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Abstract

Steady, natural convection from a discrete ¯ush-mounted rectangular heat source on the bottom of a horizontal
enclosure is studied numerically. Three-dimensional form of Navier±Stokes equations are solved by using multigrid

technique. Rayleigh number based on the enclosure height is varied from 103 until unstable ¯ow is predicted for a
®xed Prandtl number of 0.71. Aspect ratio of the source is varied until it fully covered the entire width of the
bottom plate. The enclosure is cooled from above and insulated from the bottom. E�ect of vertical boundary

conditions on the rate of heat transfer from the heat source is studied. It is found that the rate of heat transfer is
not so sensitive to the vertical wall boundary conditions. The limit of the maximum Rayleigh number to obtain a
convergent solution decreases as the aspect ratio of the source is increased. The variation of Nusselt number as a

function of Rayleigh number and aspect ratio of the source is reported. 7 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Natural convection has been considered an e�ective

way of cooling electronic equipment due to its high re-

liability, low maintenance cost, and absence of noise.

Considerable attention has been given to natural con-

vection from vertical enclosures with discrete heat

sources attached on the vertical wall [1±6]. The pro-

blem of discrete heat source attached on a horizontal

surface of an electronic package is of equal import-

ance. However, there are very few contributions to the

buoyancy induced ¯ow over a discrete heat source

mounted on a horizontal wall of an enclosure. Pole-

ntini et al. [7] reported that a horizontal alignment of

discrete heat sources is preferred when uniform heat

transfer rates are desired from di�erent rows, which is

most often the case for electronic cooling.

The natural convection from a discrete ¯ush-

mounted rectangular heat source on the bottom of a

horizontal enclosure has a direct resemblance to

Raleigh±BeÂ nard problem, which consists of an enclo-

sure heated from below and cooled from top. The

induced ¯ow pattern consists of rotating rolls or mush-

room type structure depending on Ra, Pr, and geo-

metrical constraints. This problem has been studied

extensively and recent reviews can be found in Refs. [8]

and [9]. For a cubic cavity, the critical Rayleigh num-

ber for the onset of convection in the Raleigh±BeÂ nard

problem is 3446 and 7000 for adiabatic and conducting

lateral walls, respectively. Supercritical range for Ray-
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leigh number is 4000±8000 for adiabatic lateral walls.
The critical Rayleigh number decreases as the aspect
ratio of the cavity increases.

The object of this study is to examine the heat transfer
and natural convection due to a discrete heat source,
mounted ¯ush with the bottom wall of a rectangular

enclosure. The resulting ¯ow structure is analyzed to
provide a fundamental understanding of the e�ect of
Rayleigh number and the lateral aspect ratio of the dis-
crete heat source on the velocity and thermal ®elds with

the aid of the information gained from Raleigh-BeÂ nard
problem. The lateral dimension of the source is varied
until it covers the entire width of the bottom plate.

2. Physical model

Fig. 1 shows the schematic diagram of the problem

under consideration, which consists of a chip of con-
stant surface temperature in an enclosure having width
Lx, depth Ly, and height H. The aspect ratios Ax �
Lx=H and Ay � Ly=H of the enclosure are set to be
equal to 4. The chip is ¯ush-mounted with the bottom
horizontal wall and has dimensions lx and ly in x- and

y-directions respectively. The longitudinal aspect ratio
ax � lx=H of the chip is set to be unity while the lateral
aspect ratio ay � ly=H is varied between 1 and 4. The
bottom wall surface is assumed to be adiabatic, except

the chip, while the upper wall surface is maintained at
temperature tc: For the sidewalls of the enclosure two
kinds of boundary conditions are considered: (1) adia-

batic and (2) constant temperature sidewalls at tc:

3. Governing equations

A three-dimensional (3D), steady state, incompressi-
ble laminar ¯ow model is considered in the present

study. All properties are assumed to be constant except
that the e�ect of density variations on buoyancy is
retained, by using the Boussinesq approximation. The

dimensionless governing equations based on the above
assumptions are as follows.

