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Numerical modeling of natural convection air cooling of two heat-generating devices in an 
upright open-top slot has been considered. The heat sources are located on a vertical 
substrate of finite thermal conductivity, and the effect of different substrate material on the 
heat transfer performance has been quantified. The influence of the heat generation rate 
and the separation distance between the sources has been investigated. It has been shown 
that wall conduction is important, and for substrates with a finite thermal conductivity, it is 
essential that the conjugate analysis is employed. 

Keywords: natural convection; open cavity; electronic cooling 

Introduction 

The reliability of electronic data-processing systems is a very 
important issue and depends on such parameters as semiconduc- 
tor devices, packaging, and cooling systems. The thermal design 
of equipment and devices must ensure that component tempera- 
tures are maintained below a safe functional limit. This is pri- 
marily a reliability consideration. It has been found that various 
failure mechanisms are thermally activated, and failure rates 
increase rapidly with an increase in operating temperature (Doshy 
1984). In addition, controlling the temperature variation from 
device to device in electronic equipment is important in order to 
reduce the level of thermal stresses so that the integrity of 
miniaturized circuits and electronic connections and the reliabil- 
ity of the packages themselves can be maintained. Different 
cooling schemes are available for maintaining the safe operating 
environment for semiconductor devices. The complexity of the 
cooling techniques applied to an electronic system depends on 
such factors as cost, operating environment, and available space. 
However, the key design parameters are the level of integration 
packaging technology and heat dissipation rate. Natural convec- 
tion cooling has been and remains one of the promising tech- 
niques in thermal control of electronic systems. This method is 
intrinsically reliable, maintenance and noise free, and widely 
applicable in electronic systems employing low-heat-generating 
devices. 
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Many experimental and numerical studies have been per- 
formed in geometries containing multiple heat-generating de- 
vices in order to examine the capability of natural convection 
schemes. One of the first of these in which natural convection 
heat transfer from multiple heat sources was considered is the 
study of Jaluria (1982). In that study, multiple isoflux heat 
sources were mounted on an otherwise adiabatic vertical wall, 
and the boundary-layer form of the governing equations was 
employed. The effect of the heat source separation distance on 
the heat transfer coefficient of the downstream heat source was 
examined. The same geometry was considered in a later study of 
Jaluria (1985a), and the full governing equations were considered 
in order to examine the validity of the boundary-layer approxi- 
mation. It was concluded that only for large values of Grashof 
number, the problem may be treated as a boundary-layer flow. 

Milanez and Bergles (1986) carried out an experimental study 
to examine the effect of a wake which arises from a bottom heat 
source on the heat transfer performance of the upper compo- 
nent. Air and water were used, and the results were compared 
with the theoretical predictions of Jaluria (1982). Park and 
Bergles (1987) investigated the effect of a bottom heated element 
on the heat transfer rate of the upper one. An in-line array of 
two heaters was tested for a range of separation distances using 
R-113 as the cooling fluid. For all cases, the heat transfer 
coefficient of the upper heater was lower than that of the bottom 
one. This was contrary to the findings of Jaluria (1982) and 
Milanez and Bergles in which this ratio was found to be higher 
than unity for high separation distances. Keyhani et al. (1988a) 
experimentally investigated natural convection in a tall cavity 
heated by 11 equally spaced isoflux discrete heat sources mounted 
on an adiabatic vertical wall of the enclosure. The heat transfer 
coefficient generally decreased from the bottom heater to the 
top one. This was verified in their later study (Keyhani et al. 
1988b). 
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Afrid and Zebib (1989) considered natural convection air 
cooling of multiple heat-generating devices mounted on a verti- 
cal adiabatic wall. Components were allowed to have a finite 
thickness and thermal conductivity. Hence, conduction heat 
transfer in the components was included. For the case of equally 
spaced and powered components, the temperature increased 
from the lower component to the top one. They concluded that 
increasing the spacing between the components had a negligible 
influence on the bottom component temperature, while it 
marginally reduced the temperature of the upper components. 

