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Abstract Numerical simulation studies on combined
conduction—convection-radiation from a square-shaped
electronic device with multiple identical flush-mounted
discrete heat sources have been performed and the promi-
nent results are reported here. The problem geometry
comprises a square shaped slab with four symmetrically
located flush mounted identical discrete heat sources. The
heat generated in the heat sources gets conducted through
the slab and subsequently gets dissipated from its bound-
aries by the combined modes of convection and radiation.
Air, a radiatively transparent medium is considered to be
the cooling agent. The governing equations for temperature
distribution in the entire computational domain are
obtained by appropriate energy balance between the heat
generated, conducted, convected and radiated. The result-
ing partial differential equations are solved using finite
difference method in conjunction with Gauss—Seidel iter-
ative technique. A computer code is prepared for the pur-
pose. Exhaustive numerical studies are performed to
elucidate the effects of parameters like volumetric heat
generation, thermal conductivity, surface emissivity and
convection heat transfer coefficient on local temperature
distribution, peak device temperature and relative contri-
butions of convection and radiation in heat dissipation.
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List of symbols

h Convection heat transfer coefficient (W/m? K)

k Thermal conductivity of the material of the slab
(W/m K)

L Length of each side of the square shaped slab
(m)

Ly, Length and height of each of the discrete heat
sources in the slab (m)

M Number of nodes along the X direction of the
slab

M; >34 Node numbers at the interface of non-heat source

and heat source portions along X direction,
respectively, from left to right boundary

N Number of nodes along the Y direction of the
slab
N;234 Node numbers at the interface of non-heat source

and heat source portions along Y direction,
respectively, from bottom to top boundary

q, Volumetric heat generation in each of the heat
sources (W/m3)

T Temperature at any location in the computational
domain (K or °C)

T, Ambient air temperature (°C)

T e Peak device temperature (°C)

X, y Horizontal and vertical distances, respectively
(m)

Greek Symbols
€ Surface emissivity of the slab
o Stefan-Boltzmann constant (5.6697 x 10~% W/m? K*)

Subscripts

Conduction heat transfer into an element in Y
direction

Conduction heat transfer out of an element in
Y direction

qcond, y,in

q(‘(md,y,out
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Conduction heat transfer into an element in X
direction

Conduction heat transfer out of an element in
X direction

qcand,x, in

qcond x,out

Geonv Convection heat transfer from an element
9rad Radiation heat transfer from an element

i Any arbitrary element along X direction
J Any arbitrary element along Y direction
Introduction

Numerous analytical, numerical and experimental studies are
available in the literature that address multi-mode heat
transfer from different kinds of geometries with varying
complexities. Zinnes [1] is one of those initial researchers,
who presented the results of the problem of combined con-
duction and laminar convection from a vertical flat plate of
finite thickness with an arbitrary heating distribution over its
surface. Kim and Anand [2, 3] studied, numerically, the effect
of wall conduction on free convection between asymmetri-
cally heated vertical plates for the cases of uniform wall heat
flux and uniform wall temperature, respectively. An experi-
mental study on the fundamental aspects of conjugate mixed
convection from two heat sources of finite width and negli-
gible thickness having uniform heat flux input at the surface
has been performed by Tewari and Jaluria [4]. Gorski and
Plumb [5] numerically investigated the problem of conjugate
laminar forced convection from a single discrete heat source
that is flush mounted in a flat plate. Merkin and Pop [6] ana-
lyzed, numerically, the problem of conjugate free convection
from a vertical surface, wherein they normalized the gov-
erning boundary-layer equations for fluid flow making use of
only Prandtl number as the independent parameter. Hossain
and Takhar [7] performed numerical studies on interaction of
surface radiation with combined forced and free convection
flow of a viscous incompressible fluid past a heated vertical
plate for the twin cases of uniform free stream and uniform
surface temperatures. Dehghan and Behnia [8] made a thor-
ough study on combined natural convection, conduction and
radiation from an open cavity provided with discrete heating
along the left wall. Vynnycky and Kimura [9] investigated,
both analytically and numerically, two-dimensional conjugate
free convection from a vertical plate in communication with a
semi-infinite fluid region. Watson et al. [10] conducted
numerical study of laminar mixed convection between a series
of vertically aligned parallel plates provided with planar heat
sources. Cole [11] has presented his results of the problem of
conjugate heat transfer from a small heated strip.

