements
from the thermocouple probes were averaged for 20 s at
each point. The uncertainty in the temperatures measured
by the T-type thermocouple probe was ±1 �C, and the
uncertainty in the local Nusselt number obtained here
was estimated to be 5–8% using the approach outlined by
Coleman and Steele [27].

The flow in the square cavity was visualized using
incense smoke that was illuminated by a laser light sheet.
The smoke was generated by slowly moving air over burn-
ing incense. The smoke was cooled to approximately room
temperature before it was slowly injected into the cavity
through one of the two slots machined in the bottom wall
of the cavity for the traverse. A digital camera positioned
outside the window of a sidewall of the cavity was used
to record the resulting smoke pattern illuminated by a laser
light sheet projected into the cavity through the other slot
in the bottom wall for the traverse.

3. Results and discussion

The laminar natural convection in an air-filled square
cavity was examined for cases where the top wall tempera-
ture was significantly larger than the heated vertical wall.
The average temperatures of the vertical walls on the two
sides of the cavity were maintained at approximately
52 �C and 14 �C, respectively, so the horizontal Grashof
number based on the width of the square cavity, GrL,
was approximately 1.3 � 108. The bottom wall temperature
was maintained at approximately 14 �C while the average
top wall temperature was varied from 67 �C to 109 �C, cor-
responding to non-dimensional temperatures of 1.4–2.3.

The flow patterns and the temperature contours in the
upper left quarter of the square cavity for three different
top wall temperatures are shown in Fig. 2. The temperature
contours were generated from the measured temperature
profiles using a commercial package. The results show that
the natural convection plume travelling along the heated
vertical wall separates from the wall before reaching the
corner. It is difficult to accurately determine the separation
point without quantitative velocity measurements in the
near-wall region. However, for this study, it was estimated
from the flow visualizations as the point where the upward
flow first leaves the vertical wall. The temperature contours
provide similar flow field information as the flow visualiza-
tion, since once the flow separates the convective effects will
dominate the diffusive effects. As a result of the flow sepa-
ration, there is a recirculating flow region between the sep-
arated flow and the heated vertical wall similar to the
numerical study by Shiralkar and Tien [20]. Here, the
plume attaches to the top wall near the opposite corner
region as shown in Fig. 3 for a non-dimensional top wall
temperature of 2.3. This seems similar to the results in Shi-
ralkar and Tien [20] though they did not state where the
plume reattached to the wall. For the smaller non-dimen-
sional top wall temperature, there was some temporal var-
iability in the flow, which reduced as the top wall
temperature was increased. The two images shown in
Fig. 3, which were taken approximately 15 s apart, show
that the flow is steady for the non-dimensional top wall
temperature of 2.3. The temperature measurements show
that the core region of the cavity is moderately stratified.
There is, however, a highly stratified region above the
buoyant plume after it separates from the vertical wall.
This is different from the results reported by Ravi et al.
[5] and Wu et al. [6] for lower non-dimensional top wall
temperature where there was evidence of a plume separat-
ing from the top wall but not a highly stratified region. The
results show that the flow undulates in the vertical direction
after turning in the horizontal direction, similar to the
results in Wu et al. [6] and Ravi et al. [5]. For the larger
top wall temperature examined here, the plume flow passes
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through its neutral buoyancy point and separates from the
vertical wall before reaching the top wall so the oscillations
occur lower in the cavity. The magnitude of these fluctua-
tions becomes smaller when the top wall temperature
increases, indicating the flow becomes more stable with
an increase of the top wall temperature. This differed from
the numerical results of Shiralkar and Tien [20], where
there was no evidence of oscillations in the plume. In that
case, the non-dimensional top wall temperature was three
times larger than studied here, likely resulting in a larger
stratification above the plume which may explain the
difference.

The change of the local buoyancy force in the flow along
the vertical wall given by

F BðyÞ ¼ q1ðyÞ � g � bðyÞ � ½T ðx; yÞ � T1ðyÞ� ð1Þ
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Fig. 4. Changes in the local buoyancy force distributions along the heated
vertical wall (left) with an enlarged view in the corner region (right) for
non-dimensional top wall temperatures of (a) 1.4, (b) 1.9, and (c) 2.3. The
results in the region y/H 6 0.85 are from the horizontal thermocouple,
while above this region are from the angled thermocouple.
for the different cases are shown in Fig. 4. For clarity, an
enlarged view in the region y/H > 0.6 is shown on the right
in this figure. Here, q1(y) and T1(y) are the density and
temperature of air in the cavity far from the heated vertical
wall, and b(y) is determined from T1(y). The profiles in the
region below y/H 6 0.85 were taken from the measure-
ments with the horizontal thermocouple probe so the re-
sults near the vertical wall would be more accurate. The
results show that the local buoyancy force decreases with
height due to the increase of T1 as expected. There are neg-
ative local buoyancy forces above y/H � 0.5 due to the
undershoots in the temperature profiles. The negative
buoyancy force became larger near the upper corner sug-
gesting that the plume along the vertical wall had passed
its neutral buoyancy point. The local buoyancy force at a
given height decreases with an increase of the top wall tem-
perature as expected and the region of negative buoyancy
near the top wall becomes larger. The plume separates
from the wall in this region indicating the negative buoy-
ancy force does play a significant role in affecting the up-
ward motion of the plume.
4. Comparison with models