The thermal interaction of two heat sources mounted on an 
insulated fiat plate was experimentally studied by Tewari and 
Jaluria (1990). The effects of plate orientation and heat source 
separation distance were examined for the pure natural convec- 
tion, buoyancy dominated, and mixed convection regimes. For 
pure natural convection and a vertical plate orientation, the 
presence of the upstream heat source increased the temperature 
of the downstream one. 

Close investigation of these studies reveals that in most of 
them, the vertical wall supporting the heat sources was adiabatic 
and interaction between the heat sources was only due to the 
thermal wakes of upstream sources. However, because most of 
these investigations are related to electronic cooling, and be- 
cause printed circuit boards normally have a finite thermal 
conductivity, the devices can influence the heat transfer perfor- 
mances of each other through convection in the flow as well as 
conduction in the substrate. Most of the above-mentioned stud- 
ies noted that the downstream heat source had no influence on 
the temperature of the upstream one, due to negligible diffusion 
of heat in the fluid, especially when boundary-layer approxima- 
tion is employed. In a realistic situation, because conduction 
must be considered, this may not be true. The necessity of 
conjugate analysis under this circumstance is stated by Jaluria 
(1982, 1985b). 

In the present investigation, natural convection air cooling of 
two heated strips, flush mounted on the left vertical wall of an 
open-top cavity is considered (Figure 1). The vertical walls of the 
cavity are assumed to be heat conductive. The nondimensional 
parameters of importance which affect the heat transfer perfor- 
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mance are the Rayleigh number (Ra*), separation distance be- 
tween the heat sources (l/s), and the ratio of the solid to the 
fluid thermal conductivity (kr). These parameters are varied over 
a realistic range of interest and their effect on the heat transfer 
performance is quantified. However, it is noted that for all the 
simulations presented here, it is assumed that the slot has an 
aspect ratio (k) of 5, wall thickness ratio (w r) of 0.1 and the 
position of the upper heater (referred to as heat source 1) and 
the sizes of both heaters are fixed. 

Analysis 

Governing equat ions 

The vorticity-stream function formulation of the two-dimensional 
(2-D) Navier-Stokes equations is used in the fluid region. Invok- 
ing the Boussinesq approximation, the governing equations are 

symmetry 

P 

symmetry plane (adiabatic) 

B 

adiabatic 

Figure 1 Schemat ic  diagram of two heat  sources  in an 
open-top cavity 

Notation 

cp fluid specific heat capacity 
d cavity width 
g acceleration attributable to gravity 
H cavity height 
k r thermal conductivity ratio, ks / k  f 
l separation distance between the heat sources 
n normal direction to the wall 
p vertical position of the heat source 
Pr Prandtl number, v / ~ f  
q" input heat flux (dimensional) 

g[~q~d 4 Pr 
Ra* kfv 2 h ' Rayleigh number 

s height of the heat source 
t time 
T temperature 
U dimensionless velocity in the x direction, ud/ot 
V dimensionless velocity in the y direction, vd/tx 
w thickness of the walls 
w r wall thickness ratio, w/d  
x, y coordinates 
X, Y dimensionless coordinates ( X  =x /d ,  Y = y / d )  

Greek 

thermal diffusivity 
ot r thermal diffusivity ratio, ets/et f 
13 fluid coefficient of thermal expansion 
0 dimensionless temperature, ( T -  To)/(q~d/kfk) 
h aspect ratio, H / d  
v (kinematic viscosity) 2 

dimensionless vorticity 
p density 

tv /d  2 
dimensionless stream function 

Subscripts 

1, 2 first (upper) and second (lower) heat source 
f fluid 
o ambient condition 
s solid 
w surface of the wall 
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written in nondimensional form as: 

o6 m ( v  o6 o6 ] oo 
- -  + + V--'x_ = V2~ + R a * - -  ( 1 )  
az Pr ~ OX aY ] aY 

