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Mixed convection in an open cavity with a heated wall bounded by a horizontally insulated

plate is studied numerically. Three basic heating modes are considered: (a) the heated wall

is on the inflow side (assisting flow); (b) the heated wall is on the outflow side (opposing

flow); and (c) the heated wall is the horizontal surface of the cavity (heating from below).

Mixed convection fluid flow and heat transfer within the cavity is governed by the buoyancy

parameter, Richardson number (Ri), and Reynolds number (Re). The results are reported in

terms of streamlines, isotherms, wall temperature, and the velocity profiles in the cavity for

Ri¼ 0.1 and 100, Re¼ 100 and 1000, and the ratio between the channel and cavity heights

(H=D) is in the range 0.1–1.5. The present results show that the maximum temperature

values decrease as the Reynolds and the Richardson numbers increase. The effect of the

H=D ratio is found to play a significant role on streamline and isotherm patterns for

different heating configurations. The present investigation shows that the opposing forced

flow configuration has the highest thermal performance in terms of both maximum tem-

perature and average Nusselt number.

INTRODUCTION

Mixed convection flow and heat transfer in enclosures is of great interest in
engineering and science. This interest stems from its importance in a wide range of
engineering areas such as nuclear reactors, solar collectors, crystal growth, and
cooling of electronic systems. Due to its simplicity in design and low maintenance
cost, air-cooling systems have become a primary cooling medium for electronic
systems. The electronic components, which are considered as heat sources, are
usually mounted on the vertical boards and the heat generated by these sources is
removed by both natural convection and application of an externally induced flow of
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air. The interaction between the externally induced airflow and the natural con-
vection due to the buoyancy force plays a significant role in the design of electronic
systems.

The studies on open top upright cavities (U-shaped open cavities) have
been conducted either for pure natural convection or mixed convection. A two-
dimensional numerical study of natural convection above an array of rectangular
cavities was studied by Hasnaoui et al. [1]. The authors showed that the symmetry of
the flow can be destroyed due to the presence of an upper wall. A numerical study of
transient natural convection in a rectangular open cavity with an asymmetric ther-
mal boundary condition was investigated by Jones and Cai [2]. In this investigation,
one vertical wall of the cavity was either heated by a constant heat flux or cooled
by convection to the surroundings. The top of the cavity was open to a large
reservoir of fluid at a constant temperature. Showole and Tarasuk [3] investigated
experimentally using the Mach-Zehnder interferimeter and numerically using a
finite-difference technique, the steady two-dimensional laminar natural convection
heat transfer from an isothermal horizontal and inclined open rectangular cavity
for different controlling parameters. The results showed that the average heat
transfer increases significantly with an increase in the Rayleigh number at various
inclination angles. Lage et al. [4] studied numerically the effects of the natural
convection with radiation on the heat transfer rate in a two-dimensional cavity with
an open top end.

Recently, Dehghan and Behnia [5] investigated numerically combined natural
convection, conduction, and radiation heat transfer in an open top upright cavity
containing a discrete heat source. The radiation heat exchange was found to have a
significant influence on the thermal and flow fields. It was found that most of the
heat generated by the heat source was dissipated in the vicinity of the heat source
either by convection or radiation mechanisms. The contribution of the radiation on
the total heat transfer was found to increase with the surface emissivity and to

NOMENCLATURE

D height of the heated wall, m

g gravitational acceleration, ms72

Gr Grashof number, Gr ¼ gbTqD4=n2k
k thermal conductivity, Wm71K71

H height of the inflow and outflow

openings, m

p pressure, Pa

q heat flux, Wm72

Re Reynolds number, Re ¼ uiD=n
Ri Richardson number, Ri¼Gr=Re2

t time, s

T temperature, K

Ti ambient temperature

u velocity component in x-direction, ms71

ui inlet velocity, ms71

U dimensionless velocity component in

X-direction

v velocity component in y-direction, ms71

V dimensionless velocity component in

Y-direction

x horizontal coordinate distance, m

X dimensionless horizontal coordinate

distance

y vertical coordinate distance, m

Y dimensionless vertical coordinate

distance

a thermal diffusivity, m2s71

bT volumetric expansion coefficient

y dimensionless temperature

n kinematic viscosity, m2s71

r density, kgm73

Subscripts

i inflow

w wall
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decrease with Rayleigh number. For mixed convection flow in enclosures, Oos-
thuizen and Paul [6] studied numerically using the Galerkin finite element method
mixed convection heat transfer in a cavity with uniformly heated, isothermal vertical
walls and horizontal adiabatic walls. They considered the effect of the forced flow,
either aiding or opposing, on the buoyancy force. The forced flow was considered to
enter and to leave the enclosure across the cold wall. The numerical heat transfer
results were obtained for various pertinent controlling parameters of the problem. A
similar study was conducted by Simoneau et al. [7] on the interaction between an
injection and laminar natural convection in a thermally driven cavity.

