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Mixed convection heat transfer in open ended channels

with protruding heaters

S-Q. Dy, E. Bilgen, P. Vasseur

Abstract Mixed convection heat transfer has been studied
in vertical channels, open at the bottom and top, with
protruding discrete heaters installed on one side. The flow
is assumed to be steady, laminar and two-dimensional.
The Boussinesq approximation is used to account for the
density variation. Non-dimensional equations of conser-
vation of mass, momentum and energy, with the Bous-
sinesq approximation are solved using the SIMPLER
method. Heat transfer through the top and the right are
calculated as functions of the Rayleigh number

(0 < Ra < 107), the Reynolds number (0 < Re < 200),
various aspect ratios (1 < A < 6). The effect of the
entrance and exit lengths and that of the position of the
electronic components in the channel are also examined.
Flow and temperature fields for various cases are pro-
duced, and the temperature variations in the electronic
components are calculated.

List of symbols

A enclosure aspect ration, H/L

p heat capacity, J/kg - K

g acceleration due to gravity, m/s?

h electronic component height, m

H channel height, m

k thermal conductivity, W/m - K

L channel width, m

/ electronic component thickness, m

Nu Nusselt number = hL/k

p pressure, Pa

p dimensionless pressure, = (p — po)/pv3

Pr prandtl number = v/«

Q heat transfer, total heat transfer = SZveyip W
Ra Rayleigh number = gfA T L/ (var)

Re Reynolds number = voL/v

R conductivity ratio = kq/k¢

S volumetric heat source, W/ m?3

T temperature, K

U, v dimensionless fluid velocities, = u/vy, v/vo
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Vehips volume of the chips, m?
X, Y dimensionless distance on x and y, = x/L,y/L
Greek letters
p thermal expansion of fluid, 1/K
ATnax  maximum temperature difference, = SL? /k
v kinematic viscosity, m?/s
) fluid density, kg/m?
0 dimensionless temperature, = (T — Ty)/ATmax
Subscript
B bottom of the channel
f fluid
L left boundary of the channel
R right boundary of the channel
S solid
T top of the channel
0 entrance
123 first, second and third electronic component
01,0203 distances from entrance to first component, from
first to second and from second to third respec-
tively
Superscript
- average
1
Introduction

The high packaging density and the increasing heat fluxes
have significantly changed the role of cooling in electronic
industries. Since proper cooling is essential yet con-
strained by acoustic requirements, natural and mixed
convection cooling has recently received an increasing
attention because of its quieter and more reliable opera-
tion. The electronic components are often mounted on
PCB boards. Several of these boards may be put together in
a cabinet. Here, they form parallel channels containing
electronic components, often cooled by forced and buoy-
ancy driven flows [1]. The electronic cabinets contain
several PCB boards making repetitive channels, open at
the bottom and top. It would be of interest to isolate and
study the cooling problem in one channel containing
electronic components in which the processes are com-
plicated by the presence of the components and flow
separations may exist [2]. The forced flow in these chan-
nels is still laminar due to small dimensions and low
velocities employed and heat transfer coefficients are
characteristically low [3]. A review of the existing litera-
ture shows that the recent studies for natural and mixed
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convection in the vertical channels have been widely un-
dertaken both experimentally and by means of numerical
analysis (see, for example, [4,5]). Laminar mixed convec-
tion between vertical plates with isolated thermal sources
has been investigated in which two finite thermal sources
located in one of the adiabatic walls and fully developed
flow at the channel exit were considered [6]. They found
that the heat transfer coefficient for the upper heater is
affected by the lower heater, velocities induced by the
lower heater enhance the heat transfer from the upper
heater. Mixed convection flow over localized multiple
thermal sources on a vertical surface has also been in-
vestigated [7]. Moreover, the mixed convective heat
transfer in vertical cavities with heated bottom surface has
been studied by a cubic spline collocation numerical
method [8]. A similar problem of laminar natural con-
vection in partially heated vertical channels has been
studied for the case of uniform wall temperature or uni-
form heat flux [9]. The effect of the location of discrete
thermal sources on a vertical adiabatic wall was investi-
gated in their study. They found the separation distance
between the thermal sources and the ratio of their heat
fluxes could affect the heat transfer coefficients. The
boundary layer equations for the problem of natural
convection in a channel with discrete heating has been also
solved [10]. High Rayleigh number laminar natural con-
vection in an asymmetrically heated vertical channel has
been studied experimentally [11]. Recently, a numerical
study has been carried out on mixed convection heat
transfer in inclined open ended channels where isothermal
discrete heating elements are equally distanced and placed
on one side while isothermal conditions are imposed on
the other [12]. They have shown that the normalized Nu-
sselt number was affected considerably by the imposed
flow, inclination angle and the strength of the natural
convection.