Continuity

@U

@X
� @V
@Y
� @W
@Z
� 0 �1�

x-Momentum,

Nomenclature

Ax aspect ratio of enclosure in x-direction,
Lx=H

Ay aspect ratio of enclosure in y-direction,

Ly=H
ax aspect ratio of discrete heater in x-direc-

tion, lx=H
ay aspect ratio of discrete heater in y-direc-

tion, ly=H
H height of enclosure

k thermal conductivity
Lx, Ly enclosure dimensions in x-, y- directions,

respectively
lx, ly dimensions of the discrete heater in x-

and y- directions, respectively
Nu local Nusselt number, hH=k
P nondimensional pressure, p=ru2r
p pressure
Pr Prandtl number, n=a
Ra Rayleigh number, gb�th ÿ tc�H 3=na

T non-dimensional temperature, �tÿ
tc�=�th ÿ tc�

t temperature

U, V, W non-dimensional Cartesian velocities u=ur,
v=ur, w=ur, respectively

u, v, w Cartesian velocities

ur reference velocity, n=H
X, Y, Z non-dimensional Cartesian coordinates,

x=H, y=H, z=H respectively

x, y, z Cartesian coordinates
a thermal di�usivity
f U, V, W, P, or T ®eld
n kinematic viscosity

r density

Subscripts

c cold
h hot

Fig. 1. Schematic diagram of physical con®guration and the

coordinate system.
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where the above equations are nondimensionalized by
de®ning X � x=H, Y � y=H, Z � z=H,P � p=ru2r ,
ur � n=H, U � u=ur, V � v=ur, W � w=ur, T �
�tÿ tc�=�th ÿ tc�: P and T are non-dimensional pressure
and temperature, respectively. U, V, and W are the
non-dimensional velocity components in x-, y-, and z-
directions, respectively. The other non-dimensional

parameters in the above equations are Prandtl number
Pr � n=a, Rayleigh number Ra � gb�th ÿ tc�H 3=na
where b, n, and a are the coe�cient of volumetric

expansion, kinematics viscosity, and thermal di�usiv-
ity, respectively. th is the temperature at the surface of
the heated chip and tc is the temperature of the top

wall.
Boundary conditions for the velocity and tempera-

ture in non-dimensional form are as follows.

for X � 0 and X � Ax, U � V �W � 0 , @T
@X � 0

(for case 1), T � 0 (for case 2)
for Y � 0 and Y � Ay, U � V �W � 0, @T@Y � 0 (for
case 1), T � 0 (for case 2)

for Z � 0 and Z � 1, U � V �W � 0
for Z � 0 T � 1 (at chip), @T@Z � 0 (elsewhere)
for Z � 1 T � 0

The local heat transfer rate at the discretely heated
chip is presented by means of local Nusselt number,
which is obtained from

Nu � ÿ@T
@Z

����
z�0

�6�

4. Method of solution

Eqs. (1)±(5) are discretized using staggered, nonuni-
form control volumes. In order to minimize the nu-
merical di�usion errors, a third order accurate QUICK

scheme [10] is used in approximating the advection
terms. However, the QUICK scheme su�ers from a
lack of boundedness, i.e., it tends to give rise to non-

physical oscillations in high gradient regions (numeri-

cal dispersion). Flux limiter is a remedy for such pro-
blems. Hence, a limiter, known as ULTRA-SHARP
[11,12] is used. This high-order scheme proved to be

superior to low-order schemes. To alleviate the conver-
gence problems, the method is implemented in the sol-
ution procedure using the deferred correction

approach suggested by Khosla and Rubin [13]. The
SIMPLE algorithm [14] is used to couple momentum

and continuity equations. The momentum equations
are solved by applying one iteration of the strongly im-
plicit procedure (SIP) of Stone [15], which is extended

here to handle 3D problems. The discretization of the
pressure correction equation results in a set of

equations with a symmetric coe�cient matrix which is
solved by the conjugate gradient (CG) method [16]
until the sum of absolute residuals has fallen by a fac-

tor of ten. On the other hand, the coe�cient matrix of
the set of equations resulting from the discretization of
the energy equation is non-symmetric and solved itera-

tively by the Bi-CGSTAB method [17]. SSOR precon-
ditioning [16] is used for accelerating the convergence

rates of both the CG and the Bi-CGSTAB methods. In
all calculations presented here, underrelaxation factors
of 0.7, 0.7, 0.7, 0.7, and 0.8 were applied to U, V, W,