A comprehensive study was conducted by Vafai and coworkers [8–12] to
investigate basic aspects and physics of the flow field within the open-ended struc-
tures and the effect of the extended computational domain on the flow and heat
transfer inside the open domain and its immediate surroundings. In these studies,
they established that the extent of the enlarged computational domain has a sub-
stantially larger effect than previously reported by other investigators.

In this analysis, the forced flow was considered to enter the enclosure
through the hot wall and to leave through the opposite cold wall. Both aiding and
opposing forced flow cases were investigated here. Papanicolaou and Jaluria [13]
studied numerically the mixed convection transport from an isolated heat source
with a uniform heat flux input within a rectangular enclosure. Their results
showed that the average Nusselt number increases with an increase in the Ri-
chardson number at a fixed Reynolds number. Also, an increase in the heat
transfer rate was found with an increase in the Reynolds number for a fixed value
of Richardson number. Moreover, a rapid increase in heat transfer was observed
with an increase in Richardson number when natural convection heat transfer was
dominant. Later on, the same authors [14] studied numerically mixed convection
from a localized heat source in a cavity with conducting walls. The numerical
results showed that the heat transfer from the source was higher if the solid wall
thermal conductivity was higher. More recently a numerical study of an enclosure
with a heated vertical plate located in the cavity was carried out in [15]. Discrete
heat sources were embedded on the plate and different orientations were con-
sidered. When the heat source was embedded on the right surface of the board, the
value of the convective Nusselt number was found to be independent of the
location of the heat source.

Even though the case for a constant heat flux on the horizontal surface exposed
to the forced convection has been studied, the case for a constant heat flux on a
vertical surface has received little attention. In this work, a cavity located below a
channel is considered, as shown in Figure 1. Air flows through the channel. One of
the walls of the cavity experiences a uniform heat flux, while the other walls are
adiabatic. This produces an interaction between a buoyancy-induced flow and a
forced flow. Three resulting cases are investigated: (a) forced flow in the channel
assisting the motion due to the natural convection within the cavity; (b) forced flow
in the channel opposing the motion due to the natural convection within the cavity;
and (c) forced flow in the channel and natural convection due to a heat source over
the cavity bottom wall. The results for stream function and temperature distribution
are obtained. Also, the heated wall temperature profiles and the velocity profiles in
several sections of the cavity are presented.
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PHYSICAL MODEL AND ASSUMPTIONS

The geometry under investigation is shown in Figure 1. One wall of the
U-shaped cavity is heated by a uniform heat flux and the other walls are adiabatic.
Flow enters through the left opening at a uniform velocity, ui. It is assumed that the
incoming flow is at an ambient temperature, Ti, and the outgoing flow is assumed to
have zero diffusion flux for all variables (outflow boundary conditions). Flow in the
cavity is assumed to be two-dimensional, laminar, and incompressible with negli-
gible viscous dissipation. All the thermophysical properties of the fluid are assumed
constant except for the variation in density with temperature (Boussinesq approx-
imation) giving rise to the buoyancy forces. The thermophysical properties of the
fluid are evaluated at the ambient temperature, Ti, which is equal to 300K in
all cases.

Taking into account the above-mentioned assumptions, we can write in non-
dimensional for the governing equations for this investigation, with constant
thermophysical properties and Boussinesq approximation:

qU
qX

þ qV
qY

¼ 0 ð1Þ

U
qU
qX

þ V qU
qY

¼ � qP
qX

þ 1

Re

q2U
qX 2

þ q2U
qY 2

� �
ð2Þ

Figure 1. Geometry under consideration: (a) assisting forced flow, (b) opposing forced flow, and

(c) heating from below.
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where Re ¼ uiD=n is the Reynolds number, Gr ¼ gbTqD4=n2k is the Grashof num-
ber, and Pr ¼ n=a is the Prandtl number. The Richardson number is defined as
Ri ¼ Gr=Re2.