O0 I ( u O O  vO30] ~_~.V2 0 - - +  + = (2) 

V2~I/' + ~ = 0 (3) 

in which ~ ,  the stream function and 6, the vorticity are defined 
by 

o ~  O~ 
U = - -  and V =  - - -  (4) 

OY OX 

a v  ou  
(5) 

OX OY 

In the vertical conductive walls, the following one-dimensional 
(I-D) conduction equation is used: 

Pr O0~ 020s + Q¢o. 

oL r o'r OX 2 
(6) 

in which 

1[ (o0)] 
Qc°n= krwr ~+ -~n f 

on the heat source surface 

and 

1 ao 
Qcon k~w~ On f 

on the unheated surfaces 

The local Nusselt number Nu(X)  is used to express the rate of 
convective heat transfer at any position on the vertical walls: 

1 OOf ] 
Nu(X) = -Ow (~-- Jw (7) 

Boundary condi t ions 

The outside of each vertical wall is assumed to be a symmetry 
plane (i.e., adiabatic). An energy balance for an element of each 
of the vertical walls yields the appropriate equations coupling the 
temperature in the fluid to that in the solid (Equation 6). All the 
solid boundaries of the cavity are assumed to be impermeable 
and nonslip, so that both ~ and the fluid velocities are set to 
zero on these surfaces. 

The computational domain is restricted to the cavity for both 
economy and simplicity. Therefore, appropriate boundary condi- 
tions are required for the open top. Here it is assumed that the 
incoming flow is at the ambient temperature, and the outgoing 
flow is assumed to have zero axial temperature gradient. For the 
case of a single heat source mounted on a vertical wall, Jaluria 
(1985a) has shown that the flow is a boundary-layer type. This is 
a valid assumption at a downstream location from the heat 
source, especially for higher Grashof numbers. Therefore, the 
horizontal component of the velocity V is assumed to be zero at 
the open boundary. The boundary condition for the vertical 
velocity U is obtained from the continuity equation which gives 
o u / o x  = o. 

Similar approximate boundary conditions have been success- 
fully used by Gosman et al. (1971) and Chan and Tien (1985) in 
their studies. Chan and Tien also showed that even for square 
cavities at moderate to high Rayleigh numbers, the flow and heat 
transfer were identical with those obtained from extending the 
computational domain outside the cavities. Abib and Jaluria 
(1988) employed the same boundary conditions for predicting 
buoyancy-driven flow generated by a discrete isothermal heat 
source inside a partially open enclosure. More recently, Lage et 
al. (1992) and Jones and Cai (1993) in their numerical study of 
natural convection heat transfer in open top cavities employed 
the same boundary conditions used here. 

Computat ional  procedure 

Because the steady-state solution is of primary importance in this 
study, a false transient technique is employed for solving Equa- 
tions 1-3. In this method, a pseudotransient time derivative is 
added to the right-hand side of Equation 3, and each equation is 
marched in time with a different time step. This allows a consid- 
erable saving in the computational effort. The governing flow 
Equations 1, 2, and 3 and the solid conduction Equation 6 are 
approximated by finite differences. First-order finite differences 
in time and second-order central differences in space are em- 
ployed. The resulting finite difference form of the governing flow 
equations are solved by an ADI scheme, and a fully implicit 
scheme is employed for the conduction Equation 6. 

Results 

The results are divided into three main sections. In the first 
section, the effect of Ra* or input heat flux to the heat sources is 
investigated. In the second part, the conductivity of the side walls 
is varied, and its influence on the flow and thermal fields is 
examined. Finally, in the last section, attention is focused on the 
influence of the separation distance between the two heat sources 
on the flow and thermal fields and especially on heat transfer 
characteristic of the upper heat source. The influence of the heat 
flux ratio (q~/q'~) is also evaluated for different values of kr; 
however, the results are not presented here because of space 
limitation. 