With regard to multi-mode heat transfer studies that
incorporate mixed convection coupled with conduction and
surface radiation, Gururaja Rao et al. [12] presented results
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of conjugate mixed convection with radiation from a ver-
tical plate equipped with a discrete heat source. Here, they
solved the problem without the conventional boundary
layer approximations. Subsequently, the same authors [13]
solved the conjugate heat transfer problems pertaining to
the geometry of vertical channel, with respectively, uni-
form wall heat generation and discrete wall heat genera-
tion. Gururaja Rao [14] studied the effect of traversing the
discrete heat source along a vertical electronic board sub-
jected to buoyancy-aided mixed convection with conduc-
tion and radiation. Kanna and Das [15] provided an
analytical solution for conjugate forced convection heat
transfer from a flat plate exposed to a laminar jet flow
making use of boundary layer theory. Gururaja Rao et al.
[16] presented the results of their numerical probe into
conjugate convection with radiation from an open cavity
with a flush-mounted heat source. Sawant and Gururaja
Rao [17] furnished the findings of their studies on conju-
gate mixed convection with surface radiation from a ver-
tical electronic board with multiple discrete heat sources.
The same authors [18] provided a numerical solution for
the geometry of a uniformly heated vertical plate. Recently,
Ganesh Kumar and Gururaja Rao [19, 20] solved the
problem of conjugate mixed convection with surface
radiation from a vertical plate with multiple non-identical
heat sources.

A thorough literature review on multi-mode heat trans-
fer, a brief summary of which has been provided above,
reveals that the geometry of a square-shaped electronic
device with multiple flush-mounted discrete heat sources
has not been adequately explored. In view of this, the
present paper takes up a detailed numerical investigation
into conjugate convection with radiation from an electronic
device modeled as a square slab equipped with four sym-
metrically spaced identical flush-mounted discrete heat
sources.

Problem Definition and Mathematical Formulation

Figure 1 shows the problem geometry considered in the
presented study. It consists of a square-shaped slab of each
side of length L. There are four identical embedded dis-
crete heat sources of dimensions L, x L; in this slab,
which are located symmetrically at the geometric centers of
the four quadrants of the square slab. There is a uniform
volumetric heat generation at the rate g, W/m? in each heat
source. The thermal conductivity and surface emissivity of
the square slab are, respectively, k and e.

The heat generated in all heat sources is initially con-
ducted along and across the electronic board, before getting
dissipated from the boundaries of the device by combined
convection and radiation. The cooling medium is air at
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Fig. 1 The problem geometry considered for study along with system
of co-ordinates

temperature T.,, while the convection heat transfer coef-
ficient is h W/m? K. Further, air is considered to be
transparent to thermal radiation. The governing equations
for temperature distribution in the entire computational
domain are obtained by making energy balance between
the heat generated, conducted, convected and radiated. For
example, the governing equation for all the interior nodes
of each of the four discrete heat sources, upon energy
balance, turns out to be:
2 2
CLIIE (1)
0xz  0y? k
With regard to interior nodes in non-heat source

portions, the governing equation would be Eq. (1) with
source term absent.