Equation (1)–(4) were cast in nondimensional form by using the following
nondimensional variables:

X ¼ x
D Y ¼ y

D y ¼ T� Ti
ðqD=kÞ

U ¼ u
ui

V ¼ v
ui

P ¼ pH
mui

9>>>=
>>>;

ð5Þ

In the above equations, D is the height of the vertical heated wall, bT is the volu-
metric expansion coefficient, p is the fluid pressure, q is the heat flux, u and v are the
velocity components in the x- and y-directions, T is the fluid temperature, and Ti is
the inflow temperature.

The average Nusselt number is

Nu ¼ 1

LH

Z LH

0

NuðrÞdr ¼ 1

LH

Z LH

0

hðrÞr
k
dr ð6Þ

with

hðrÞ ¼ q

TwðrÞ � Ti
ð7Þ

where LH is the length of the heated wall and r is either the x- or y-coordinate
depending on the location of the heated wall.

NUMERICAL SCHEME

The numerical procedure used in this work is based on the Galerkin weighted
residual method of finite element formulation. The application of this technique is
well described by Taylor and Hood [16] and Gresho et al. [17] and its application is
well documented [18]. The segregated solution method was chosen to solve the
governing equations, which were linearized implicitly with respect to the equation’s
dependent variable. The advantage of using this method is that the global system
matrix is decomposed into smaller submatrices and then solved in a sequential
manner. This approach will result in substantially fewer storage requirements. The
conjugate residual scheme is used to solve the symmetric pressure-type equation
systems, while the conjugate gradient squared is used for the nonsymmetric advec-
tion-diffusion-type equations. A variable grid size system is implemented in the
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present investigation especially near the walls to capture the rapid changes in the
dependent variables. The following enforced convergence criterion is implemented in
this study to ensure the convergence of the dependent variables:

Lnþ1 � Ln
�� ��

1
Lnþ1

�� ��
1

� 10�5 ð8Þ

where L is the dependent variable and n is the iteration index.
This numerical model was validated by solving the configuration investigated

in [8, 9]. The comparison is presented in Table 1 in terms of the average Nusselt
number, dimensionless maximum temperature on the heated strip, and di-
mensionless maximum stream function. The percentage differences between the
global values are in very good agreement, whereas a weak discrepancy is observed
for ymax.

Preliminary results were obtained to inspect the field variables grid-
independency solutions. In Figure 2 streamlines and temperature fields are presented
for Re¼ 1000, Ri¼ 100, and for three different nonuniform grid systems with the
following number of nodes in the U-shaped cavity: 30630 (Figure 2a), 50650
(Figure 2b), 70670 (Figure 2c), and 90690 (Figure 2d ). As shown in Figure 2 with
respect to the minimum and maximum values of the field variables, adequate results
can be achieved using nonuniform node points of 70� 70. Additional refinement of
node points did not render any appreciable improvement in the results. As an
additional check on the accuracy of the present grid system, temperature and ve-
locity component profiles along the horizontal midsection of the cavity (Y¼D=2) are
illustrated in Figure 3. The temperature and the velocity profiles for 50650 and
70670 grid systems are very similar as depicted in Figure 3. To test the required
outlet channel length, the streamlines and the temperature distribution for Re¼ 1000
and Ri¼ 100 and for four different lengths of the outlet channel, Lexit¼L, 2L,
3L, and 4L are reported in Figure 4. No differences are observed between the
maximum and the minimum values of the streamlines and the isotherms. Based on
the above observations, numerical runs are carried out employing a computational
domain with Lexit¼ 4L and a non uniform grid with a number of nodes equal to
70670 for the bottom cavity (U-shaped) in order to obtain a good resolution and a
reasonable computational runtime. The analysis was carried out for the following
three classes of configurations: (a) the left wall is heated and the forced flow assists
the motion due to the natural convection in the cavity; (b) the right wall is heated
and the forced flow opposes the motion due to the natural convection in the cavity;
and (c) the bottom wall is heated.