Uniform grids of 101 x 31,101 x 41, and 101 x 51 were exam- 
ined. The difference between predicted heat source Nusselt 
number for 101 x 31 and 101 × 41 grids was 1.56%; while this 
reduces to 0.88% for 101 x 41 and 101 x 51 grids. Therefore, a 
uniform 101 x 41 mesh was used in all the computations. The 
calculations were performed on an IBM RS/6000-320 worksta- 
tion with typical requirement of 100 CPU seconds per 1000 
iterations, with approximately 106 iterations being required to 
obtain a steady-state solution. The run time can be shortened by 
using the converged solution of a previously computed similar 
case as a starting solution. For some cases, different initial 
conditions were employed in order to evaluate if the final 
steady-state solution is sensitive to the choice of starting solu- 
tion. A maximum error of 0.8% was observed between all depen- 
dent parameters. Therefore, it was assured that the final steady- 
state solution is independent of starting solution. However, a bad 
choice of starting solution may result in the divergence of the 
solution scheme. 

Effect of  input  heat f lux to the heat sources 

In this section, the imposed heat fluxes on the heaters are 
assumed to be the same. They are varied from 50 to 1000 W / m  z 
corresponding to the variation of Rayleigh number from 5.74 × 
103 to 1.148 x 105. The nondimensional separation distance ( l / s )  
is also assumed to be 2.2. Two values of k r are selected here 
which represent cavities with adiabatic vertical walls (i.e., k r = 0) 
and bakelite substrate (i.e., k r = 8.8). 
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In Figure 2, the ratio of the temperature of the upper heater 
to the lower heater (referred to as heat source 2) and their 
Nusselt number ratios are presented as a function of Ra* for 
k r = 0. It is clear that for all input fluxes and for the selected 
separation distance, the upper heat source has a higher tempera- 
ture and a lower Nu than the lower heater. However, these 
differences diminish and approach their asymptotic values as Ra* 
is increased. Therefore, at low values of Ra*, the influence of the 
lower heater on the upper source is stronger. The temperature 
profiles over the left wall are shown in Figure 3 for two values of 
Ra* and k r. At a fixed input heat flux or Ra*, the variation of 
the temperature is more pronounced along the wall, especially at 
the heat source locations for the cavity with adiabatic vertical 
walls. For k r = 0, the maximum temperatures are at the trailing 
edges of the heaters; whereas, for k r = 8 . 8 ,  they shift toward the 
centre of the heaters. A noticeable reduction in the maximum 
temperature is observed for the case of the conductive wall, 
particularly for lower Ra*. However, the temperatures at loca- 
tions downstream of the upper heater are the same for both 
kr = 0 and 8.8. 

Recently, an approximate method has been proposed by Lee 
and Yovanovich (1992) for determining temperature distribution 
in laminar free convection along a vertical plate with an arbitrary 
specified surface heat flux. It is noted that in their analysis, 
unlike ours, the bottom was not blocked. Their method is based 
on the linearization of the nonlinear laminar boundary-layer 
equations and decoupling of the temperature field from the flow 
field. In the present analysis, for high values of Ra*, a thin 
thermal boundary layer is formed along the left vertical wall. 
Comparison of the temperature distribution for Ra* = 6.88 × 104 
and k r = 0 with the analytical prediction of Lee and Yovanovich 
in Figure 4 shows good agreement. However, the temperature 
drops at the trailing edge of the heaters are less severe in this 
analysis than the approximate method. This is due to the shroud- 
ing effect of the right wall and the full governing equations 
solution which is employed in this analysis. As experimental or 
numerical data for this particular geometry is rare, comparisons 
have been made with what has been available. For the single 
heat source condition, comparisons have been made between the 
experimental observations and numerical results (Dehghan and 
Behnia 1996). 