P, and T, respectively.
The rate of convergence of the above solution

method is high at the beginning of the calculation but
it becomes worse after a few outer iterations. The
reason is that the use of iterative solution procedure

e�ciently removes only those Fourier components of
the error whose wavelengths are smaller than or com-
parable to the grid spacing. To avoid the excessively

high computer times inherent in the solution of 3D
natural convection problems, a full approximation sto-

rage (FAS) full multigrid (FMG) method [18] applied
to 3D staggered grids is used to solve the problem
which removes a wider spectrum of wavelengths

e�ciently. The equations are solved by a three level
®xed V-cycle procedure starting at the coarsest grid
and progressing to the ®ner grid level. For pro-

longation operations tri-linear interpolation is used for
all variables. For restriction, the area weighted average

procedure is used for all quantities de®ned on the con-
trol-volume surface such as velocities. The volume-
weighted average procedure is adopted for all quan-

tities de®ned at the control-volume center such as
pressure and temperature.

In this work 66� 66� 42 grids are used on the ®n-
est level with denser, uniform grid spacing on the chip
and non-uniform grids elsewhere. The non-uniform

grids have denser clustering near the chip and the wall
boundaries. A ®ner grid of 102� 102� 62 was also
tested to check if varying in the grid spacing could

increase the accuracy of the calculations. The results,
which were obtained for Ra � 105 indicate a maximum
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relative di�erence of 1.2% in the vertical velocity pro-

®le. Additionally, the relative di�erence between both
grids for the average Nusselt number on the chip is
1.1%.

To ensure convergence of the numerical algorithm
the following criteria is applied to all dependent vari-
ables over the solution domainX���fm

ijk ÿ fmÿ1
ijk

���R10ÿ3

where f represents a dependent variable U, V, W, P,
and T; the indexes i, j, k indicate a grid point; and the
index m the current iteration at the ®nest grid level.

The code was validated with the numerical results of
Mukutmoni and Yang [19] for the bottom heated cav-
ity with adiabatic side walls, having aspect ratios

Ax � 3:5, Ay � 2:1, and Az � 1:0, using a ¯uid with
Pr � 2:5, at Ra � 2� 104: This corresponds to the
case of a heated chip with ax � Ax and ay � Ay: A

comparison of the computations is given in Table 1,
with the 80� 80� 80 uniform grid results of Ref. [19].
It should be noted that the scaling, as well as the axes
are di�erent in the present investigation, so that appro-

priate conversions are used for comparison. It can be
seen that the average Nusselt number di�ers by about
0.2% and the maximum vertical velocity by 1.1%

5. Results and discussions

Numerical simulations have been performed to eluci-
date the e�ect of Rayleigh number, chip lateral aspect

ratio, and the sidewall boundary conditions on the
natural convection cooling of a ¯ush-mounted discrete
heater on the bottom wall of a horizontal enclosure

having aspect ratios of Ax � 4 and Ay � 4: The cooling
¯uid is air having a Prandtl number of 0.71. The range

of Rayleigh numbers considered starts from 103 until
the ¯ow structure becomes unsteady where a steady
converged solution could not be obtained. The lateral

aspect ratios, ay, of the considered chip are 1, 2 and 4
where the latter value corresponds to a heat source
encompassing the whole enclosure width. First, adia-

batic boundary conditions for the lateral walls are con-
sidered and then the e�ect of boundary conditions is
investigated by assigning constant temperature to the

four vertical sidewalls.

5.1. Flow and temperature ®elds: adiabatic sidewalls

The buoyancy-driven ¯ow and temperature ®elds

inside a horizontal cavity, with a discrete heat source
of aspect ratios ax � 1 and ay � 1, ¯ush-mounted with
the bottom wall are illustrated by means of projection

of ¯owlines and isotherms on mid x±z plane in Fig.
2(a)±(c) for Rayleigh numbers of 103, 105, and 106, re-
spectively. The projection of ¯owlines on a particular
plane is obtained from the in-plane components of the

velocity vectors at that plane. For example, the projec-
tion of ¯owlines on mid x±z plane is obtained from
the u and v components of the velocity vectors on that

plane. The projection of ¯owlines on the mid x±z
plane are not closed, but have a spiral form. The
spiralling of the ¯owlines implies that the gradient of

the out-of-plane velocity component �@v=@y� is non-
zero indicating the existence of ¯ow in y-direction.
This can be observed from the ¯ow patterns on the xy

plane at Z � 0:1 (Fig. 3(a) and (b)), where the ¯ow-
lines are no longer parallel to x-axis but diverge
towards the lateral side walls.
For Ra � 103±105, the ¯ow pattern is characterised

by a single roll cell of nearly toroidal shape (Fig. 2(a)
and (b)), with centers of rotation in the two sections of
the toroid moving towards sidewalls as Ra increases.