Table 1. Comparison of results for validation at Pr ¼ 0:7, Re ¼ 100, Ri ¼ 1

Present Ref. [14]

Nu 3.06 3.13

ymax 3.34 3.56

Cmax 1.38 1.37
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RESULTS AND DISCUSSION

The results presented here were for a U-shaped cavity with an aspect ratio L=D
of 2. The ratio of the height of the inflow and outflow openings to the heat source
length H=D was equal to 0.1, 1, and 1.5. The Reynolds numbers investigated were

Figure 2. Assisting forced flow, H=D¼ 1.0, Re¼ 1000, and Ri¼ 100: (a) 30630 nodes; (b) 50650 nodes;

(c) 70670 nodes; and (d ) 90690 nodes.
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Figure 3. Effect of the number of mesh nodes for assisting forced flow, H=D¼ 1.0, Re¼ 1000, and

Ri¼ 100, at the horizontal midplane: (a) on the dimensionless temperature; (b) horizontal velocity com-

ponent at the horizontal midplane; and (c) vertical velocity component.

266 O. MANCA ET AL.



100 and 1000; these are in the laminar regime. At each of these Re values,
Ri¼Gr=Re2 values of 0.1 and 100 were used. Computation was carried out for the
three configurations. For Re¼ 1000 and Ri¼ 0.1 an oscillatory behavior was ob-
served similar to the one noticed in [13] for similar values of Re and Ri.

In the following, several cases related to the three configurations are com-
pared in terms of streamlines, isotherms, heated wall temperatures, and velocity
components. Figure 5 shows the streamlines and the isotherms for assisting forced
flow for different Richardson numbers at Re ¼ 100. For relatively small values of

Figure 4. Assisting forced flow, H=D¼ 1.0, Re¼ 1000, and Ri¼ 100: (a) Lexit¼L; (b) Lexit¼ 2L; (c)

Lexit¼ 3L; and (d ) Lexit¼ 4L.
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Richardson number (Ri	 1), a small recirculating cell is present in the open cavity
and the heat transfer between the heat source and the externally induced airflow
is provided mainly by heat conduction. This is because the buoyancy effect is
overwhelmed by the mechanical effect of the externally induced flow. As the
Richardson number increases, as shown in Figure 5, the intensity of the main

Figure 5. The effect of the Richardson number on the streamlines and the isotherms for assisting forced

flow ðH=D ¼ 1;Re ¼ 100Þ.
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Figure 6. The effect of the Richardson number on the streamlines and the isotherms for opposing forced

flow ðH=D ¼ 1;Re ¼ 100Þ:
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circulation increases and fills the entire enclosure. As seen in Figure 5, the region
affected by the heat source is quite small for small Richardson numbers since
the induced flow does not mix with the fluid inside the enclosure. Moreover, the
isotherms show that the temperature distribution is nearly uniform with respect to
the Y coordinate except close to the induced flow, indicating that most of the heat
transfer is carried out by conduction. For a higher Richardson number (Ri¼ 100),
the buoyancy effects are much stronger and result in a more vigorous loop in the
enclosure as depicted in Figure 5. Also, the formation of a plume becomes more
pronounced at a higher Richardson number. Figure 5 shows two different regions
within the enclosure. The upper part of the enclosure is characterized by almost
stratified isotherms, indicating that the heat is transferred from the recirculating flow
to the externally induced flow by diffusion. The isotherms within the remaining re-
gion are clustered close to the heated wall, which points to the existence of a steep
temperature gradient. For the opposing forced flow and Ri¼ 0.1, as shown in
Figure 6, a weak recirculating cell is present in the enclosure. In addition, the forced
flow does not penetrate much in the cavity, exiting next to the upper corner of the
heat source. Higher temperature gradients are present in the region close to the lower
part of the heat source as shown in Figure 6 (Ri¼ 0.1). As the Richardson number
increases to 100, the plume becomes stronger and part of the forced flow is drawn
into the cavity. For this case, the maximum temperature at the lower part of the heat
source is lower than the maximum temperature for the case where Ri ¼ 0.1. This can
be attributed to the effect of the external airflow penetration into the cavity, which
lowers the temperature.

