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This article aims to numerically investigate mixed convection heat transfer in a two-dimensional
horizontal channel with an open cavity. A discrete heat source is considered to be located on one of
the walls of the cavity. Three different heating modes are considered which relate to the location of the
heat source on three different walls (left, right and bottom) of the cavity. The analysis is carried out
for a range of Richardson numbers and cavity aspect ratios. The results show that there are noticeable
differences among the three heating modes. When the heat source is located on the right wall, the cavity
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Mixed convection with an aspect ratio of two has the highest heat transfer rate compared to other cavity heating modes.
Channel Moreover, when the heat source is located on the bottom wall, the flow field in the cavity with an aspect
Open cavity ratio of two experiences a fluctuating behaviour for Richardson number of 10. The results also show that

Aspect ratio at a fixed value of Richardson number, all three different heating modes show noticeable improvements

Richardson number

in the heat transfer mechanism as the cavity aspect ratio increases.
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1. Introduction

In integrated electronic circuit boards with increasing package
density, an effective heat removal process is required to ensure
satisfactory operation of high heat generating components. Numer-
ous innovative heat transfer strategies have been proposed and the
fluid flow and heat transfer characteristics of such strategies have
been experimentally and numerically investigated as detailed by
Incropera [1] and Peterson and Ortega [2]. In the past few decades,
mixed convection heat transfer has been a great interest for many
engineering and science researchers in the electronic industry. The
main objective of their studies has been to understand the fun-
damentals of various cooling strategies and to achieve a high per-
formance cooling method which meets the heat removal needs of
electronic devices with certain geometries.

Some researchers used open channels to simulate the mixed
convection heat transfer in electronic devices [3-6]. Channels with
open top upright cavities have also been used by some researchers
to simulate the heat transfer mechanism for either pure natural
convection [7-11] or mixed convection [12-14]. Manca et al. [15]
presented a numerical study on mixed convection in an open cav-
ity with a heated wall bounded by horizontally insulated plate.
They considered three basic heating modes for the open cavity
(assisting flow, opposing flow and heating from below) and com-
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pared their thermal performances. Brown and Lai [16] numerically
studied a horizontal channel with an open cavity and obtained cor-
relations for combined heat and mass transfer which covered the
entire convection regime from natural, mixed, to forced convection.
Leong et al. [17] studied the mixed convection for the same geom-
etry used by Brown and Lai [16], showing that Reynolds number
and Grashof number controlled the flow pattern and the transition
to the mixed convection regime. They argued that in the mixed
convection regime, the flow field might have become unstable.
Manca et al. [18] presented an experimental investigation on the
mixed convection in a channel with open cavity having a heated
wall on the inflow side. They analysed the flow and temperature
patterns for different Reynolds numbers and showed that the av-
erage temperature within the cavity varied with Reynolds number.

It is clear that the mixed convection heat transfer in enclosures
and channels has received great interest in recent years. However,
to the best knowledge of the authors, mixed convection in a chan-
nel with an open cavity having a localised heat source has received
little attention in the literature. It is expected that the location of
the heat source in the cavity significantly affects the interaction
between the forced flow in the channel and the natural convection
flow generated in the cavity [15,19,20]. A proposed heat manage-
ment strategy should aim to achieve a high cooling effectiveness
by considering the overall heat dissipation and taking into account
the interaction between natural and forced convection flows. As
such, the objective of this research is to study the mixed convec-
tion heat transfer in a two-dimensional horizontal channel with an
open cavity with the emphasis on the effects of placement of the
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Nomenclature

g gravity

Gr Grashof number, g8H3(Ty — T¢)/v?
H height of the channel (Fig. 1)

H depth of the cavity (Fig. 1)

K conduction coefficient

L width of the cavity

Le exit length of the channel

N normal vector to the surface
Nu Nusselt number, Nu= —(96/9dN);
Nup, average Nusselt number

p pressure

P dimensionless pressure, [7/,0ui2
D modified pressure, p + pigy

Pr Prandtl number, v/«

Re Reynolds number, u;H /v

Ri Richardson number, Ri = Gr/Re?
t time

T temperature

Tc inlet flow temperature

Ty heat source temperature

Uuj inlet flow velocity

u x component of velocity

U dimensionless form of u (u/u;)

v y component of velocity

Vv dimensionless form of v (v/u;)

X,y coordinates

X, Y dimensionless coordinates, x/H, y/H
Greek symbols

o heat diffusivity coefficient

B fluid volume expansion coefficient

0 dimensionless temp. (T — T.)/(Ty — Tc¢)
Ofm average dimensionless temperature

w fluid viscosity

% kinematic fluid viscosity
o) density

v stream function

T dimensionless time, u;t/H

Subscripts
max maximum
min minimum

u;, Tc 4 2 2 £ 2 4 2 £ £ L 7 Z
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Fig. 1. A schematic diagram of the channel.

localised heat source in the cavity and the aspect ratio of the cav-
ity. This leads to an appropriate design of the placement of high
heat generating electronic components which, in turn, results in a
superior cooling performance for the electronic device.