Inf luence of wal l  thermal  conductivity 

In this section, the effects of thermal conductivity of the vertical 
walls are examined for various values of the separation distance 
between the heat sources. The input heat flux to both heat 
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Figure  3 Tempera tures  distribution over the left wall for 

[ q . . . .  different values  of k~ and Ra* 1=q2,  and I / s = 2 . 2 ]  

sources is assumed to be the same and equal to 1000 W / m  2, 
corresponding to Ra* = 1.148 x 105. A broad range of thermal 
conductivity ratio is selected. This range covers the limiting case 
of the cavity with adiabatic vertical walls (i.e., k r = 0) to the 
cavity with highly conductive walls (e.g., copper, k r = 1375). For 
each value of kr, the nondimensional separation distance ( l / s )  is 
varied from 0.6 to 3.4. 

The flow and thermal fields are presented in Figure 5 for 
different values of k r and for l / s  = 2.2. No noticeable differ- 
ences are observed in the flow fields except that the flow pene- 
trates deeper inside the cavity for higher kr. However, apprecia- 
ble changes in the isotherms patterns are observed. For k r = 0, 
the onset of the thermal boundary layer is at the leading edge of 
the second heat source, while this point moves toward the 
bottom of the cavity as k r is increased. Isotherms are highly 
concentrated around the heaters for k r = 0 and 8.8. The concen- 
tration of the isotherms on the proximity of the heat sources 
diminishes as k r is increased. For high conductivity ratio, the 
isotherms are concentrated at the bottom location of the left wall 
instead of the heater location. This indicates a higher heat 
transfer rate at this location. 

The fluid temperature distributions across the cavity at the 
centre of both heat sources are shown in Figures 6 and 7 for 
different values of k r. Noticeable changes in the fluid tempera- 
ture distribution are seen in these figures a s  k r is increased. The 

1.1 

1.05 

I 

0.9 

095 

01/02 

• @ 

Nul/Nu2 

i i i i 

0.00E+00 2.00E+04 4.00E+04 6.00E+04 8.00E+04 1.00E+05 1.20E+05 
Ra* 

Figure  2 Variation of the  ratio of the  average  t empera ture  
and  Nussel t  n u m b e r  of the  upper source to the  l ower  one  as 
a func t ion  of Ra* [ q l - -  2, " - -q"  I /s=2.2,  and k r = O ]  
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Figure  4 Temperature  distribution along the left wall con- 
taining two heat  sources  for N a * = 6 . 8 8 x 1 0 4  , kr=O, and 
I / s = 2 . 2  
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J/lll  

(a) (b) (c) (d) 

Figure 5 Streamlines and isotherms for Ra* = 1.148 × 105 
and I /s=2.2 for different values of kr [(a) O, (b) 8.8, (c) 29.7, 
(d) 1375] 

temperature of the rising plume is lower at both heater locations 
for higher k~ due to both conduction in the wall and higher 
entrainment of the downward cold flow. The temperature gradi- 
ents in the fluid also reduce with increasing k~ at both heater 
locations, resulting in lower convective heat fluxes. The lower 
concentration of isotherms around the heat sources for higher 
values of k~ also indicates the reduction in the temperature 
gradients in proximity of the heat sources, as seen in Figure 5. 

The temperature distributions along the left wall containing 
the heat sources are illustrated in Figure 8 at Ra* = 1.148 x 105 
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Figure 6 Comparison of the f luid temperature distr ibution 
at the middle of the upper heat source for different values of 
kr [ R a * = 1 . 1 4 8  x 105, ~ '=q '~ ,  and //s=2.2] 
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Figure 7 Comparison of the fluid tempera ture  distribution 
at the middle of the lower heat source for different values 
of k r 