In the above mentioned studies, researches were all
concentrated on flush mounted heaters, and relatively few
studies have been reported for the protruding compo-
nents. The aspect ratio effect on natural convection heat
transfer in a rectangular enclosure with protruding heat
sources has been experimentally investigated [13]. They
found that the correlation of the local Nusselt number
versus the local modified Rayleigh number was indepen-
dent of the number of heaters. It has been reported from
an experimental study on arrays of small heaters in natural
convection that the protruding heaters have higher heat
transfer coefficients than the flush mounted ones, indi-
cating the difference between two types of heater [14].
Besides this work, natural convection from block-like
heated elements located on a vertical plate has been in-
vestigated both experimentally and numerically [2]. The
local Nusselt number distributions show that the heat
transfer on the upstream side of the heated surface is in
general higher than that on the downstream side. The
maximum heat flux occurs at the vertical surfaces of the
heaters.

The literature review shows that only few studies exist
on protruding types of heaters, none on mixed convection
in channels with protruding heaters. This case will be
undertaken in the present study.
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Fig. 1. Schematic of the physical problem, numerical domain and
coordinate system
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System description and mathematical analysis

The schematic of the problem is shown in Fig. 1 where
geometry and thermal boundary conditions are given. The
system is assumed to have an infinite depth implying that
the velocity and temperature distributions depend only on
x and y as defined in Fig. 1.

The basic configuration is a two-dimensional vertical
channel with height H (6 cm) and width L (1.5 cm). On the
left vertical adiabatic surface there are three heated com-
ponents with different width h and thickness ¢. The
spacing between the heated components is different from
one another. The geometrical details will be given later.
The heat produced by the electronic components is as-
sumed to be uniformly distributed within the components
with an intensity S. Furthermore, the right vertical wall is
maintained at a uniform temperature, T = T;. The boun-
dary conditions at the inlet (bottom) and the exit (top) will
be defined later.

The flow and heat transfer in a two dimensional laminar
natural convection problem of a Newtonian fluid are
governed by the continuity, momentum and energy
equations according to the coordinate system defined in
Fig. 1. The non-dimensional governing equations are

W, 0
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where 1 in Eq. (4) comes from the definition of ATy,
which is arbitrarily set to 1 for computational purposes.
The solid region is characterized with high viscosity and
high conductivity, i.e., Ry = 10%, which gives a solid ap-
proximation of the medium where U and V approach zero
everywhere within the chips. The magnitudes of the ve-
locities using above numerical values were 10~ or smaller.
For pure fluid region, Ry = 1 and with 1 in the Eq. (4)
disappearing, Egs. (1) to (4) reduce to the Navier-Stokes
equations. For the control volume faces coinciding with
the chips boundaries, the interface energy balance is
automatically satisfied at the fluid-chip interfaces.
Boundary conditions are (see Fig. 1):

U=0,V=0
)= Re(E,

on the left wall (on the PCB) % =0

on solid surfaces
on fluid-chip interfaces

on the right wall 0=
at the entrance U=0,V=1,0=0
at the exit W W W_gand ¥ =

The boundary conditions at the entrance imply that the
fluid flow is a developing one and its temperature is equal
to the ambient temperature. The boundary conditions at
the exit are such that the conservation of mass is satisfied
(first condition), i.e., the vertical velocity component is
obtained by the mass balance at the boundary cells, the
local acceleration across the channel is negligible with
respect to that along the channel (second condition) and
the heat transfer by conduction at the exit section is
negligible with respect to that by convection (third con-
dition). Before carrying out the computations, the last two
assumptions were tested by taking various exit lengths and
the magnitudes of various terms were examined at various
distances from the last electronic component. It was found
that for the geometry in Fig. 1, the terms & and & at the
exit section were indeed negligibly small.

The normalized mean heat transfer at the right, bottom
and top boundaries are calculated as
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where Qr o, Bor R 18 the average heat transfer through a
section, and Q = kAAT.x = SHL is the heat transfer for

the case of the electronic components filling the entire
channel.

