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Abstract-An investigation of natural convection Row and heat transfer arising from a substrate-mounted 
protruding heat source immersed in a liquid-filled square enclosure is reported. The model considers heat 
transfer within the protrusion and substrate and the coupled naturai convection in the Ruid, Numerical 
predictions are obtained for a wide range of appropriate Rayleigh and Prandtl numbers and substrate to 
fluid thermal conductivity ratios that may be encountered in liquid-immersion cooling of electronic 
components. For many situations of interest prescribing simplistic heat transfer conditions at the solid 
surfaces is found inappropriate. Increasing the Rayleigh number beyond 10’ and the substrate thermal 
conductivity beyond 100 times that of the liquid produces only a marginal decrease in the maximum 
temperatures. Computed protrusion surface temperatures compare favorably with available experimental 

results for a similar con~guration. 

1. INTRODUCTION 

THE STEADY increase in the volumetric heat generation 
rates within modern electronic chips due to the 
large and very large scale integration technologies is 
well known. If this current trend continues, the future 
development of reliable electronic components could 
well be restricted by the inability to maintain the 
device junction temperatures below the maximum 
specified limits. Thus the need for efficient cooling has 
assumed an ever important role. Chu [l] and 
Nakayama [2] described the various cooling techniques 
currently being examined to meet the reliability 
requirements of modern electronic packages. 

A number of studies utilizing convective cooling 
are discussed by Incropera [3]. Passive cooling using 
natural convection is characterized by advantages 
such as simplicity of design, absence of noise and high 
reliability. Moreover, in the event of a failure of other 
cooling techniques, natural convection may be the 
only available mode. It is not surprising then that a 
few studies on natural convection from discrete heat 
sources to extensive ambient air have appeared 
recently 14-61. 

Jaluria [4] considered discrete heat sources Rush- 
mounted on a vertical adiabatic surface. The heaters 
were idealized as uniform heat flux regions. Lee and 
Yovanovich [5] idealized the flush heaters as uniform 
flux regions and accounted for one-dimensional con- 
duction in the thin substrate. They also included sur- 
face radiation. Afrid and Zebib [6] studied protruding 
heat sources mounted on an adiabatic vertical surface. 
Both the natural convection in the air and conduction 
within the protrusion were included. For a single 
source, it was found that the maximum temperature 

varied linearly with the heat generation rate. The finite 
thermal conductivity of the substrate is likely to mod- 
erate this rate of increase in actual applications. 

Natural convection in liquids has the added advan- 
tage of higher cooling rates compared to those in air 
for a given temperature difference. The use of liquid 
necessitates the presence of an enclosure. In many 
applications involving the packaging of high dis- 
sipation equipment such as power supplies, her- 
metically sealed units may be employed. A number of 
experimental studies have been performed on natural 
convection from discrete heat sources inside liquid- 
filled enclosures [7-l 31. A few computational studies 
have also appeared. Lee et al. [ 141 studied two-dimen- 
sional natural convection in enclosures with discrete 
heat sources mounted on an adiabatic vertical wall. 
The heat sources were maintained at a predetermined 
arbitrary constant temperature. They con~~ed the 
two cell flow structure observed experimentally in ref. 
[IO]. Liu et al. [I 51 conducted a three-dimensional 
study to simulate the behavior of chips inside a liquid- 
filled enclosure. The protruding chip surfaces were 
simulated as constant heat flux regions on an adiabatic 
vertical wall. 

In most applications the thermal conditions on the 
electronic package surfaces are unknown. For given 
input power level, the temperature distribution within 
the heat source, including the magnitude and location 
of the maximum temperature are of interest. None of 
the previous studies appear to have addressed the 
coupled heat transfer processes occurring within the 
heat source, the substrate and the liquid in a liquid- 
filled enclosure. 