and l /s  = 2.2 for various values of thermal conductivity ratio. 
Starting at the bottom of the wall (i.e., X = 5) for k r = 0, the 
temperature is almost zero. By approaching the upstream heat 
source, the temperature increases slightly because of diffusion in 
the air. Near the leading edge of the upstream heat source, the 
temperature increases rapidly and reaches its first local maxi- 
mum at the trailing edge of the upstream heater. From the 
trailing edge of this heat source to the leading edge of the 
downstream heat source, which is an adiabatic segment with the 
length of l, the temperature decreases sharply and then increases 
rapidly after the leading edge of the upper heater and reaches its 
second local maximum point. After that, it decreases continu- 
ously up to the top of the wall. It is noted that increasing k r 
mitigates these variations. A noticeable decrease in the peak 
temperatures of the heat sources is seen with a considerable 
increase in the temperature of the upstream region of the second 
heat source (i.e., 4.5 < X < 5) when k r is increased. For k r = 0, 
the decrease in the temperature of the wall after the downstream 
heat source is sharp, due to entrainment of the cold fluid into the 
rising plume when it passes the downstream heater. However, for 
the conductive wall, the decrease in the wall temperature down- 
stream of the first heater is less pronounced. This is due to the 
fact that the cooling effect of the cold flow entrainment is 
partially compensated by conduction of the heat in the wall. For 
highly conductive walls, the temperature distribution is almost 
uniform. It is interesting to note that the difference between the 
maximum temperatures of the heaters is increased by increasing 
k r up to approximately k r = 30 and then decreases for higher 
values of kr. Increasing k r also leads to a shift in the maximum 
temperature locations from the trailing edges of the heaters 
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Figure 8 Comparison of the local temperature distributions 
over the left wall for different values of k r [Ra* ---- 1.148 x 10 s, 
~'=q'~, and I /s=2.2] 
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toward the centre. Furthermore, temperature changes become 
smooth over the heaters by increasing kr, leading to a reduction 
in the difference between the maximum and average tempera- 
ture of both sources. 

For the case of the adiabatic walls, the interaction between 
the heat sources is due to the thermal wake of the upstream 
heater. In this case, the influence of the upper heater on the 
lower one is negligible. However, for the case of conductive 
walls, the lower heater influences the upper one through both its 
thermal wake and conduction in the wall. In addition, the upper 
heater also influences the lower heater via conduction in the 
wall. The degree of interaction through either the thermal wake 
or the conductive wall depends on the value of the thermal 
conductivity ratio. For low kr, their interaction through the rising 
fluid is dominant, while for higher kr, the interaction by conduc- 
tion in the wall becomes more pronounced. It is seen that even 
for the low conductivity wall, the temperature distribution 
changes appreciably. For instance, for k~ = 8.8 and 29.7, the 
maximum temperature of the lower heater is 68 and 57% of the 
corresponding value for k r = 0. For the downstream heater, these 
values are 76.5 and 65% of the corresponding values for k~ = 0. 
Therefore, using a simple adiabatic boundary condition may 
result in substantially different and sometime erroneous heat 
transfer data. 

Figure 9 shows the effect of k r o n  the nondimensional 
convective heat transfer coefficient of both heat sources. It is 
seen that an appreciable reduction in Nu occurs when k r is 
increased up to the order of 100, after which the changes become 
gradual. Initial reduction of Nu is due to the contribution of the 
vertical wall in spreading the thermal energy generated at the 
heat source locations, leading to the reduction in contribution of 
convection to the fluid at these locations. For high conductivity, 
the wall effectively becomes isothermal, so further increase of k r 

yields only marginal changes in heat transfer. For all cases, the 
lower heater has a higher convective heat transfer coefficient. 
Increasing k r yields a thickening of the thermal boundary layer 
at the upper heat source. Also, for sufficiently high k r ,  there is a 
continuous reduction in Nu from the bottom location of the wall 
to the top. Hence, the convective heat transfer is much higher at 
the bottom heat source than the top one. 