3

Numerical method and computation

The numerical method used to solve Egs. (1) to (4) is the
SIMPLER method [15]. The computer code based on the
mathematical formulation discussed earlier and the SIM-
PLER method are validated for various cases published in
the literature, the results of which are discussed elsewhere
[16]. Uniform grid was used for all computations. Grid
sizes of 12 x 12, 24 x 26, 24 x 32 and 74 x 74 were tried.
Grid independence was achieved within 0.5 percent with a
grid size of 24 x 26 for various channel aspect ratios. It
was seen also that the difference of heat transfer through
the top, right and bottom with 24 x 26 and 74 x 74 was
negligible and the streamlines and isotherms were identi-
cal. Most of the studies reported in this study were carried
out with grid size 24 x 26. However to see the details of the
flow near the chips, some were also carried out with grid
size 74 x 74. The relaxation parameter was varied from
0.11 for Ra = 10° to 0.07 for Ra = 10”. The execution time
for a typical case with A = 4, the grid size of 24 x 26,

Ra = 10%,Re — 0 and for 287 iterations was 156 C.P.U.
seconds on an IBM 3090. For A = 4, the same grid size,
and Ra = 10° Re = 50 and for 146 iterations it was 100
C.P.U. seconds. The accuracy control was carried out by
the conservation of mass by setting its variation to less
than 1072, on the pressure term by setting the variation of
residues at 1072, In addition, the accuracy of computations
was checked using the energy conservation within the
system, by setting its variation to less than 10~*.

S

Results and discussion

Flow and temperature fields and heat transfer rates are
examined for ranges of the Rayleigh number Ra from 10°
to 107, the Reynolds number Re from 10 to 200. The
limiting cases with Ra — 0 corresponding to no natural
convection and Re — 0 corresponding to no forced
convection were also studied. All results are for air

(Pr = 0.72). First, the results are presented for the channel
aspect ratio of A = 4 with the geometrical dimensions of
the heating components given in Table 1. This is a typical
configuration for electronic component design (see, for
example, Beckermann and Smith, 1990) and has following
dimensionless distances: from the entrance to the first
heating component is hy; /L = 0.33, between the first and
second components hg, /L = 0.25, between the second and
third ko3 /L = 0.33 and at the exit h/L = 0.5. The effect of
A, which was varied from 1 to 6 is later examined. The
effect of the entrance and exit lengths from the beginning

Table 1. Geometrical configuration for the heating components

Component no. 4IL h/L Relative Power
1 1/3 1.25 1.00
2 1/6 0.83 0.33

1/2 0.50 0.60
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or ending of the electronic components are examined by
extending the channel length while keeping the position of
the chips the same. The effect of the position of the elec-
tronic components with respect to each other is examined
by a permutation of the chips 1, 2, 3 (case A; base case) to
1, 3, 2 (case B) and 3, 2, 1 (case C). The heat transfer
through the right, top and bottom is calculated by Egs. (5)
and (6) for various Ra and Re numbers. The heat transfer
through the left is zero and that through the bottom is
usually negligibly small compared to those through the top
and right. Hence the heat transfer through the top and
right is of interest. Ra is proportional to the heat generated
by the electronic components. Hence, the intensity of
natural convection increases with increasing Ra. On the
other hand, the intensity of the forced convection
increases with increasing Re.

The ratio of the heat transfer through the top to the total
heat transfer, Qr/Q, is calculated as a function of Ra and
Re and presented in Fig. 2a and b. Here, the total heat
transfer is Q = SZvcpips, which is also equal to
Qr + QB + Qr. Figure 2a shows that the heat transfer
through the top is a decreasing function of Ra for low
forced convection. This indicates that as the Rayleigh
number increases, the natural convection increases, so
does the heat transfer through the right boundary. As a
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Fig. 2a,b. Heat transfer through the top, Qr/Q by mixed con-
vection for the base case with A = 4. a Dimensionless heat
transfer through the top, Qr/Q as a function of the Rayleigh
number for various Reynolds numbers. b Dimensionless heat
transfer through the top, Qr/Q as function of the Reynolds
number for various Rayleigh numbers

result, the heat transfer through the top gradually de-
creases. With increasing Re numbers, for Re = 100 and
200 in Fig. 2a, the heat transfer is almost entirely through
the top and it is independent of Ra. This indicates that the
dominant heat transfer mode for these high Re numbers is
by forced convection. This mechanism will be discussed
later in detail. The heat transfer through the top as a
function of Re number with Ra number as a parameter, is
shown in Fig. 2b. As expected, for a given Ra number, the
heat transfer is an increasing function of Re number and
as observed earlier in Fig. 2a, the heat transfer becomes
almost entirely through the top for high Re numbers. At
low Re numbers, the heat transfer increases with de-
creasing Ra number, which is, as explained earlier, indi-
cative of increasing heat transfer to the right at increasing
Ra numbers.