The measurements of the plume on the heated vertical
wall for three different cases were compared to the similar-
ity solution proposed by Kulkarni et al. [26] and the non-
similarity solution proposed by Chen and Eichhorn [25].
One limitation of these models is that the stratification rate
of the ambient air (in the core region here) must be known
a priori to solve the equations. In the case of the cavity flow
examined here, the stratification rate was determined from
the experimental data. The change in temperature at x/
H = 0.5 with height is shown in Fig. 5. The temperature
gradient in the moderately stratified core region is largely
0
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Fig. 5. Comparison of the non-dimensional temperature, h, at x/H = 0.5
for the cases with non-dimensional top wall temperatures of (D) 1.4, (h)
1.9, and (s) 2.3.
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unaffected by the change in the temperature of the top wall.
However, the distance from the top wall to the location
where the plume separates from the heated vertical wall
increases with the top wall temperature, thereby increasing
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the size of the highly stratified region near the top of the
cavity as noted above.
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et al. [26] for the three different top wall temperatures are
shown in Fig. 6 with the corresponding experimental pro-
files. Here, h1 = (T � T1)/(TH � T1) is the non-dimen-
sional temperature, and g1 = (gb/4m2)1/4a1/4x is the non-
dimensional distance from the heated vertical wall, where
a is the stratification rate of the ambient temperature.
The results show that the similarity solution presented by
Kulkarni et al. [26] does not describe the current cases.
For the cases where hT was 1.4 or 1.9, the experimental
temperature distributions approached the profile predicted
by the similarity solution but did not reach this profile.
When hT was 2.3, the temperature profile at y/H = 0.85
overshot the profile predicted by the similarity solution
indicating that the similarity solution may not represent a
stable equilibrium solution for this flow. The integral of
the buoyancy for the thermal boundary layer determined
from the similarity solution was negative for air flow. Thus,
the similarity solution can at most describe a decelerating
plume after it has passed through the neutral buoyancy
point and this does not seem to be the case. It should be
noted this is different from the results for higher Prandtl
number fluids where the integral of the buoyancy for the
plume determined from the similarity solution [26] is posi-
tive. The similarity solution may better describe the flows
in those cases.

Comparisons of the profiles predicted by the non-simi-
larity model outlined in Chen and Eichhorn [25] and the
non-dimensional temperature profiles along the heated ver-
tical wall obtained from the measurements for the three dif-
ferent top wall temperatures are shown in Fig. 7. Here,
h2 = (T � T1,0)/(TH � T1,0) is a non-dimensional temper-
ature where T1,0 is the temperature of the ambient air at
the height of 0 and g2 = (gb/4m2)1/4(a/n)1/4x is a non-dimen-
sional distance from the heated vertical wall. This model
includes a parameter n given by n = ay/(TH � T1,0) that
accounts for changes in the streamwise direction. The tem-
perature profiles from the non-similarity model in the
region y/H < 0.5 are in good agreement with the measure-
ments. In the upper part of the heated vertical wall, there
are some discrepancies between the experimental data
and the profiles from the model. This is particularly true
in the region y/H P 0.8 near the edge of the plume at the
large top wall temperatures where the plume separates
from the wall. The non-uniformity in the experimental tem-
perature profiles was due in part to the undulation in the
plume after it separates from the vertical wall that was
not considered in the model.

One question of interest is whether the temperature pro-
files for the non-similarity model can accurately predict the
heat transfer from the heated vertical wall. This was exam-
ined by comparing the non-dimensional temperature gradi-
ent on the surface of the wall from the non-similarity
solution given by
�h02
��
g2¼0
¼ NuðyÞ � GrðyÞ�1=4 � T H � T1

T H � T1;0

� �5=4

�
ffiffiffi
2
p

; ð2Þ

where Nu(y) is the local Nusselt number and Gr(y) is the
local Grashof number. The results in Fig. 8 show that the
predictions from the non-similarity solution in the region
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y/H P 0.5 were slightly larger than the measurements.
There were also differences in the region y/H P 0.8 for
the case where hT was 2.3, again likely due to the secondary
flow region that could not be predicted in the model. Over-
all, though, the agreement is quite good.