2. Problem definition

The geometry considered in this study is a two-dimensional
horizontal channel with an open cavity (Fig. 1). Air is introduced
to the channel at a uniform velocity, u;, and temperature, T¢. The
air flow is assumed to be laminar and incompressible with the
Prandtl number of Pr = 0.71. The walls of the channel and the
cavity are insulated. The height of the inflow and outflow open-
ings is equal to the depth of the cavity. Three heating modes are
considered which relate to the location of a discrete heat source
on one of the three different walls (left, right or bottom) of the
cavity (Fig. 2). The width and height of the heat source are H/2
and H/20, respectively.

Throughout the analysis, Grashof number is assumed constant
(Gr = 10*) and Richardson number has been varied (0.01 < Ri <
100). Since Richardson number is related to Reynolds number (Ri =
Gr/Re?), increasing Richardson number at a fixed Grashof number
is associated with decreasing Reynolds number. This means lower-
ing the strength of externally induced air flow or increasing the
effect of buoyancy forces in the flow field. In the first part of
this study, the cavity aspect ratio is assumed constant (L/H = 2)
and the three heating modes are analysed for different Richardson
numbers (0.01 < Ri < 100). In the second part, the cavity aspect
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Fig. 2. Three different locations of the heat source in the cavity.
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Fig. 3. The effect of grid refinement on the average Nusselt number. Heat source is
located on the bottom wall of the cavity, L/H =2, and Le/H = 2.
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Table 1

A comparison between the present study and Manca et al. [15] for case (left, H/D =1, Re = 100).

Richardson Maximum fluid temperature Minimum stream function
number Omax [15] Omax [present] Difference (%) Ymin [15] Vmin [present] Difference (%)
0.01 0.576 0.577 0.2 —0.0600 —0.0600 0
0.1 0.544 0.545 0.2 —0.0640 —0.0640 0
1 0.420 0.422 0.5 —0.0899 —0.0900 0.1
10 0.303 0.305 0.7 —0.1950 —0.1940 0.5
100 0.209 0.211 1.0 —0.4320 —0.4240 1.9
E
I—
Ri =0.01 Pmax = 1.000 Ri =0.01 Fmex = 1,000 Ri =0.01 ¥max = 1.000
Ymin = -0.078 Ymin =-0.073 Pmin =-0.073
| | ]
————— —] ]
= | ————————— ————————
Ri=0.1 ] Ll"m?x =1.000 Ri =0.1 H Ymax = 1.000 Ri=0.1 Ymax = 1.000
Fmin = -0.096 Wmin = -0.090 Wmin = -0.097
| = %I |
. Pmax = 1.000 o Wmax = 1.000 P Wmax = 1.000
B Wmin = -0.137 RSl Wmin = -0.072 RSl Wmin = -0.150

Ri=10 ] Wmax = 1,000 R
¥'min = -0.356 Wmin = -0.041
%
W i
]
: Pmax = 1.000 y Wmax = 1.781 . Wmax =2.172
RS0 Pmin = -0.980 =100 Wmin =-0.011 Ri100 Wmin = -0.032
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Fig. 4. The flow patterns for different locations of the heat source and various Richardson numbers.
. . . . 2 2
ratio is varied (0.5 < L/H < 5) so that the effects of the dimension % + U% + V% _ 1 (8 6 + 0 9) (4)
of the cavity on the channel thermal performance can be studied. aT X dY  PrRe\dx2? ay2)’

3. Governing equations

The governing equations for a domain within a two-dimensional
channel with an open cavity, which includes the fluid and the
heat source, are presented below. The governing equations in non-
dimensional forms are as follows:

U 9V

— 4+ — =0, 1
ox oy M
U U, 03U _ 9P 1 azu+32u @)
aT aX aY ~ 89X  Re\9x2 avy2)

av v v aP 1 /02v 3%V Gr
—+U— — =t — =+ — |+ =6, (3)
AT X Y dY  Re\dx2 9y2 Re?