The details of the flow and temperature fields for vari-
ous Re and Ra numbers were studied. The flow fields, for
Re = 10 and various Ra numbers, for example, showed
(not presented in figures) that the maximum intensity of
circulation was Wp,x = —1.326 for Ra = 10°, —3.50 for 10°
and —6.194 for 10”. As the circulation increased with in-
creasing Ra number, the interaction between the heaters
and the right boundary increased. Hence, the heat transfer
through the top decreased as observed earlier in Fig. 2a
and b. The temperature fields showed that the isotherms
were parallel for Ra = 10°, indicating a quasi conduction
regime. As Ra increased to 10°, the isotherms showed
stratification between the components and the right
boundary. At Ra = 107, the fluid was completely stratified
from the bottom to the top, with high temperature gra-
dients on the electronic components and the right boun-
dary. As Ra increased, the upper two components were
surrounded by isotherms at higher temperatures, while the
first component stayed at lower temperatures. At
Ra = 107, all three components were at different temper-
atures with a strong stratification and the geometrical ef-
fect was almost not existing. The maximum dimensionless
temperatures were 0,,x = 0.0943 for Ra = 10° at
(X = 0.0208, Y = 3.25), 0.062 for Ra = 10° at (X = 0.0208,
Y = 3.417), 0.0413 for Ra = 107 at (X = 0.0208, Y = 3.25).
The maximum temperature occurred in the third elec-
tronic component for this condition.

The ratio of the heat transfer through the right to the
total heat transfer, Qr /Q, is presented in Fig. 3a and b. It
is observed in Fig. 3a that the heat transfer through the
right is a slightly increasing function of Ra number es-
pecially at low Re numbers. Qr/Q increases with de-
creasing Re numbers, indicating that the contribution of
the natural convection increases with decreasing forced
convection, which is an expected result. Figure 3b shows
Qr/Q as a function of Re number with various Ra num-
bers as a parameter. Following the observation in Fig. 3a,
the heat transfer through the right is a decreasing function
of Ra number and a slightly increasing function of Ra
number. These results show that at Re > 200, the heat
transfer through the right becomes less than 1% of the
total. As expected, the evacuation of heat from the elec-
tronic components is mostly through the top. As the
forced convection increases, the heat transfer through the
top increases.
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Fig. 3a,b. Heat transfer through the right, Qz /Q by mixed con-
vection for the base case with A = 4. a Dimensionless heat
transfer through the right, Qr/Q as a function of the Rayleigh
number for various Reynolds numbers. b Dimensionless heat
transfer through the top, Qr/Q as function of the Reynolds
number for various Rayleigh numbers.

The influence and the contribution of the natural con-
vection are felt only when the forced convection is negli-
gibly small and when the heat flux from the electronic
components is relatively high. The temperature variation
of the electronic components is calculated for various Re
and Ra numbers for the base case of 4 = 4. The conduc-
tivity of the electronic components being high, the con-
ductivity ratio has an order of magnitude, Ry = 10° to 10*.
Hence, the results showed that the temperature within
each component was almost uniform. The variation of
dimensionless temperature as a function of Re number for
Ra = 10° and 10° is shown in Fig. 4a. It is seen that the
temperature in the first component is lowest as it is cooled
most effectively by incoming air from the bottom of the
channel. The second and third components are in the wake
of the first component, they are cooled with warmer air,
and hence their temperatures are slightly higher. It is also
seen that the cooling is generally more effective with in-
creasing Ra number. The temperature is decreasing
gradually with increasing Re number for Ra = 10° and it
is maximum in all three components when Re — 0, i.e.
when there is no forced convection. The situation is dif-
ferent for Ra = 10° and the temperature variation shows a
maximum at the Reynolds number of about 20 in all three
components. To understand the reason for passing from a
maximum at Ra = 10%, the heat transfer through various
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Fig. 4a,b. Temperature at the electronic components as a func-
tion of Reynolds and Rayleigh numbers for the base case with
A = 4. a Temperatures 0; at the electronic components
(i=1,2,3) as a function of the Reynolds number for Ra = 10°,
b Temperatures 0; at the electronic components (i = 1,2,3) as a
function of the Rayleigh number for Re = 50

sections were examined and compared for Re — 0,

Re = 20 and 50. It was seen that for Re — 0, the heat
transfer through the right and the bottom was more ef-
fective in comparison with that for Re = 20, and although
the heat transfer through the top was enhanced for