2 2
o1 T, .
0xZ 0y

For a typical interface element between the Ileft
boundary of the left top heat source and the non-heat
source portion, the energy balance turns out to be:

Yirt = Yi-1Y (Xi+1 — Xj—1
qcond,xﬁin + qcond,yﬁin + qv( ! 2 ! ) ( 2 )

= qcond,x,out + qcond,y‘out (3)

~ TijAe + TicjAw + T AN + Tij—1As + & (Xip1 — Xi—1)(Yje1 = ¥j-1)

Substituting various terms in the above equation and
simplifying, one gets:

T T q, [ Xis1 — X
_V 1 1 — O 4
0x?2 + Oy? + k (Xi+1 - xi1> )

With regard to the boundaries of the board, making
energy balance on an arbitrarily chosen semi-element along
the left boundary:

qcond,y,in = qcond,x‘out =+ qcond,y,out + Yeonv + Grad (5)

Substitution of appropriate expressions for various terms
in the above equation and subsequent simplification leads
to the following governing equation for temperature
distribution along the left boundary of the board:
oT h o

o T (Te =T+ (T = T%) =0
(6)

With regard to the corner elements, for a typical top
corner element of the right boundary, the governing
equation for temperature distribution would get modified
as:

aT (yn _yn—l> +@T (M)

e

ox 2 dy 2
h oe
“(T-T =(T*-T1¢
O )
Yo = ¥Yn-1 | Xm = Xm-1Y _
x( oty S )_o (7)

The governing equations for temperature distribution
pertaining to the rest of the elements of the computational
domain are also obtained using similar treatment as above.

Solution Methodology

The governing equations for temperature distribution in the
entire computational domain obtained as above are the
partial differential equations. These equations are trans-
formed into algebraic equations through finite volume
method. For example, Eq. (1), after being transformed into
algebraic form, yields the following expression for the
temperature at any interior node of each of the four discrete
heat source portions.

P Ag + Aw + Ay + As
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Fig. 2 Grid system used for discretization of the computational
domain

where Ag, Aw, An and Ag are the non-dimensional geo-
metric parameters defined as:

Yi+1 — Yj-1 Yji+1 — Yj-1 Xit1 — Xi—1
Ap=="——""—Aw="—"—""An=—"—"—;

Xipl — X Xi — Xi-] Yir1 — Y
Xip1 — Xi-1
Ag=—"——T"— ©)
Vi = Yji—1

The expression for the temperature at any interior node
of the non-heat source portions of the square slab turns out
to be identical to Eq. (8) with source term absent. A similar
approach is adopted for the rest of the computational
domain. The algebraic equations thus obtained are solved
simultaneously using Gauss—Seidel iterative solver. It is to
be noted that, as can be clearly seen from Fig. 2, an unequi-
spaced grid system is used for the discretization of the
computational domain. In particular, a cosine function is
employed such that the grids are always finer nearer to the
boundaries, while they get coarser in between.

Full relaxation has been employed on temperature dur-
ing the iterations, while for terminating the iterations, a
convergence criterion of 10™° has been used. A computer
code in C*™ is written to solve the problem.

Ranges of Parameters

Results are obtained for a square slab of dimensions,
L x L =20 cm x 20 cm, while each of the four discrete heat
sources is taken to be of size, L, x L, = 2.5 cm x 2.5 cm.
The volumetric heat generation (q,) is taken to be generally
equal to 10° W/m®, though the code written is found to be
working with other values of q, as well. With regard to grid
system, 161 x 161 unequi-spaced grids, generated in the
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manner described elsewhere, are used, while each heater is
discretized considering 21 x 21 grids. Air is taken to be the
cooling agent and is assumed to be radiatively transparent at a
temperature (T.,) of 25 °C. The thermal conductivity (k) of the
slab as well as heat sources is varied between 0.25 and 1 W/
m K. This is done keeping in mind the fact that the materials
typically used for electronic devices have thermal conductivity
of the order of unity. The convection heat transfer coefficient
(h) is varied between 5 and 100 W/m? K. Here, the value of h
for the asymptotic free convection limit is taken to be 5 W/m?
K, while that for the asymptotic forced convection limit is
100 W/m? K. With regard to surface emissivity (g) of the slab,
generally the range of 0.05-0.85 is chosen. Here, ¢ = 0.05
pertains to a good reflector (like highly polished aluminum)
and € = 0.85 refers to a good emitter (like black paint). In
addition to the above range that is typically used, while
bringing out the exclusive effect of radiation, ¢ = Oand e = 1
too are chosen to address the two diametrically opposite cases
of (i) radiation not taken into account and (ii) radiation taken
into reckoning.