Inf luences of  heater  separat ion distance 

One of the interesting parameters in the thermal design of 
electronic systems is the proper placement of the heat-generating 
elements on the printed circuit boards in order to produce 
compact and thermally efficient equipment. In this section, the 
distance between the heat sources is varied, and the effect of the 
separation distance on the flow and thermal fields--in particular 
on heat transfer of the upper heaters-- is  examined. 

In Figures 10 and 11, the streamlines and isotherms are 
presented for two different values of k r and for various l/s. For 

10 

7= 6 

• o Source 1 
o • • Source 2 

o 

0 0 0 

2 n n n 

10 100 1000 10000 

k r  

Figure 9 Inf luence of k r on the average Nu of the lower  
and upper sources [Ra*---- 1.148 x 105 , ' ,1-- 2, • " ' - - ~ '  and I/s=2.2] 
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(a) (b) (c) (d) 

Figure I 0  Streaml ines and isotherms for R a * = 1 . 1 4 5  × 
105, k , = O  and di f ferent  values of I/s [(a) 1, (b) 2.2, (c) 3, 
(d) 3.2] 

both values of kr, increasing 1/s causes deeper penetration of 
the incoming flow inside the cavity. This is more pronounced for 
k r = 0. Also for k r = 0, the thermal boundary layers generated at 
the location of the two heat sources appear to be independent of 
each other for a sufficiently large value of l/s. For kr = 8.8, the 
onset of the thermal boundary layer is at the bottom of the cavity 
for l /s > 1. 

The effect of the separation distance on the flow and thermal 
fields is quantitatively shown in Figures 12 and 13 where the 
velocity and temperature profiles at the middle of the upper heat 
source are presented for various values of l/s. Increasing l /s 
increases the velocities at the middle of the upper heater for 
both values of conductivity ratio, as can be seen in Figures 12a 
and 12b. However, the increase in the velocities is higher for 
k r = 0 due to a larger buoyancy of the flow. Negligible changes in 
velocities at the bottom heat source were observed as l /s  was 
changed for k r = 0. However, for k r = 8.8, lower velocities at the 
location of the lower heater was seen as l /s was increased due to 
the smaller heat transfer area between the lower heat source and 
the bottom of the vertical wall. It is also noticed that for both 
conductivity ratios, increasing l /s increases the mass flow rate of 
the incoming cold flow. This, along with the increase in the 
velocities at the upper heater, enhances the convective heat 
transfer in the vicinity of that heat source. The temperatures are 
reduced at the upper heat source location as l /s is increased for 
both values of k r (see Figures 13a and 13b). This is due to the 
entrainment of the cold fluid. Hence, as l /s is increased, the 
upper heater is exposed to a higher velocity and a lower tempera- 
ture, resulting in an increase in the convective heat transfer 
coefficient. 
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(a) (b) (c) (d) 
Figure 11 Streamlines and isotherms for R a * = 1 . 1 4 5 ×  
10 s, k r=8 .8  and different values of I/s [(a) 1, (b) 2.2, (c) 3, 
(d) 3.4] 

The dependence of the heat  transfer coefficient of the upper 
element on the separation distance for the case of k r = 0 is 
shown in Figure 14. In this figure, the nondimensional  heat 
transfer coefficient of the upper  source (Nu 1) is normalized by 
the corresponding value for the lower source (Nu2). The experi- 
mental  data of Milanez and Bergles (1986) for a vertical adia- 
batic fiat plate with two isoflux heated  strips are also presented. 
The sharp increase in this ratio for l /s  greater than three is due 
to a drop in Nu 2 as it approaches the bot tom of the cavity. 