Re = 20, the overall cooling was better for Re — 0. It was
noticed further that for Re > 20, the heat transfer through
various sections had similarities for both Ra = 10° and
10% and various Re numbers. This indicates that more
effective heat transfer through the right is responsible for
the observed lower temperatures when Re — 0 and

Re = 10°. It is seen in Fig. 4a that for Re > 20 their
variations follow the same trend, i.e. they decrease grad-
ually with increasing Re and Ra numbers, confirming the
above reasoning. Figure 4b shows the temperature varia-
tion as a function of Ra number for Re = 50 and 100 for
which the variation is gradual. The same observation made
for Fig. 4a applies for the cooling of various components:
the electronic components are cooled best in the order
they are arranged in the channel and as the Reynolds
number increases, the cooling becomes better. It is also
seen that cooling by natural convection at high Reynolds
numbers has little effect on the temperature in the com-
ponents.
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The effect of the aspect ratio, A, on the heat transfer
from the top, Qr/Q is studied by changing the width of
the channel. L, while keeping the position and the ge-
ometry of the electronic components the same. The lower
limit of A corresponds to the channel where the right wall
is positioned at L = H. The upper limit is set by the
presence of the electronic components and set at
H = 405 /3. It was seen (not presented in figures) that
when the aspect ratio was 1, i.e. the right wall is far from
the electronic components, for both Ra numbers the
dimensionless heat transfer from the top increased with
increasing Re number and became equal to 1 for
Re = 100 for both Ra = 10° and 10°. When the heat
transfer was by natural convection only, i.e. for Re — 0,
the heat transfer through the top passed from a maximum
for Ra = 10°; it was seen that for higher Ra numbers, this
trend was not visible. Similar maximum was also seen for
the case of mixed convection with Re = 50 and Ra = 10°
and 10°. The reason for the observed maxima is that for
Ra = 107, i.e. for low natural convection, and/or Re — 0,
i.e. no forced convection, there was a reverse flow through
the bottom. As mentioned earlier, the reverse flow, hence
the heat transfer through the bottom is negligible for high
Ra and Re numbers. However, at the limiting situations it
has the same order of magnitude as the others. The re-
sults have shown that the reverse flow, hence the heat
transfer through the bottom was lowest for A = 2, which
makes the heat transfer through the top a maximum at
that aspect ratio for low Ra and Re numbers. It was also
seen that for A > 2, as the aspect ratio increased the heat
transfer through the top decreased. The reason for this is
that the heat transfer by natural convection increases to
the right as the channel becomes closer to the electronic
components. An examination of the isotherms for various
aspect ratios showed that the dimensionless temperature
increased with decreasing A, indicating that the cooling of
the electronic components was more favorable for larger
channels.

The effects of entrance and exit lengths have been
studied by taking the base case with A = 4 and keeping the
positions of the electronic components the same with re-
spect to each other. To study the entrance length effect, the
channel length at the beginning is extended from 4 up to
10 while keeping the exit conditions the same. To study the
exit length effect, the channel length at the exit is varied
while keeping the entrance conditions the same. All the
results are for Ra = 10° and presented in Figs. 5 and 6.
Heat transfer through the top as a function of the aspect
ratio is shown in Fig. 5 for various Re numbers. Figure 5a
shows that for the case of natural convection the heat
transfer through the top increases slightly with increasing
entrance length, which is due to chimney effect. Stream
lines for this case showed that the circulation at the level of
the electronic components decreased with increasing en-
trance length. Thus, the heat transfer through the top in-
creases with increasing length of entrance. For the case of
mixed convection, it is decreasing slightly with increasing
entrance length. An examination of the flow and temper-
ature fields showed that the flow was nearer to the right
and the gradient of temperature steeper as the entrance
length increased. This resulted in more heat transfer to the

12
ok Re = 100
sk .
N R
s oer Re=20 ~~""""
04}
02k
Re—0
0 . . . : .
4 5 6 7 8 9 10
a A
12