where, 7 is the time in a dimensionless form (7 = u;t/H) and all
the lengths are normalised by the depth of the cavity (X = x/H,
Y = y/H). Velocities are normalised by the inlet velocity (U =
u/uj, V =v/u;). The pressure is normalised as P = f)/puiz, where
p is the modified pressure (p = p + pcgy). The non-dimensional
form of temperature is 6 = (T — T¢)/(Ty — T¢). All the thermo-
physical properties of the air flow are assumed constant except for
the variation in density with temperature, where a Boussinesq ap-
proximation is applied. Fully-developed conditions are considered
at the exit section of the channel and no-slip boundary conditions
(U =V =0) are assumed on all the walls. Velocities at the en-
try section are V =0, U =1 and at the exit section are V =0,
dU/0X = 0. In addition, at the entry section, the temperature is
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Fig. 5. Temperature patterns for different locations of the heat source and various Richardson numbers.

0 =0 and for all the walls and the exit section, adiabatic condi-
tions (060/0X =0 or d6/0Y = 0) are considered. The steady-state
solutions can be obtained by setting the time dependence terms
to zero in the above unsteady non-dimensional equations. For the
unsteady analysis, U =0, V =0, and 6 =0 are used as the initial
conditions.

To examine the required exit length of the channel, various
values of Le/H are considered in the analysis. The differences
for Nu, ¥min, ¥max and Og, are found to be less than 1 x 1073
when Le/H is set to values greater than 2. Hence, Le/H =2 is
used in the whole analysis. The local Nusselt number is defined
as Nu = —(d6/dN)s and can be determined from the tempera-
ture distribution. The average Nusselt number is obtained by in-
tegrating the Nusselt number over the heat source surface area
as Nuy = (1/s)fS —(06/0N)sds, where s is the dimensionless to-
tal surface of the heat source being in contact with the fluid,
and N is the dimensionless normal component to the surface (X
orY).

4. Numerical method
The system of governing equations (1)-(4) with the above-

mentioned boundary conditions is solved through a control volume
formulation of the finite difference method. The SIMPLE algorithm

is used to handle the pressure-velocity coupling. The convective
fluxes across the surfaces of the control volume are determined by
the power law discretisation scheme described by Patankar [21].
A non-equidistant grid with a concentration of grid lines near the
walls of the cavity is used in the analysis. In order to select the ap-
propriate grid, a systematic grid independence study is carried out.
A sample of the results is presented in Fig. 3 for a channel with
the heat source located on the bottom wall, Ri=1, L/H =2 and
Le/H = 2. A non-equidistant grid of 140 x 60 is found to meet the
requirements of both the grid independency study and the com-
putational time limits. For higher aspect ratios of the cavity, the
number of grid points in the X direction is increased accordingly.
The maximum mass residual below 107 is considered as the con-
vergence condition.

5. Results

In order to validate the present numerical code, the steady-state
solution, obtained in a two-dimensional channel with a uniform
heat flux on the vertical wall of the cavity on the inflow side (left
wall), is compared with the results of Manca et al. [21]. The results
(Table 1) show a maximum difference of 1% for the maximum fluid
temperature and a maximum difference of 1.9% for the minimum
stream function.
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(C) Bottom

Fig. 6. Vertical component of velocity at midsection of the cavity (Y =0.5). --- Ri=
0.01,-- Ri=0.1, —Ri=1, --- Ri=10, ---- Ri =100.
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Fig. 7. Average air temperature in the cavity.
5.1. The influence of the heat source location

The flow and temperature patterns are first examined (Figs. 4
and 5) to investigate the interaction between the forced flow and
the natural convection flow in the cavity for three different loca-
tions of the heat source. Fig. 4 shows that at low Ri, regardless
of where the heat source is located, the momentum of the exter-
nally induced air flow in the channel dominates the flow field in

Nup,
5.5 .
\Blght
N\,
~ N
3.5 \\\ N\ '—.
Bottom ~\ T

Fig. 9. Average Nusselt number versus time (heat source is located on the bottom
wall of the cavity).

the entire channel indicating that the circulating patterns in the
cavity are mainly due to the current of forced flow not the buoy-
ant flow. As Ri increases, the buoyant flow dominates the flow
field and different results are obtained as the location of the heat
source changes. When the heat source is located on the left wall
(Fig. 4A), the circulating patterns nearly cover the whole cavity for
Ri = 100. This can be attributed to the natural convection flow
and the forced flow being in the same direction. However, when
the heat source is located either on the right or the bottom wall
(Figs. 4B, 4C) the externally induced air flow tends to be drawn
into the cavity and the buoyancy forces generate a circulation cell
in the channel above the cavity. It must be noted that for the heat
source located on the bottom wall, at Ri = 10, the flow field ex-
periences an oscillatory behaviour with no steady solution. That is
why the results are not presented in Fig. 4C.