The accuracy of the model in predicting the upward flow
along the heated vertical wall can also be examined by
comparing the change in the non-dimensional integral of
the buoyancy force along the heated vertical wall given by
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Fig. 9. Comparison of the non-dimensional integral of the buoyancy force
across the plume along the heated vertical wall, B(y), from the non-
similarity model [25] (open) and the experimental data (solid) with non-
dimensional top wall temperatures of (D) 1.4, (h) 1.9, and (s) 2.3.
The results for the three different top wall temperatures are
shown in Fig. 9. The non-dimensional integral of the buoy-
ancy force, B(y), decreased along the heated vertical wall
due to the increase in T1 with height. There were some dif-
ferences in the buoyancy for y/H > 0.8 as expected. The
model predictions and measurements were in reasonable
agreement and the model seemed to capture some trends
in the data. In particular, the model seemed to reasonably
predict the change in buoyancy when the temperature of
the top wall increased. The buoyancy for the non-similarity
model decreased more rapidly with height than the experi-
mental data, suggesting the model does not capture all of
the features from the measurements. It is not clear if this
was from differences in the initial thermal boundary layer.

The change in the non-dimensional momentum flux of
the boundary layer flow along the heated vertical wall from
the non-similarity model developed by Chen and Eichhorn
[25] given by
MðyÞ ¼
R d

0
V q1ðyÞV � dx

q1ðyÞ � 25=2 � m1=2 � ½gbðyÞ�3=4 � ðT H � T1;0Þ3=4 � y5=4

ð4Þ

for the three different cases is shown in Fig. 10. Here, the
momentum flux can be expressed in terms of a dimension-
less stream function that can be solved to estimate the
momentum flux without the velocity distributions [25].
The momentum flux decreased with the height, approach-
ing zero at a location near the top wall. This occurred more
rapidly with the larger top wall temperature as expected.
The model cannot actually predict the location where the
flow separates from the vertical wall but it can be inferred
from the location where the momentum approached zero.
This location is similar to the maximum height of the



0

0.02

0.04

0.06

0.08

0.1

0.2 0 .4 0.6 0 .8 1
y/H

N
on

-d
im

en
si

on
al

 m
om

en
tu

m
 f

lu
x,

 M
(y

)

Fig. 10. Comparison of the non-dimensional momentum flux of the plume
along the heated vertical wall, M(y), predicted from the non-similarity
model [25] for non-dimensional top wall temperatures of (D) 1.4, (h) 1.9,
and (s) 2.3.

1560 W. Wu et al. / International Journal of Heat and Mass Transfer 51 (2008) 1551–1561
plume in the measurement at least for the largest top wall
temperature. For the lower top wall temperatures, the pres-
sure gradient induced by the recirculating flow in the cor-
ner region should be affecting the flow in the corner.
5. Conclusions

An experimental investigation was performed to charac-
terize the laminar natural convection in an air-filled square
cavity heated and cooled on the vertical walls for cases
where the top wall temperature was larger than the heated
vertical wall. The experiments were performed for a hori-
zontal Grashof number of approximately 1.3 � 108, and
non-dimensional top wall temperatures in the range 1.4–
2.3. Flow visualizations and temperature measurements
showed that the natural convection plume on the heated
vertical wall separated from this wall due to the negative
buoyancy imposed by the stratification. As a result, three
different regions were formed in the cavity with the top wall
temperature significantly larger than the heated vertical
wall temperature: a stratified core region, a buoyant plume
flow region, and a highly stratified region above the plume
after it separated from the vertical wall. The results showed
that the highly stratified region became larger and more
stable as the top wall temperature increased, so the pene-
tration of the plume into this region became smaller. The
temperature distribution in the core region below the loca-
tion where the plume separated was largely unaffected by
the change in the top wall temperature.

The temperature profiles predicted from the similarity
solutions for the natural convection along an isothermal
vertical wall in a stratified medium proposed by Kulkarni
et al. [26] do not agree with the measurements in the cur-
rent cases. The buoyancy associated with the temperature
profiles predicted from similarity solutions were negative
so they could, as most, describe a decelerating plume after
it has passed through the neutral buoyancy point. The
plumes here either did not reach the solutions or overshot
them depending on the top wall temperature. The profiles
predicted using the non-similarity model outlined in Chen
and Eichhorn [25] were in reasonable agreement with the
measurements in the region below the point where the
plume separated from the vertical wall. The heat transfer
from the heated vertical wall was reasonably predicted by
the non-similarity model but there were some differences
in the non-dimensional integral of the buoyancy force
along the heated vertical wall between the experimental
data and the non-similarity solutions.
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