Results and Discussion

Variation of Local Temperature of the Device
with Other Parameters

One of the prime concerns a heat transfer engineer faces in
electronic cooling applications is to keep the temperature
distribution in the device in control under varying operat-
ing conditions. Keeping the above in mind, Fig. 3 is plotted
to study the nature of the variation of the local temperature
distribution for different values of surface emissivity ()
and for a given fixed input of the rest of the parameters. In
particular, the figure pertains to the temperature distribu-
tion in the horizontal direction at y = L/4. It can be seen
that all the three local temperature profiles exhibit similar
pattern. For a given surface emissivity (g), the temperature
is increasing sharply as one moves away from the left
boundary of the device, reaching a first local maximum at
the center of the left bottom heat source. It is again
decreasing progressively as one goes through the non-heat
source portion between the two heat sources. After reach-
ing a local minimum, the temperature again increases and a
similar behavior as noticed along the first heat source is
observed along the second heat source portion as well. The
second local maximum temperature is equal to the first
local maximum and is incidentally the maximum temper-
ature of the device. The observation of the two local
maximums in the two heat source portions of the device is
due to the occurrence of bulk heat transfer activity in those
regions. The figure further shows that the temperature at
any location along the device decreases as surface
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Fig. 3 Local temperature profiles for various surface emissivities of
the slab

emissivity increases, owing to increased radiative heat
dissipation from the device. In the present example, at
x = L/4, the temperature decreases by 11.19 % as ¢
increases from 0.05 to 0.45, while the drop in temperature
is by 5.77 % with subsequent increase in € to 0.85.
Figure 4 describes the nature of variation of local tem-
perature in the horizontal direction at the same location in
vertical direction as in Fig. 3 in different regimes of con-
vection. Again here, a fixed input of gy, k and ¢ is chosen,
as shown. The trend followed by the temperature profile for
a given h, looks similar to what has been noticed in Fig. 3.
Like in the earlier case, for each of the three curves, there
are two identical local maximum temperatures, being the
maximum temperature of the device. The figure reveals
that, the temperature at any location along the device
decreases as flow transits from free convection to forced
convection dominant regime. This is in view of increased
convection activity from the surface of the slab owing to
increased convection heat transfer coefficient (h). For
example, the first local maximum temperature is dropping
by 17.1 % with change in h from 5 to 25 W/m” K and the
same is dropping by 6.65 % with further increase in h from
25 to 100 W/m? K. The figure thus explains the role of
impressed velocity (u,,) in influencing the slab temperature
for the given values of thermal conductivity of the material
of the device and surface emissivity (k and ¢, respectively).
In order to probe into the effect of the thermal con-
ductivity (k) of the material of the device on the local
temperature distribution, a study is performed considering
three different values of k, viz. 0.25, 0.5 and 1 W/m K
(Fig. 5). It is to be noted here that the above values of k are
chosen to address the typically used material for electronic
boards. Further, the present study pertains to a fixed set of

1.h=5W/m?K
2.h=25W/m*K
180 3. h =100 W/m?K

Local temperature distribution, T(x) at

q,=10° W/m®, k= 0.25 WimK, ¢ =0.45

0 0.05 0.1 0.15 0.2
Axial distance along the slab, x, m

Fig. 4 Local temperature profiles in various regimes of convection

other parameters (qy, h and €) as shown. As can be seen, the
general trend of the temperature profile is again the same as
in Figs. 3 and 4. The local temperature at any location in
the device comes down with increasing k on account of
increased percolation of heat along the board. In the
present example, the second local maximum temperature at
the center of the right bottom heat source portion decreases
by 53.21 % as k increases from 0.25 to 1 W/m K. How-
ever, the temperature profile gets progressively flatter with
increasing thermal conductivity of the device as shown.
This means, towards larger values of k, there is hardly any
temperature gradient noticed along the device and the
device almost appears to be isothermal.