The aim of this work is to examine the steady-state 
conjugate heat transfer and natural convection arising 
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NOMENCLATURE 

C’,’ specific heat at constant pressure 
[J kg ’ K ‘1 

Cf dilliell~jon in Fig. 1 [m] 
4 substrate thickness [m] 

.rl gr-dvitational acceleration [m s ‘] 
I1 protrusion height [m] 
II enclosure height [m] 
f function in equation (7) 
I, thermal conductivity /W m ’ K ‘] 

4 dimension in Fig. I [mf 
n unit vector in the outward normal 

direction to the solid surface 

P prcssurc [N m ‘1 
P non-dimensional pressure, p/pUi 
Pr Prandtl number, ~~~,~~~ 
Q heat generation rate per unit length 

[Wm ‘I 
Q non-dimensional heat flux crossing the 

solid surface, equation (8) 

R, protrusion to fluid thermal conductivity 
ralio. /Q/2, 

R, strbstratc to fluid thermal conductivity 
ratio, &,/I?, 

RN Raylcigh number, ,q/~‘Qh~.‘&,al 
.( non-dimensional clockwise contour 

distance along the solid-fluid interpace 

in Tahic 1 
S,. S, dimensions in Fig. I [m] 

i< enclosure wall temperature [K] 
T non-dimensional temperature. 

(T--1,):‘(Q,li,) 

ii vertical velocity component [m s ‘1 
t’ non-dimension~i vertical velocity 

component, tf; t;,, 

I:,, rcferoncc velocity, (~~~~~~~,) ’ ’ [m s ‘1 
I’ horizontal velocity component [m s ‘] 
ti non-dimensional horizontal velocity 

component. I./I ‘,) 
11‘ protrusion width [m] 
.\; vertical coordinate [m] 
.I-,, distance above thecenter ofthe heat source 

[ml 
X non-dimensional vertical coordinate. .r/h 

4 non-dimensional vertical distance. .\-,,‘/I 

>‘ horizontal coordinate Im] 
Y non-dinlcnsion~ll horizontal coordinate, 

,1./h. 

Greek symbols 
fluid thermal diffusivity [m’s ‘1 

; coefficient of thermal expansion [K ‘] 

Ii dynamic viscosity [kg m ’ s ‘1 
I’ kinematic viscosity [m’s ‘1 

P fluid density [kg m ‘1, 

Subscripts 
C protrusi(~n (chip) 
f fluid/liquid 
max maximum 
S substrate. 

from a ~ubstr~~tc-17lounted heated protrusion 
immersed in i-l two-dimensional Ruid-filled enclosure. 
The enclosure boundaries are maintained at a con- 
stant temperature. Uniform volumetric heat gen- 
eration takes place inside the protrusion. Neither the 
thermal conditions at the protrusion surfaces nor its 
temperature distribution are assumed to be known a 
priori. The appropriate governing equations are 
solved using a control-volume based finite-difference 
technique. For the limiting case of a vanishingly small 
protrusion moUnlcd on an adiabatic substrate. com- 
puted surface temperatures above the heat source arc 
comp~~red with the ~\/~~ll-plurne ~irnil~~r~ty solution. The 
cffccts of the fluid propcrtics, heat generation levcf 
and the substrate conductivity on the heat transfer 
and Huid flow in the enclosure are next examined 
via a parametric study. Finally a comparison of the 
protrusion surface temperatures with available exper- 

imental data is prescntcd. 

mounted on a vertical substrate is immersed in a two- 
dimensional fluid-filled enclosure of height Ii and 
aspect ratio I, The shaded region represents the pro- 
trusion and the substrate. Uniform volumetric heat 
generation takes place in the protrusion. The enclos- 
ure boundaries arc maintained at a constant tcm- 
perature, i,. The protrusion. the substrate and the 
fluid have constant but different thermophysical prop- 
erties. Assuming a steady-state, laminar flow with no 
viscous dissipation and the Boussinesq approximation 
to be true. the dimensionless governing equations can 
bc written as follows : 

2. MATHEMATICAL FORMULATION 

The schematic diagram of the configuration exam- 
incd is shown in Fig. 1. A protruding heat source (3) 
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FIG. 1. Schematic diagram of the enclosure with a substrate- 
mounted protruding heat source. 

c”( UT) a( VT) 

-K+-aY 
- = (l/al Pr) J“2 (&!?+Z?) ; (4) 

solid region (protrusion) 

(5) 

where X = x/h, Y = y/h, U = u/UO, Y = c!Uov 

T = (t- i~)~~Q/k~~, P = pipUs: U,, = ~9~Q~~~k,.) ‘,‘, 

Pr = /ic,(k, Ru = g~Q~~~~k~v, R, = kc/k,- and 

R, = k,/k,-. The various symbols are given in the 
Nomenclature. 