Fig. 5 shows that at low Ri, regardless of the heat source loca-
tion, the temperature distribution is rather uniform in the chan-
nel except in the vicinity of the heat source. As Ri increases, the
temperature contours move slightly inside the channel showing a
gradual growth of the high temperature zones due to the domina-
tion of natural convection effects.

Fig. 6 presents the vertical velocity profiles across the horizon-
tal midsection of the cavity (Y = 0.5) for different values of Ri
and various locations of the heat source. The results show that
at low Ri, the velocity profile does not significantly vary across
the midsection indicating a weak circulation zone in the cavity. As
Ri increases, the flow field is characterised by a stronger circula-
tion cell and higher magnitude of vertical velocity. It must also be
noted that when the heat source is located on the bottom or right
wall, the direction of the vertical velocity indicates an anticlock-
wise circulation, whereas, when the heat source is located on the
left wall, the circulation is clockwise.

Fig. 7 shows that at low Ri, placing the heat source on the left
wall of the cavity results in a lower average air temperature in the
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Fig. 10. The flow patterns in a complete periodic cycle (Ri = 10).

entire cavity. This can be attributed to the forced and natural con-
vection flows being in the same direction and assisting each other.
When the heat source is located on the left wall, as Ri increases,
the average temperature increases. This is because the momentum
of the relatively low temperature forced flow entering the cavity
decreases. When the heat source is located on the bottom or right
wall of the cavity, lower temperatures are observed, as Ri increases.
This behaviour is a result of the forced flow being drawn into the
cavity, lowering the temperature of the air flow, as suggested by
Fig. 4.

Fig. 8 shows the variation of average Nusselt number (Nu;)
with Ri for three different locations of the heat source. In gen-
eral, the lowest Nup corresponds to the heat source on the left,
whereas, the highest Nuy,, is achieved for the heat source on the
right, except for Ri = 1. For the heat source on the left, Nusselt
number initially increases until it reaches its maximum at Ri = 0.1
and then decreases. The interaction of the natural convection flow
and the forced flow in the cavity accounts for this variation. For
the heat source on the right or bottom wall, Nuy, first decreases as
there is no penetration of induced forced flow in the cavity. Nu;,
reaches its minimum at about Ri =1 and then increases. The rea-
son is that even though the externally induced air flow is weaker,
it starts penetrating into the cavity at higher Ri.

As mentioned earlier, at Ri = 10 for the heat source on the
bottom wall, fluctuating results are observed similar to the one
noticed by Manca et al. [15], Papanicolaou and Jaluria [22] and
D’Orazio et al. [23]. They argued that the instability in the physical
system can explain the fluctuating results at particular geometries
and flow field conditions. Other researchers [24-26] also found the

fluctuating results in the closed and opened cavities and discussed
that the Hopf bifurcations lead to oscillating flows. In the present
analysis, the examination of the heat removal process for the heat
source on the bottom wall and Ri = 10 is based on solving the
unsteady equations using the time step of At = 0.1. This was se-
lected after a thorough examination of various time steps on the
results. Periodic solutions for the flow parameters are detected in
the results. As an example of the results of unsteady governing
equations, Fig. 9 presents the variation of Nuy,, with time for Ri=1,
10 and 100. It can be seen that steady-state results can be obtained
for Ri=1 and 100, whereas, for Ri = 10, Nu,, decreases with time
until it reaches an asymptotic periodic zone with a train of iden-
tical pulses. Once the asymptote region is reached it can be seen
that the value of Nup, fluctuates in a periodic manner. It must be
noted that the steady-state values of 6g, and Nup presented in
Figs. 7 and 8, are obtained from the average of maximum and min-
imum values of 0, and Nuy, in the asymptotic periodic zone.

The periodic cycle is clearly illustrated in Fig. 10. At the start of
the cycle (state 1), the majority of the induced flow penetrates into
the cavity and flows over the heat source, generating a circulation
cell above the cavity. As time passes (state 2), the top circulation
cell disappears, however another circulation cell is generated near
the left wall. This circulation cell is then split into two cells (states
3 and 4) one of which merges with the forced flow (state 5), while
the other one becomes gradually weaker (state 6). Eventually, at
the end of the cycle (state 7), similar behaviour of the flow field as
observed at the start can be seen.
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Fig. 11. The flow and temperature patterns for various aspect ratios of the cavity (Ri =0.1).