Variation of Maximum Device Temperature with Other
Parameters

In addition to having the knowledge of temperature dis-
tribution in the entire slab, the heat transfer engineer
dealing with cooling system design would be primarily
concerned with control of the peak temperature (T,.x)
assumed by the device over a wide range of operating
conditions.

Figure 6 depicts the dependence of T,., on surface
emissivity (€) of the electronic device in different regimes
of convection. The four convection heat transfer coeffi-
cients chosen are h = 5, 10, 25 and 100 W/m? K. Here,
h = 5 W/m? K is considered to be the asymptotic limit of
free convection, while h = 100 W/m? K is taken to be the
asymptotic forced convection limit. Five different values of
g, namely 0.05, 0.25, 0.45, 0.65 and 0.85, are tried by
keeping the remaining input parameters, viz. q, = 10°
W/m?> and k = 0.25 W/m K, fixed. It can be seen from the
figure that, in all regimes of convection, T,,,x decreases
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Fig. 5 Local temperature profiles for various thermal conductivities
of the slab material

with increasing € on account of increased share from
radiation in dissipating the heat from the device. However,
the effect of € is distinctly noticed for smaller values of h
(<25 W/m? K). This is because, in the regime of convec-
tion pertaining to the above range, convection is predom-
inantly out of buoyancy and thus is only to a smaller extent,
which enables radiation to dominate in surface heat dissi-
pation. In contrary to the above, with larger values of h
taken, forced convection creeps in and thus one can see a
notional drop in T,,.x with increasing € (see curves 3 and
4). The figure also implicitly shows that, for a given €, one
can control the maximum device temperature by expending
more pumping power and thus operating with increased
values of h. To quantify the observations made above, in
the present study, T.x drops down by 16.24 % with ¢
increasing from 0.05 to 0.85 for h = 5 W/m? K. On the
other hand, for h = 100 W/m? K, Timax comes down by a
mere 0.13 % as a result of the same increment in €. Further,
for ¢ = 0.05, a drop of 30.94 % in T, is observed by
changing the h from 5 to 100 W/m? K. This study dem-
onstrates the relevance of surface emissivity in influencing
maximum device temperature in all regimes of convection,
especially in the cases of free convection.

The interaction between internal conduction of heat in
the slab and the convection heat transfer coefficient (h) in
influencing the maximum device temperature (Ty,.x) is
narrated in Fig. 7. The study is performed by considering
six different values of h and three typical values of k, as
depicted in the figure. The results are obtained for constant
values of q, = 10° W/m? and € = 0.45. For a given k, Ty«
is decreasing with increase in h, while the decrease in T,
is less pronounced towards larger values of h in
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Fig. 6 Variation of maximum temperature of the square slab with
surface emissivity in different regimes of convection

comparison to that for the smaller values of h. In the
present example, for k = 0.25 W/m K, T,,,x is dropping
down by 16.87 % as h increases from 5 to 25 W/m* K,
while with subsequent increase of h to 100 W/m? K, T max
is decreasing by just 6.5 %. This conveys the message that
not much cooling is accomplished despite increasing the
pumping power expended and thus the electric power
consumed beyond, say h = 25 W/m? K. Thus, it could be
taken as a tacit optimum value for h. Figure further makes
it clear that, with increase in k, one can observe a marked
drop in T, in all regimes of convection. For example, for

190
o q, = 10° W/m?3 1.k =0.25 WmK
s 170 £=0.45 2.k=05WmK
x
|—g 150 3.k=1W/mK
- 1
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Convection heat transfer coefficient, h, W/m2 K

Fig. 7 Variation of maximum temperature of the square slab with
convection heat transfer coefficient for different values of thermal
conductivity
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Fig. 8 Variation of maximum temperature of the square slab with
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h =5 W/m? K, with increase in k from 0.25 to 1 W/m K,
Thax 1s coming down by 46.5 %.