The heating from below is considered in Figure 7 for various Richardson
numbers. For Ri ¼ 0.1, the streamlines are very similar to those reported in Figures 5
and 6, and this is due to the fact that the buoyancy effect is overwhelmed by the effect
of the external airflow. In this configuration the forced flow prevails again over the
buoyancy effect. The recirculating cell has very low velocity values in the zone ad-
jacent the lower heated wall for small values of Richardson numbers as shown in
Figure 7. As in previous cases, the heat transfer between the forced and recirculating
flows is merely conductive. The isotherms for Ri ¼ 0.1 are nearly parallel to the
horizontal wall. This shows a vertical stratification inside the enclosure, indicating a
dominant heat conduction mechanism. For a higher Richardson number value of
Ri¼ 100, the streamlines in Figure 8 show a nearly symmetrical recirculating cell
except close to the lower corners. For this case, the velocity values are higher and the
convective currents are stronger. As a consequence, heat removal is much more
effective than in the case of Ri ¼ 0.1.

Figures 8 through 9 show the streamlines and the isotherms for Richardson
number between 0.1 and 100 and Reynolds number of 1000 for the assisting case,
Figure 8, and for the case with the heated bottom wall, Figure 9. It is noticed in
Figure 8 that the recirculating cell in the cavity is adjacent to the insulated vertical
wall and the rest of the cavity is at rest. Furthermore, the isotherms are accumulated
in the regions close to the heat source and the heat diffusion is predominant for small
Richardson number (Ri ¼ 0.1) as shown in Figure 8. As the Richardson number
increases (Ri ¼ 100), the heat removal improves because the convective effects are
stronger as shown in Figure 8. For higher Richardson number, the streamlines are
clustered near the insulated vertical wall of the enclosure. As a result, high velocity
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gradients are encountered at the vertical wall, indicating a very thin hydrodynamic
boundary layer. Also, a small eddy is formed at the lower right corner of the
enclosure due to an increase in the Reynolds number that implies a stronger forced
flow effect. The isotherms are also clustered in a zone close to the heated wall for
higher Richardson numbers, which indicates higher heat transfer by convection.
When the lower horizontal wall is heated, Figure 9, the streamlines are very similar

Figure 7. The effect of the Richardson number on the streamlines and the isotherms for heating from

below ðH=D ¼ 1;Re ¼ 100Þ.
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to those of the assisting case for small Richardson numbers (Figure 8). The re-
circulating cell allows heat removal at the channel exit section, whereas in the other
cavity zone heat removal is merely diffusive because the fluid is nearly motionless in
the cavity. The isotherms in Figure 9 highlight this situation. When the Richardson
number increases (Ri¼ 100), Figure 9, the main circulation fills the entire cavity and
minor cells are visible near the bottom corners.

In Figure 10, the profiles of the heated wall temperature and the vertical
velocity component V for the assisting and opposing forced flows along the
X coordinate at various heights within the enclosure (Y¼ 0.25, 0.50, 0.75) are pre-

Figure 8. The effect of the Richardson number on the streamlines and the isotherms for assisting forced

flow ðH=D ¼ 1;Re ¼ 1000Þ.
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sented for a Reynolds number of 100 and for Richardson numbers of 0.1 and 100,
respectively. For assisting forced flow and Ri¼ 0.1, Figure 10 shows that the non-
dimensional wall temperature has a sharp increase close to the top corner. The
maximum value of the temperature is reached close to the cavity bottom wall.
Furthermore, the temperature profile is nearly uniform for 0<Y< 0.6. For opposing
forced flow, the nondimensional wall temperature is higher than the one for the
assisting case close to the top corner. In addition, the temperature increases gra-
dually and almost linearly between Y¼ 0.9 and 0.1. The maximum wall temperature

Figure 9. The effect of the Richardson number on the streamlines and the isotherms for heating from

belowðH=D ¼ 1;Re ¼ 1000Þ.
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value is attained in the lower part of the heated wall because the loop moves from the
top to the bottom of the cavity. As the Richardson number increases (Ri¼ 100), for
the assisting forced flow, the temperature gradient is again larger close to the top
corner, which is adjacent to the inlet opening. However, in this case the maximum
temperature value is attained in the upper part of the wall. When Re increases to
1000, for the assisting forced flow and Ri ¼ 0.1, the maximum wall temperature is
attained near the middle of the heated wall. Furthermore, the profile is much less
uniform than the profile for Re¼ 100.