The boundary conditions constitute isothermal 
enclosure walls at temperature t, and the no-slip and 
impermeable wall conditions for the velocity com- 

ponents ; i.e. U = V = T = 0 at the enclosure walls. 
Heat fluxes are appropriately matched at the inter- 
faces of dissimilar materials. The following par- 

ameters emerge as a result of the non-dimen- 
sionalization of the governing equations, boundary 
and matching conditions: Ra, Pr, R,, R,, SJh, d/h, 
L,/h, SJh, dJt7 and ~jh. The definitions of the symbols 
can be found in the Nomenclature. 

3. METHOD OF SOLUTION 

4. COMPARISON WITH SIMILARITY 

SOLUTION 

The governing equations are discretized using a The present numerical procedure was validated by 
unite-difference scheme wherein the control volumes comparing the substrate surface temperatures above 
for the temperature and pressure are staggered from the protrusion (temperatures on face 5 in Fig. I) with 
those for the velocities. Power law profiles are used the predictions of a similarity solution for appropriate 
for the spatial variation of the dependent variables to limiting conditions. The similarity solution considered 
ensure realistic results for a wide range of the grid is that of a wall plume arising from a line source placed 
Pecfet numbers. Interface diffusivities are calculated at the leading edge of a vertical adiabatic wall. The 

using a harmonic-mean formulation in order to 

handle abrupt changes in the material properties. 

The details of the discretization process can be found 

in Patankar [16]. 
The discretized equations were solved iteratively 

using the line-by-line TDMA (Tri-Diagonal Matrix 

Algorithm) and the SIMPLER procedure as outlined 
in ref. [16]. It is noted that even though separate 
equations are written for the fluid and solid regions. 

the solid region is numerically simulated by letting its 
viscosity be very large. Thus the same n~ornentlinl 

equation is solved throughout the ~ompu~dtional 
domain. Similarly. for the energy equation. heat 

sources and property values are appropriately speci- 
fied in each region and only one energy equation is 
solved. The flux matching conditions are used 
impticit~y in the control volume formulation wherein 
mass, momentuln and energy batanccs are incor- 

porated for individual control volumes 1161. 
Test computations were performed on a series of 

grids ranging from 10 x IO to 60 x 60 control volumes 
to determine the grid size effect. The values and 

locations for the maximum temperature and peak vel- 
ocities did not change appreciably when the grid was 
refined beyond 40 x 40 control volumes. Unless men- 
tioned otherwise, all the calculations reported here- 

after are on a non-uniform mesh of 45 x 50 control 
volumes and represent a reasonable compromise 
between computational cost and accuracy. The grid 

points were densely packed above the protrusion after 
prehminary runs on coarser grids showed that the 
flow was thermally stratified below the protrusion. 
The iterations were terminated when the change in the 
dependent variables in successive iterations was no 
more than 0.005%. In most cases, an overall energy 
balance of less than 0.1% was achieved, with the 

energy balance in the worst case being no more than 
I %. The overall energy balance was computed as the 
difference between the rates of total heat generation 
and total energy loss through the four walls of the 
enclosure. 

The computational times on an IBM-370~3033 

computer ranged widely from 200 to 600 CPU min for 
calculations started with fJ = V = T = 0 throughout 
the cavity as the initial guess. The run times could 
be reduced in a few cases when computations were 
commenced with previously computed solutions as 
initial guesses. 
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non-dimensional surface temperature rise above the 
source, T, is [l7] 

7’= (64RuPr’I“)“‘X,“‘+ (7) 

where X,, is the non-dimensional vertical distance 
from the heated line source in the upward direction 
and I a numerically computed function of Pr [17]. 