A study on variation of T,,,x with thermal conductivity
(k) of the slab material for three typical values of emis-
sivity (¢) has been performed holding q, and h fixed. The
results of the above study are represented in Fig. 8. Figure
shows that, for a given surface emissivity, T« decreases
with increasing k on account of increase in diffusion of
heat through the slab. Though the trend continues with all
values of k, the rate of drop in T,.x diminishes towards
larger values of k. Further, for a given thermal conduc-
tivity, the figure shows a considerable drop in T,,x with
increase in surface emissivity. As an example, for
€ = 0.05, an increase in k from 0.25 to 0.5 W/m K results
in a remarkable drop of 27.7 % in T,.,x. A subsequent
increase in k to 0.75 and 1 W/m K, respectively, brings
down Tp.x by 12.9 % and 7.4 %. Further, in the present
case, for k = 0.25 W/m K, T, is dropping down by
16.24 % as ¢ rises from 0.05 to 0.85.

Exclusive Effect of Surface Radiation

Since the prime objective of the present study has been to
underline the significance of contribution from radiation in
problems of this kind that make use of gaseous cooling media
(air), a study is performed to exclusively bring out the role of
¢ in controlling T ., over the entire convection regime.
Figure 9 shows the variation of maximum board tem-
perature (T,,.x) with convection heat transfer coefficient for
two limiting values of surface emissivity (g), namely
(i) € = 0 (radiation absent) and (ii) € = 1 (best possible

Convection heat transfer coefficient, h, W/m2K

Fig. 9 Peak slab temperature in various regimes of convection
demonstrating the exclusive effect of surface radiation

radiation). The results are obtained for the fixed input of
qy = 10° W/m® and k = 0.25 W/m K. It can be seen that
radiation, when ignored in calculations, leads to overesti-
mation of peak device temperature in all regimes of con-
vection, in general, and in free convection dominant
regime, in particular. In the current study, consideration of
radiation (that too with the best possible emissivity) is
bringing down the peak device temperature by as much as
19.61 % for h = 5 W/m® K, whereas for h = 100 W/m®
K, the drop is meager and is by 0.16 %.

Relative Contributions of Convection and Radiation
in Heat Dissipation From the Device

Since the heat generated in the four embedded discrete heat
sources in the device is dissipated from its boundaries by
combined modes of convection and radiation, a study of
the roles played by the above two mechanisms is manda-
tory. In view of the above, Fig. 10 is plotted depicting the
results of a study made for the fixed input of q, and k
shown there in. Three typical limiting values for h have
been chosen. The asymptotic free convection limit pertains
to h = 5 W/m? K, while the asymptotic forced convection
limit is represented by h = 100 W/m* K. With regard to
surface emissivity (g), five different values are selected
from 0.05 to 0.85. As already mentioned, the lower and the
upper limits of € pertain to good reflector and good emitter,
respectively.

The figure indicates that, in a given regime of convection,
the contribution to heat dissipation by convection progres-
sively decreases as ¢ increases from 0.05 to 0.85, with the
contribution from radiation showing a mirror image
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Fig. 10 Relative contributions of convection and radiation with
surface emissivity in different convection regimes

increase. However, for h = 100 W/m? K that indicates
forced convection dominance, there is an expected lead role
taken by convection, with radiation showing a limited effect.
When once the flow regime transits to free convection
(h = 5 W/m? K), radiation starts showing an improved
effect on heat dissipation from the slab. This point is sub-
stantiated from the curve (al) of the above figure, which
pertains toh = 5 W/m? K. Here, the contribution of radia-
tion increases from 7.46 to 54.26 % as one changes the
surface coating of the slab from a good reflector (¢ = 0.05) to
a good emitter (¢ = 0.85). This study underlines the
importance of radiation in problems of this class, specifically
if one is working in the regime of free convection. Further,
the two curves belonging to convection and radiation for
h =5 W/m? K cross each other at &€ ~ 0.7075, where
convection and radiation take an identical share in heat dis-
sipation with radiation overriding convection thereafter.
Though not as pronounced as above, a similar trend is
observed in the roles played by convection and radiation
even towards larger values of h. These results caution the
designer not to overlook radiation in any of the regimes of
convection due to the fact that it contributes about 5 % to
heat dissipation even for h = 100 W/m? K (forced convec-
tion dominant regime) when € = 0.85.