The variations of the local temperature  along the left wall for 
various 1/s are shown in Figures 15, 16 for k r = 0 and 8.8. In 
Figure 15, it is seen that  increasing l / s  reduces the temperature  
on the upper  heat  source. For I/s  > 3.2, the temperature  distri- 
bution over the upper  heater  is the same as if there was no 
upstream heater.  However, the effect of the upper  heater  on the 
lower one is negligible, because no changes are observed in the 
temperature  distribution of the lower heat  source as l / s  is 
increased or decreased. The only change in the lower heater  
temperature  profile is due to the bot tom adiabatic boundary 
when this heater  is positioned right above it (i.e., l /s  = 3.4). For 
the case of the cavity with conductive walls, the temperature  of 
the upper  heater  is also reduced when the lower heater  is moved 
downward (i.e., as 1/s is increased). This is due to both reduction 
in the influence of the thermal  wake of the lower heater  and 
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Figure 12 Vertical velocity profiles at  t he  middle of upper  
heat source for various separation distances, Ra* = 1.148 × 
105 and q'~=q~ [(a) k ,=O and (b) k ,=8 .8 ]  

conduction in the vertical wall. However, it is seen that for 
conductive walls, both heaters are affected when l / s  is increased 
or decreased. This is a result of the mutual interaction between 
the heaters, via conduction in the substratc, for the case of 
conductive walls. 
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Figure 13 Fluid t e m p e r a t u r e  d is t r ibut ions  at  the  middle of 
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= 1 . 1 4 8 ×  10 5 and  ~ ' =  q'~ [(a) k r = O  a n d ( b )  k r = 8 . 8 ]  
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C o n c l u s i o n s  

Natural convection air cooling of two heat-generating devices 
mounted  on a vertical wall of an upright open-top slot has been 
investigated numerically. This geometry models two electronic 
components  placed on a printed wiring board (substrate). The 
influence of such design parameters  as the heat  generation rate, 
the separation distance between the heat sources, and the ther- 
mal conductivity of the vertical substrates were investigated. It 
was seen that the thermal interference between the heat  sources 
was reduced when Ra* is increased. It was also observed that 
increasing l / s  resulted an increase in velocities at the upper heat 
source for both conductive and adiabatic boundary conditions. 
This led to an enhancement  in convective cooling of the upper 
located electronic component.  A higher mass flow rate of cold 
flow entering the cavity was achieved when l / s  was increased, 
which resulted in an increase in convection heat transfer from 
both  components.  However, it was found that the influence of 
the lower heat source on the upper  one was negligible for l / s  > 3 
regardless of the wall thermal conductivity. Hence, this spacing 
distance may be considered as an optimal spacing in order to 
keep compactness of the electronic system in this specific config- 
uration. It was also shown that for the case of adiabatic walls, the 
upstream component  was not affected when l / s  was changed. 
For the conductive walls, both heaters were affected by varying 
l / s .  For substrates with sufficiently high thermal conductivity, 
the movement  of the upstream heat  source had no effect on the 
convective heat  transfer rate of the downstream one; whereas, 
for low conductivity this effect was noticeable. 
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Figure 15 Local temperature distr ibut ions along the left 
wal l  for var ious values of separation distance (Ra* = 1.148 x 
105, q~=q~, and kr=O)  
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Figure 16 Local t e m p e r a t u r e  d is t r ibut ions  along the  left 
wall  for various values of sepa ra t ion  d i s t ance  (Na* = 1 .148 x 
10 s, q~=q~,  and k r = 8 . 8 )  

For adiabatic substrates, the upper source had no influence in 
the thermal characteristics of the lower one. However, for cavi- 
ties with conductive walls, there was mutual thermal interaction 
between the sources, and the upper heater  was influenced by the 
presence of the lower one due to both conduction in the wall and 
thermal wake generated by the lower heater. 

The thermal performance of a heat generating component  in 
the thermal wake of another  lower located component  was also 
investigated. The presence of such a heat source causes a stronger 
flow in the cavity for both adiabatic or conductive boundaries. 
For substrates with a finite thermal conductivity it is essential 
that the conjugate analysis is employed. 
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