This basic ¯ow structure has a vertical symmetry axis
passing through the cavity center. The hot ¯uid rises in
the central region as a result of buoyancy forces, until

it reaches near the top wall where it turns radially out-
ward, towards the sidewalls while it is cooled. Then it
turns downward near those walls. Finally, the restric-
tion imposed by the bottom wall forces the ¯uid to

turn radially inward, receiving heat when it reaches the
chip. The ¯ow path is completed as the colder ¯uid is
entrained to the ascending ¯ow at the center of the

cavity. At Ra � 103, as can be expected, heat transfer
from the discrete heater is essentially dissipated via a
conduction-dominated mechanism as indicated by the

isotherm pattern shown in Fig. 2(a). For Ra > 103 the
buoyant convection ¯ow in the central region between
the rolls distorts the isotherms ®eld. The distortion of

Table 1

Comparison with the results of Ref. [19] �Ax � 3:5, Ay � 2:1,
Az�1:0, Pr � 2:5, Ra � 2� 104)

Ref. [19] 80� 80� 80 Present 80� 80� 80

Nu 2.57 2.576

Umax 17.20 17.199

X(Umax) 2.41 2.380

Y(Umax) 1.59 1.610

Z(Umax) 0.81 0.814

Vmax 3.27 3.256

X(Vmax) 1.77 1.784

Y(Vmax) 1.78 1.771

Z(Vmax) 0.21 0.217

Wmax 20.78 20.550

X(Wmax) 1.77 1.716

Y(Wmax) 1.06 1.070

Z(Wmax) 0.52 0.510
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the isotherm ®eld increases with enhanced buoyancy as
Ra increases, where the heat transfer becomes increas-

ingly advection dominated. At the central region near
the chip the buoyant ¯ow distorts the isotherms and
thus decreases the temperature gradients, with a result-

ing decrease of heat transfer rates at the central region
of the chip, compared with the outer sections. With
increase of Rayleigh number to 106 a transformation

from a primarily toroidal roll pattern to a structure
characterised by two small vortices near the sidewalls
and an ascending ¯ow in the region above the heater is

indicated in Fig. 2(c). Furthermore, the thermal struc-
ture revealed by the isotherm plot in Fig. 2(c) clearly
indicate the dominance of advection mechanism in

cooling the discrete heater. No convergent steady ¯ow

solution could be obtained for Ra � 107: The velocity
pattern on mid y±z plane exhibits the same counter
rotating cell structure as that of mid x±z plane shown

in Fig. 2(a)±(c) due to toroidal symmetry.
The projection of ¯owlines on a horizontal plane

near the bottom plate, at z � 0:1Lz, is illustrated in
Fig. 3(a) and (b), for Ra � 105 and 106, respectively.
The ¯ow direction is radially inward from the sides of

the cavity, which is the characteristic pattern at the
bottom half of the toroidal roll cell for Ra � 103±105:
At Ra � 106 the ¯ow coming from the sidewalls is not

able to reach the center (Fig. 3(b)) due to formation of
vortices shown earlier in Fig. 2(c). Only the ¯ow orig-

inating from the corner regions is able to reach the
center.
The distribution of the W-velocity component of the

induced ¯ow at the x±y plane at Z � 0:5 is shown in
Fig. 4(a)±(b) for Ra � 103 and 105. Although discrete
heater is a square, at Z � 0:5 the induced buoyant jet

di�uses into a circular form, the cross section of which
contracts and magnitude increases with an increase in

Rayleigh number. At Ra � 105 the descending ¯ow is
con®ned to a narrow section at the periphery of the
cavity, resulting in higher downward velocities near the

vertical walls.
To investigate the e�ect of the heater dimensions,

the ¯ow and temperature ®elds at Ra � 105 are repro-
duced in Fig. 5 for a heater of aspect ratios ax � 1 and
ay � 2: For Rayleigh numbers 103 and 104 the toroidal

roll cell structure is preserved and the ¯owline plots
are similar to that shown in Fig. 2(a) and (b). How-
ever, this pattern is transformed to a di�erent structure

at Ra � 105, whereas for the square chip the ¯ow
structure consists of a toroidal roll at this Rayleigh