The line source was simulated in the present com- 

putations by choosing the length of the substrate 
much larger than the protrusion height. An R, value 

of 10. ‘“was chosen to simulate an adiabatic substrate 
wall. The enclosure boundaries were moved far away 
from the heat source by selecting L,;/I = 20 and 
S,//r = 5. The numerical calculations were performed 

using a 60 x 60 mesh. It was found that the com- 
putational time was ten times larger than the other 

runs in this study, and thus a comparison for only one 
set of parameters is reported. The numerical pre- 
diction is for Ra = 105, Pr = 5. R, = 100, R, = 10mm I”, 
.$/II = 2, d/h = 0. I, ri,lh = 0. I5 and n3,//1 = 0.15. 

Seen in Fig. 2 is a comparison of the non-dimen- 
sional temperatures obtained from the numerical 

simulation and those predicted by equation (7). The 
distance ,I’,, is the distance from the mid-height of the 
protrusion (i.e. X = 0.5) for the numerical solutions. 
Since the heat source has a finite height, it is expected 
that the wall plume solution and the numerical com- 
putations will not agree very well for small X,. The 
figure shows that when I’,, is increased beyond 6, the 
agreement gets better. Such a trend was also observed 
in the investigation of Jaluria [4]. wherein a discrete 
heat source was considered on a vertical adiabatic 

wall, and the boundary layer equations were solved 
numerically. The discrepancy between the analytical 
and the numerical solution is less than 10% for 
6 < X,, < 1 I. As X,, increases beyond IO, the dis- 
crepancy becomes worse. Such a trend is somewhat 

expected due to the fact that far enough from the 
protrusion and closer to the top wall, the wall plume 

type of flow is modified due to the presence of the top 
wall. Also, the discrepancy is in the right direction. 
Due to the recirculation of the flow caused by the 

presence of the top wall, hotter fluid gets entrained 
into the main plume flow, compared to the situation 
when the top wall is absent. Thus, the numerically 

predicted substrate surface temperatures are higher 
than those predicted from the wall plume solution fool 

X,, > 1 I. 

5. PARAMETRIC STUDY 

Numerical computations were performed for a wide 

range of Ru, Pr and R, that may be encountered in 
actual applications. The highest value of Ra in this 

investigation was primarily limited by the non-con- 
vergence of the numerical scheme. Calculations were 
performed for Ru < IO’. To get an idea of the actual 
heating rates, for example, a power input of 0. I W in 
a IO mm x 10 mm x 25 mm long protruding source 

in commercially available dielectric fluids fluorinerts 
FC-75 and FC-71 [I81 resulted in Ru of the order 
of 10’ and IO’, respectively. In water and air the 
corresponding values were 10’ and IO“, respectively. 

The fluorinert dielectric liquids commonly used in 

- Numerical 

- Similarity, Eq. (7) 

5 0 5 IO 15 20 25 

XP 

FIG. 2. Comparison of the numerically predicted substrate-fluid interface temperatures with the wall plume 
solution, equation (7). The distance X,, for the numerical predictions is measured from the mid-height of 

the protrusion. 
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liquid-immersion cooling are characterized by Pr ranging from approximately lo2 (not shown) to lo4 

much larger than 1. A few computations for Pr = 10, the flow patterns were quite similar. The flow rising 

10’ and lo3 revealed that increasing Pr from 10 to from the heated protrusion travels almost vertically 

103, other parameters remaining identical, produced upwards and splits to form two cells on the left- and 

a negligible change in the dimensionless temperatures right-hand sides of the substrate. The eddy centers 

within the solid. All results that follow are therefore shift upwards as Ra increases. The left side eddy is a 

for Pr = 10. In practical situations, the thermal con- secondary eddy formed as a net result of the splitting 

ductivity of the substrate, k,, may vary over a wide of the flow at the top and the weak heating via con- 

range from 0.1 W mm ’ Km ’ for epoxy-glass to 100 W duction through the substrate. The fluid in the right- 

m _’ Km ’ for silicon carbide. The thermal con- hand bottom corner remains virtually stagnant. At 

ductivities of the fluorinert liquids are of the order of Ra x 10’ a considerable change occurs in the flow 

0.1 W mm ’ Km’ [18]. Thus the ratio R, = k,/k,ranges pattern behind the substrate. The secondary eddy 

from 1 to 10’. Computations were extended to moves directly above the substrate, instead of at the 

R, = 0.1 for the sake of completeness. back of the substrate. 