The vertical velocity component at various vertical locations is shown in
Figures 10 and 11. In Figure 10 and for the assisting forced flow, as the Richardson

Figure 10. Comparison of the temperature and velocity profiles between assisting and opposing forced

flows at midsections of the enclosure and various Richardson numbers ðH=D ¼ 1;Re ¼ 100Þ.
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number increases the hydrodynamic boundary layer is well established and the
velocity gradients become steeper at both vertical sides of the enclosure. For a small
value of the Richardson number, the peak of the velocity profile is almost flat,
indicating only a residual buoyancy effect. For the opposing forced flow, as the
Richardson number increases to 100 the velocity component is almost zero except
near the heat source where the externally induced flow penetrates into the cavity.
Also, it can be seen from this figure that a high speed vertical flow occurs near the
heat source, indicating a very thin boundary layer region. For a higher Reynolds
number (Re¼ 1000), Figure 11 shows the variation of the vertical velocity compo-
nent at various Richardson numbers for assisting a forced flow scenario. It can be
seen from this figure that the values of the vertical velocity component are greater
than for Re ¼ 100. This is because a higher Reynolds number implies faster
externally induced airflow, and as a result the vertical velocity component will
increase. As the Richardson number increases for the assisting forced flow, the ve-
locity profiles experience a sharp change in the slope at both vertical sides of the
enclosure. Also, the velocity at these locations inside the cavity is no longer at rest,
similar to the low Reynolds number case.

The effect of varying the ratio of the inflow opening to the height of the vertical
heated wall (H=D) is shown in Figure 12 through 14 for Re¼ 100 and Ri¼ 0.1.
Figure 12 shows the influence of this ratio on the streamlines and the isotherms for
assisting forced flow configuration. For H=D ¼ 0.1, Figure 12 points out the pre-
sence of a recirculating cell adjacent to the unheated vertical wall, which occupies

Figure 11. Comparison of the temperature and velocity profiles for assisting forced flow at midsections of

the enclosure and for various Richardson numbers ðH=D ¼ 1;Re ¼ 1000Þ.
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Figure 12. Streamlines and isotherms for assisting forced flow at various H=D ðRi ¼ 0:1;Re ¼ 100Þ.
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most of the cavity. In addition, a single low speed vortex exists in the zone close to
the heated wall. It can be seen from this figure that as the H=D ratio increases, the
behavior of the flow changes essentially from a wall-jet-type flow to an open cavity
flow type. For a wall-jet-type flow, the maximum temperature value is ymax ¼ 0.658.
The added pressure rise along the channel causes the flow to decelerate along the
upper wall and downward displacement of the streamlines in the cavity. As the H=D
ratio increases, the maximum temperature value decreases (H=D¼ 0.3) due to the
circulating flow cell within the cavity, which fills the entire region as depicted in this
figure. This behavior allows the heat to be carried out by the circulating flow within
the cavity (clockwise). In addition, the intensity of the main circulation with the
enclosure increases, which causes better heat transfer enhancement. As the H=D
ratio increases further ðH=D > 0:3Þ, the streamlines and the isotherms patterns re-
main almost unchanged. This is because the main bulk fluid flows through the
channel and not into the cavity as a result of the dominant pressure drop in the
channel compared with the added pressure rise in the expansion section.

In the opposing forced flow configuration, Figure 13, the streamlines
distribution is similar to those for the assisting forced flow configuration. For H=D
¼ 0.1, this case represents a jet-wall-type flow, and the maximum temperature value
is the lowest for this situation. This is because the main flow penetrates into the
cavity, exiting adjacent to the upper corner of the heat source. As the H=D ratio
increases, the maximum temperature value increases significantly (up to H=D¼ 0.5)
and then remains nearly constant. This can be attributed to the countereffect of the
buoyancy force against the induced airflow, which causes an increase in the max-
imum temperature values. Moreover, the warmer zone is close to the right lower
corner, and this is due to the effect of the recirculating flow within the cavity
(clockwise), which opposes the effect of the buoyancy effect. As the H=D ratio
increases furtherðH=D > 0:5Þ, the streamlines and the isotherms patterns almost
remain unaltered.