5.2. The effects of aspect ratio of the cavity

For three different values of aspect ratio (L/H =1, 3 and 5),
Figs. 11 and 12 present the flow and temperature fields for Ri = 0.1
and Ri = 100 respectively. At Ri = 0.1, regardless of the aspect ra-
tio, the location of the heat source does not significantly change
the flow field within the cavity. However, at Ri = 100, there is a
significant change in the flow and temperature patterns as the lo-
cation of the heat source changes. For all values of aspect ratio,
when the heat source is located on the bottom or right wall, the
forced flow penetrates into the cavity creating an anticlockwise cir-
culation cell which becomes larger as the aspect ratio increases.
When the heat source is located on the left wall, as the aspect ra-
tio increases, the clockwise circulation cell in the cavity gradually
expands and moves towards the left wall.

The influence of the cavity aspect ratio (L/H) on the aver-
age air temperature in the cavity (6gn) is shown in Fig. 13. At
Ri = 0.1 (Fig. 13A) and for all values of L/H > 1, 0, increases as
the heat source is shifted from the left to the bottom and then
to the right. This is because the length of the air travelling path
increases before being able to exchange heat with the low temper-
ature mainstream in the channel. In addition, for the three loca-
tions of the heat source, as L/H increases, 6gy,, decreases. This can

be attributed to the increase in the penetration of the externally
induced flow into the cavity as the width of the cavity increases.
At Ri =100 (Fig. 13B), when the heat source is located on the left
wall, the circulation cells intensify inside the cavity while there is
no external air flow penetration. This mechanism associates with
a slightly higher average air temperature as opposed to the other
two heating modes, where the externally induced air flow pen-
etrates into the cavity, reducing the average air temperature. As
L/H increases, more flow penetration into the cavity (see Fig. 12)
results in further reduction of the average air temperature. This
trend can be seen for all locations of the heat source.

Fig. 14 shows the variation of Nu;, with respect to L/H. At
Ri=0.1 (Fig. 14A) and for the three different locations of the heat
source, Nup increases with L/H. This is because of more penetra-
tion of forced flow into the cavity and higher circulating flow in-
tensity at higher aspect ratios. For Ri = 100 (Fig. 14B) and L/H < 2,
when the heat source moves from the left, to the bottom and then
to the right of the cavity, the rate of heat transfer increases be-
cause the amount of forced flow entering the cavity increases. For
L/H > 2, when the heat source is on the right or bottom wall, the
low temperature forced flow enters the cavity, helping the heat
transfer from the heat source. Therefore, the rate of heat transfer
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Fig. 13. Average temperature versus the cavity aspect ratio.

is almost the same and still higher than that for the heat source different scenarios which relate to the location of a discrete heat

located on the left wall. source on the left, bottom or right wall of the cavity have been
considered. For every scenario, the results of the flow and tem-
6. Concluding remarks perature fields and the heat transfer rate have been presented for

different values of Richardson numbers and aspect ratios of the
The problem of mixed convection heat transfer in a horizontal cavity. The results of the numerical analysis lead to the following
channel with an open cavity has been studied numerically. Three conclusions:
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Fig. 14. Average Nusselt number versus the cavity aspect ratio.

e At low Ri, the momentum of the externally induced air flow in
the channel dominates the flow in the entire channel and the
buoyancy forces in the cavity are overwhelmed by the effects
of the forced flow. For all values of the cavity aspect ratio and
locations of the heat source, slight differences can be observed
in the flow field. For the cavity aspect ratio above one, both
the average temperature and the heat transfer rate increase as
the heat source moves from the left, to the bottom and then
to the right.

e At high Ri, heat transfer enhancement is obtained more due to
the development of buoyancy induced flow. The flow field be-
haves differently when the heat source is located on different
walls of the cavity. More of the low temperature main flow is
drawn into the cavity, lowering the air average temperature of
air when the heat source is on the bottom or on the right wall.
This can be seen at all cavity aspect ratios. For the cavity as-
pect ratio above two, when the heat source is located on the
right, a better cooling performance is achieved in comparison
to the other two cases.

e For all different locations of the heat source in the cavity, as
the cavity aspect ratio increases, an initial decrease in the av-
erage temperature and an increase in the heat transfer rate
can be observed for low aspect ratios of the cavity; however
this trend stabilises at higher values of aspect ratio.

e At Ri=10, L/H =2 and for the heat source on the bottom
wall, the results undergo a fluctuating phase. The flow field
within the cavity experiences the formation of a vortex os-
cillate, breaking up to two zones and then mixing with the
mainstream flow in the channel.

e The results of this study suggest several guidelines for the
thermal design of electronic packages where the geometry of
electronic devices and the arrangement of electronic compo-
nents are of interest.
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