Study of Isotherm Patterns in the Device

Figure 11 shows the isotherm plots within the slab drawn
for a typical input (g, = 10> W/m?®, k = 0.25 W/m K and
h =5 W/m? K) and for three different values of €, viz.
0.05, 0.45 and 0.85. It can be seen that, for a given g, there
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is a well-defined symmetry in the isotherms with major
heat transfer activity noticed at the four discrete heat
source portions of the slab. There are four identical peaks
noticed at the geometric centers of the four heat sources.
With heat percolating from the heat sources through the
rest of the slab towards the boundaries, there is an expected
decrement in the local temperature in all the directions
from each of the heat sources. Though the nature of iso-
therms is similar for all the three values of € chosen, one
can clearly see a progressive decrease in the temperatures
pertaining to the isotherms with increasing €. This clearly
underlines the effect radiation shows in deciding the nature
of temperature distribution in the slab. Further the above
decrement in temperature is observed to be more pro-
nounced between € = 0.05 and 0.45 (Fig. 11a, b) when
compared to that between € = 0.45 to 0.85.

In order to study the nature of isotherms within the slab
in different regimes of convection, a family of three con-
tour plots is drawn for h =5, 25 and 100 W/m? K, as
shown in Fig. 12. The entire study made here is for the
fixed input, comprising q, = 10° W/m®, & = 0.05 and
k = 0.25 W/m K. The figure clearly shows that, as in the
case of Fig. 11, here too, for a given h, symmetry in iso-
therms is clearly observed with major heat transfer activity
occurring at the four discrete heat sources. The temperature
is identical at the geometric centers of all the heat sources,
which, incidentally, is the maximum device temperature
too. The nature of isotherms is similar in all regimes of
convection. However, with increase in h, the temperatures
related to isotherms decrease owing to increased convec-
tion heat dissipation. The above effect of convection heat
transfer coefficient is significant between 5 and 25 W/m? K
(Fig. 12a, b), while it peters down as its value increases
further from 25 to 100 W/m? K (Fig. 12b, c).

Figure 13 describes the effect of internal conduction on
isotherm patterns for constant values of q, = 10° W/m?,
e = 0.05 and h = 5 W/m? K and for three typical values
of k, namely 0.25, 0.5 and 1 W/m K. The figure clearly
depicts the symmetry in isotherms for all values of k
chosen as has been noticed in the above two cases, viz.
(i) variable € and (ii) variable h. There is a progressive
decrease in the temperature of isotherms with increase in
k. However, the above effect of k on temperature is more
pronounced in the vicinity of all discrete heat sources.
Further, for smaller values of k, one can observe the
crowding of isotherms in comparison to that with larger
values of the same. This, in turn, represents steeper
temperature gradients within the slab due to poorer per-
colation of heat from the heat sources through the slab
towards the boundaries. This clearly helps one to control
the temperature distribution within the slab, and thus the
peak device temperature, by selecting a proper material
for the slab.
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Concluding Remarks

The problem of conjugate convection with surface radia-
tion from a square-shaped electronic device embedded with
four symmetrically located flush-mounted discrete heat
sources has been numerically solved. A computer code in
C** has been written for the above job. A number of
parametric studies have been performed to bring out the
roles of thermal conductivity, convection heat transfer
coefficient and surface emissivity in influencing various
results concerning the problem. The results considered
included the local temperature distribution, the peak device
temperature, the relative contributions of convection and
radiation and the isotherm contour plots in the device.

In addition to the above, attempts are made to extract the
effect of surface radiation by solving the problem (i) with-
out radiation and (ii) with radiation considering the highest
possible emissivity. The gross error that creeps in on
ignoring radiation has been highlighted in all the regimes
of convection. It is further noticed that radiation could even
override convection in heat dissipation from the device
while operating in free convection dominant regime.
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