number shown in Fig. 2(b).
The projection of ¯owlines on the horizontal plane

at z � 0:1Lz is shown in Fig. 6 for Ra � 105: The ¯ow

is characterized by almost a radially inward pattern for
Ra � 104: At Ra � 105, the ¯owlines are bent along y-
axis (Fig. 6), where the toroidal structure is lost, as

shown earlier in Fig. 5. No steady-state solution could
be obtained for Ra � 106 for the chip with aspect

ratios ax � 1 and ay � 2:
The ¯ow and temperature ®elds for a heater with

aspect ratios ax � 1 and ay � 4, which stretches along

the whole width of the bottom wall of the enclosure is
shown in Fig. 7 for Ra � 105: The ¯ow pattern con-

sists of two counter rotating cells in the x±z plane for
Ra � 103±105: No convergent steady state solution
could be obtained for Ra � 106: The projection of

¯owlines on the horizontal plane at z � 0:1Lz is shown
in Fig. 8 for Ra � 104: The ¯ow pattern is completely
di�erent than that of the previous cases studied where

the chip aspect ratio, ay, was less than 4. The ¯ow is
directed towards the centerline along x-direction near

Fig. 2. Projection of ¯owlines (top) and isotherms (bottom)

on mid vertical (x±z ) plane for a discrete heater with ax � 1

and ay � 1, for (a) Ra � 103, (b) Ra � 105, and (c) Ra � 106:

I. Sezai, A.A. Mohamad / Int. J. Heat Mass Transfer 43 (2000) 2257±2266 2261



the bottom plate. This pattern prevails for all Rayleigh
numbers studied between 103 and 105, for a chip with
lateral aspect ratio ay � 4: The carpet plot of the verti-
cal component, W, of the velocity is depicted in Fig. 9

for a Rayleigh number of 105. The buoyant ¯ow has
two velocity peaks near the edges, which has not yet
developed for lower Rayleigh numbers.

5.2. Heat transfer

In this section the attention is focused on the in¯u-
ence of the Rayleigh number on heat transfer from the
discrete heater for di�erent lateral aspect ratios, ay, of

the heater. Fig. 10 illustrates distribution of the local
heat transfer rate along y-axis at X � 2 on the square

Fig. 3. Projection of ¯owlines on a horizontal plane at z � 0:1Lz for a discrete heater with ax � 1 and ay � 1, for (a) Ra � 105 and

(b) Ra � 106:

Fig. 4. Buoyant jet velocity in vertical direction, at Z = 0.5, for a discrete heater with ax � 1 and ay � 1, for (a) Ra � 103 and (b)

Ra � 105:
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heater with ax � 1 and ay � 1, for di�erent Rayleigh
numbers. In conformity with the toroidal roll cell
structure illustrated in Figs. 2 and 3, the local Nusselt

number features a corresponding variation attaining
maximum values near the edges of the heater. This is a
result of boundary layer development as the ¯ow direc-

tion of the ¯uid over the heater surface is from the
edges towards center. For Ra � 103 the local Nusselt
number is close to 1 on the heater except the edges

which indicates that the heat transfer mechanism is
conduction dominated. For higher Rayleigh numbers,
Rar104, the increasing in¯uence of the buoyant con-
vection leads to an increase in heat transfer on the

heater surface except the center, which corresponds to
a stagnation point.
Local heat transfer rate on a heater with aspect

ratios ax � 1 and ay � 2 at X � 2 is displayed in Fig.
11 for Ra � 103±105: Again the Nusselt number is

maximum near the edges of the heater due to bound-
ary layer development on the heater induced by the
counter rotating rolls.

For a strip heater stretching along the whole width
of the enclosure with ax � 1 and ay � 4, the Nusselt
number is close to unity for Ra � 103, which points

out to a conduction dominated heat transfer mechan-
ism over the heater surface (Fig. 12). The heat transfer
is rather uniform over the heated surface for Ra �
103±104 but exhibits two maxima near the edges for

Ra � 105 in conformity with the buoyant ¯ow struc-
ture illustrated in Fig. 9. The rather uniform heat
transfer rates along the whole width of the enclosure

Fig. 5. Projection of ¯owlines (top) and isotherms (bottom)

on mid vertical (x±z ) plane for a discrete heater with ax � 1

and ay � 2, for Ra � 105:

Fig. 6. Projection of ¯owlines on a horizontal plane on

z � 0:1Lz for a discrete heater with ax � 1 and ay � 2, for

Ra � 105:

Fig. 7. Projection of ¯owlines (top) and isotherms (bottom) at

mid vertical (x±z ) plane for a discrete heater with ax � 1 and

ay � 4, for Ra � 105:

Fig. 8. Projection of ¯owlines on the horizontal plane at

z � 0:1Lz for a discrete heater with ax � 1 and ay � 4, for

Ra � 104:
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bottom is in agreement with the experimental results

of Polentini et al. [7]. However, studies on discrete
heat sources mounted on the vertical surface of the
enclosure show that heat transfer rates are non-uni-

form; heat transfer rate decreasing with the elevation
of the heater on the wall. This suggests that a horizon-
tal alignment of the heat sources should be preferred

when uniform cooling is desired which is most often
the case for electronic cooling. It can also be observed
that the edge e�ects decrease as the length of the

heater increases. Then, ample space should be provided

between the electronic components to avoid forming a
continuous heating surface so that edge e�ects can be

maximized during cooling.

5.3. Adiabatic vs. constant temperature sidewalls

When constant temperature sidewalls are considered
instead of adiabatic sidewalls, the general ¯ow pattern

does not change. That is, the ¯ow pattern always con-

Fig. 9. Buoyant jet velocity in vertical direction, at Z = 0.5,

for a discrete heater with ax � 1 and ay � 4, for Ra � 105:

Fig. 10. Variation of Nusselt number on the discrete heater

with ax � 1 and ay � 1:

Fig. 11. Variation of Nusselt number on the discrete heater

with ax � 1 and ay � 2:

Fig. 12. Variation of Nusselt number on the discrete heater

with ax � 1 and ay � 4:
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sists of a toroidal roll. Hot ¯uid rises over the heater
at the center of the cavity and cold ¯uid sinks near the

sidewalls. Therefore the constant temperature sidewall
roll pattern is closely similar to the adiabatic sidewall
case. For a square heater �ax � 1, ay � 1� and rec-

tangular heater �ax � 1, ay � 2� the Nusselt number
distribution curves are almost coincident with the adia-
batic wall case. On the other hand, when the heater

stretches over the entire width of the cavity the Nusselt
number increases considerably near the cavity walls.
This is a result of the discontinuity formed at the cor-

ner where the hot temperature heater is in contact with
the cold temperature vertical walls. Even higher Nu
values are predicted as the mesh size is further re®ned.
In fact, the analytical solution would give in®nite Nus-

selt numbers at the edges. However, such a situation is
impossible to arrange experimentally where a gradual
change of temperature would be experienced both in

the heater and the cold walls near the corner, resulting
in ®nite Nusselt number there.

6. Concluding remarks

A detailed numerical analysis of horizontal discrete
heaters of di�erent length/width ratios, ¯ush-mounted

with the bottom wall of a cavity has been performed.
The aspect ratios of the enclosure were kept constant
at Ax � 4 and Ay � 4: The ¯ow pattern, consists of a

toroidal roll cell in the cavity for a square heater with
aspect ratios, ax � 1 and ay � 1, for Ra � 103±105:
The toroidal roll cell structure is destroyed at a Ray-

leigh number between 105 and 106 and a completely
di�erent ¯ow pattern is formed having two vortices
near the top corners of the cavity. Although the heater
cross section is square, the buoyant jet di�uses into a

circular form above the bottom plate. For a rectangu-
lar heater with ax � 1 and ay � 2 the transition from
toroidal roll cell structure takes place between Ray-

leigh numbers 104 and 105. For a heater stretching
over the entire width of the bottom plate
�ax � 1, ay � 4), a two roll cells pattern exists, with

axes of rotation parallel to the longer dimension of the
chip, for all Rayleigh numbers studied between 103

and 105. A ``saddle backed'' spanwise pro®le of the
buoyant jet velocity is formed with two o�-center

peaks, for a heater with ax � 1, ay � 4:
The toroidal roll cell structure induces a boundary

layer development at the edges of the discrete heater as

the ¯ow direction of the ¯uid over the heater surface is
from the edges towards the center. As a result, the
heat transfer is maximum at the edges of the discrete

heater and minimum at the center. The edge e�ects
decrease as the length of the heater increases. For the
strip heater stretching along the whole width of the

cavity the heat transfer is rather uniform, which is a
highly desirable feature when cooling electronic com-

ponents, suggesting that a horizontal rather than a ver-
tical arrangement of a line of such devices is
preferable.
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