4 5 6 7 8 9 10

Fig. 5a,b. Entrance and exit length effect on the heat transfer
through the top, Qr/Q, for natural and mixed convection with
Ra = 10° and various Re numbers. a Entrance length effect; b Exit
length effect

right, hence a decrease in Qr/Q. Figure 5b shows that the
heat transfer through the top is a decreasing function of
the exit length for both natural and mixed convection for
the same reason as discussed earlier in case of the entrance
length and also due to better heat transfer to the right from
the warm air as the heat transfer surface increases with
increasing exit length. Figure 5 shows, in fact, that heat
generated in the electronic components can be distributed
through the top and the right wall by varying the entrance
and exit lengths. It is seen that the exit length is a better
controlling parameter.

The variation of dimensionless temperature as a func-
tion of the Reynolds number for entrance and exit lengths
of 4, 6 and 10 is shown in Fig. 6a and b respectively.
Figure 6a shows the entrance length effect: the temperature
on the electronic components increases when the entrance
length varies from A = 4 to 6 and then decreases when A
varies from 6 to 10. The variation of temperature on the
electronic components with the Reynolds number is sim-
ilar to that observed earlier in Fig. 4. It is seen that the
entrance effect is more pronounced for natural convection
and at low Reynolds numbers. For high Reynolds num-
bers, there is no discernible effect. It is seen that 0 goes
through a maximum for A = 6. A cross plot of the data
showed that 0 had, in fact, a maximum at about A = 6 for
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all three cases at low Reynolds numbers. An examination
of the streamlines and isotherms showed that the circu-
lation in the channel decreased with increasing entrance
length up to 6 and then increased slightly. As a result, the
cooling of the components was least effective at A ~ 6. The
variation of temperature in Fig. 6(b) for the exit length
effect has a similar trend, except the temperature variation
is an increasing function of the exit length at low Reynolds
numbers. However, a cross plot of the data for this case
also showed that 0 was going through a maximum, this
time at A ~ 8. The reason for these maxima was similar to
that for the entrance effect. Again, the exit length effect is
more pronounced for natural convection and at low Rey-
nolds numbers. Figure 6 shows that an extension of the
channel at the entrance or exit from the electronic com-
ponents does not have a beneficial effect on cooling of
these components at low Reynolds numbers and there is
no discernible effect at high Reynolds numbers.

The effect of the positions of the electronic components
has been studied by changing their order from 1, 2, 3 (case
A; base case) to 1, 3, 2 (case B) and 3, 2, 1 (case C). It was
observed that the thickest component blocking the chan-
nel is the third component and the thinnest, blocking it the
least is the second. Thus, the position of the thickest

component, no. 3, has been changed from the top to the
middle and to the bottom to see its influence on the heat
transfer and temperature distributions. It should be noted
however that heat generated uniformly in each component
is S, and based on Table 1, the power in the component no.
1 is the highest followed by the third with about 60% of the
first and then the second with 33% of the first. Hence, a
trade off is expected between the influence of the power
generated in a component and the blockage of the channel
to flow for different cases. The results for natural con-

vection and mixed convection showed (not presented in
figures) that the most effective cooling was always at the
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component placed at the entrance, followed by that at the
middle position and finally least effective cooling was at
the top position. This trend seems to be independent of the
component size.

5

Conclusions

It is found that the heat transfer from the electronic
components is affected considerably by the imposed flow,
the strength of the natural convection and the aspect ratio.
The heat transfer through the top is an increasing function
of the imposed flow rate and a decreasing function of the
strength of natural convection. It is found that the heat
transfer through the right increases with decreasing Re
and increasing Ra. The temperatures at the electronic
components decrease with increasing Re and increasing
Ra when Re is small. At higher Re numbers, the effect of
Ra on the temperatures is not big. Parametric studies with
aspect ratio showed that the heat transfer through the top
is generally a decreasing function of the aspect ratio.
However, for small aspect ratio there is an optimum
condition where the heat transfer through the top is
maximized. Entrance and exit lengths have a negative ef-
fect on cooling of components by natural convection and
by mixed convection at low Reynolds numbers. By mixed
convection at high Reynolds numbers, the influence of
entrance and exit lengths is negligibly small. Finally, po-
sitioning of the electronic components in the channel is
important. Generally, the best cooled component is one
placed at the entrance of the channel, regardless of its
power dissipation and its size.
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