When the cavity is heated from below, Figure 14, the streamlines are similar to
the ones for the assisting and opposing forced flows. For H=D ¼ 0.1, the isotherms
are almost symmetrical about the vertical axis of the cavity. Moreover, the isotherms
cluster along the horizontal heated wall and the maximum temperature value for this
case (ymax¼ 0.864) is lower than the one forH=D¼ 1 (ymax¼ 1.06). This is associated
with higher temperature gradients in the vertical direction of the enclosure for the
case of H=D¼ 0.1 than the one for H=D ¼ 1. As the H=D ratio increases, the main
flow penetration decreases and there is no longer symmetrical behavior of the iso-
therms. In addition, the isotherms in the lower part of the cavity are almost parallel
to the horizontal heated wall except at a region adjacent to the right vertical wall
(above the middle of the right vertical wall) where the effect of the forced flow is
appreciated.

Figures 15 and 16 illustrate the values of the maximum wall temperature and
the average Nusselt number as a function of the H=D ratio for the three considered
configurations and Re¼ 100. It can be seen from Figure 15 that the maximum
nondimensional temperature has higher values for the case of heating from below at
various values of the H=D ratio. In addition, Figure 15 shows for all configurations
that variations of H=D ratio are less significant for ratios greater than 0.4. The effect
of varying H=D ratio on the average Nusselt number is shown in Figure 16. This
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Figure 13. Streamlines and isotherms for opposing forced flow at various H=D ðRi ¼ 0:1;Re ¼ 100Þ.
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Figure 14. Streamlines and isotherms for heating from below at various H=D ðRi ¼ 0:1;Re ¼ 100Þ.
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figure shows that the opposing forced flow configuration has the highest average
Nusselt number among other configurations. For an H=D ratio greater than 0.4,
the average Nusselt number remains almost constant for all three configurations.

Figure 15. Comparison of the maximum temperature variation between assisting forced flow, opposing

forced flow, and heating from below for various H=D ðRi ¼ 0:1;Re ¼ 100Þ.

Figure 16. Comparison of the average Nusselt number between assisting forced flow, opposing forced

flow, and heating from below for various H=D ðRi ¼ 0:1;Re ¼ 100Þ.
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This again is due to the fact that the main bulk flow does not penetrate much inside
the cavity.

HEAT TRANSFER CORRELATIONS

The average Nusselt numbers shown in Figure 16 are correlated in terms of the
ratio of the height of the inflow and outflow openings to the heat source length
(H=D) for a Richardson number of 0.1 and Reynolds number of 100. These corre-
lations can be written as follows:

Assisting flow

Nu ¼ 1:6854� 0:2164ðH=DÞ � 1:933ðH=DÞ2 þ 6:0347ðH=DÞ3 � 7:057ðH=DÞ4

þ 3:7348ðH=DÞ5 � 0:74775ðH=DÞ6 R2 ¼ 99% ð9Þ

Heating from below

Nu ¼ 1:0447þ 4:5323ðH=DÞ � 12:366ðH=DÞ2 þ 16:411ðH=DÞ3 � 11:39ðH=DÞ4

þ 3:9545ðH=DÞ5 � 0:5379ðH=DÞ6 R2 ¼ 99:9% ð10Þ

Opposing Flow

Nu ¼ 1:1093þ 5:0147ðH=DÞ � 10:391ðH=DÞ2 þ 6:9637ðH=DÞ3 þ 1:5976ðH=DÞ4

� 3:5819ðH=DÞ5 þ 1:0624ðH=DÞ6 R2 ¼ 98:4% ð11Þ

where R2 is the maximum correlation coefficient.

CONCLUSIONS

A numerical investigation on mixed convection in a partially open cavity (U-shaped)
was carried out using a finite element analysis [18]. The results showed that there
were marked differences among the three considered heating modes. For H=D¼ 1.0
and a Reynolds numbers of 100 and 1000, it was noticed that recirculating cells
develop within the cavity, which improve the heat removal from the heat source for
the opposing case. For the assisting case, the results were similar to the ones pre-
sented in [13] for a heat source with a length shorter than the length of the cavity’s
vertical wall. The present results show that the opposing forced flow configuration
has the highest average Nusselt number among other configurations for various
H=D. In addition, the results of this investigation illustrate that the maximum
temperature values decrease as the Reynolds and Richardson numbers increase for
all three configurations. Generally, the highest thermal performance is achieved in the
opposing mode.
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