The geometric parameters used in all calculations 
are as follows: &/h = 2.5, d/h = 2, L,/h = 2, 
S,/h = 2.5, d,/h = 1.5 and w/h = 0.75. The protrusion 
to fluid thermal conductivity ratio, R,, is kept constant 
at 100 for all the calculations. 

5.1. Efect of’Ra 

The streamlines and isotherms are shown in Fig. 3 
for Ra = 103, 104, lo5 and 106, all for R, = 1. For Ra 

An increase in Ra diminishes the importance of 

substrate conduction, as evident from the relative 
strengths of the primary and secondary cells. It also 
brings about a slight bending of the main flow towards 

the right above the protrusion as it leaves the substrate 
wall. The bending is clearly evident for Ru = 10’. 
Also, for Ra > 105, weak shear driven eddies appear 
in the bottom half of the enclosure. The isotherms 
indicate a thermally stratified region in the lower half 

Temperature Contours Streamlines 

FIG. 3. Streamline and temperature contours for (a) Ra = lo), (b) Ra = 104, (c) Ra = lo5 and (d) Ra = lo6 
The computations are for Pr = 10, R, = 1 and R, = 100. 
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Temperature Contours Streamlines 

W 

ofthe enclosure, with the level ofstratification increas- 

mg at higher Ru. The thermal gradients near the top 
wall become steeper as Ru increases. 

Plotted in Fig. 4 are the dimensionless solid surface 
temperatures for different Rcr. These are calculated by 
using a harmonic mean formulation since the control- 
volume nodes for the temperatures do not lie on the 
interfaces that separate two different materials. The 

quantity s is the clockwise contour distance along the 
solid surface starting from the origin. Table I gives 
the ranges of s corresponding to the different surfaces 
numbered in Fig. I. The temperatures are highest at 
the protrusion--fluid interface. The protrusion faces 
are almost isothermal due to the high protrusion ther- 
mal conductivity. From the de~nition of Ra it is clear 

that for the same heating rate, a higher Ra implies a 
greater buoyant force. It is thus expected that an 
increase in RN would enhance cooling of the heat 
source. Indeed Fig. 4 reveals an almost four-fold drop 
in the dimensionless protrusion face temperatures 

when Ra is increased from 10” to IO”. This drop is 

not linear with a change in Ra but is lower when Ra 
is higher. 

The present results thus clearly indicate that the 

tempe :r; aturcs within the solid must be obtained 

Table 1. Ranges of s corresponding to different solid--fluid 
interfaces 
_ -.-. 

Surface No. 
in Fig. I .Y k 

I 0 to 2 0 
2 2 c).o to 0.75 
3 2 to 3 0.75 
4 1 0.0 to 0.75 

: 3 t0 5 5 - I .5 0 to 0 
7 0 to 5 - I.5 
8 0 - 1.5 to 0 

v 

0.00 to 7.00 
2.00 to 2.72 
2.75 to 3.75 
3.75 to 4.50 
4.50 to 6.50 
6.50 TV 8.00 
8.00 to 13.00 

13.00 to 14.50 
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Ra 

5 IO 

Contour Distance, s 

FIG. 4. Solid-fluid interface temperatures for different Ra. The distance .P is the contour length along the 
interface as defined in Table I. The computations are for Pr = 10, R, = 1 and R, = 100. 

through a conjugate heat transfer analysis. The tem- 

peratures of the substrate surface below the pro- 
trusion (s < 2) show an increasing thermal strati- 
fication in the portion below the protrusion as Ra 

increases. For example. as s is increased from 0 to 2, 
the temperatures for Ra = IO’ increase comparatively 
gradually, whereas for Ra = IO’, the temperatures 
increase abruptly very near the protrusion. A local 
maximum in the temperatures is evident at s z IO 
due to localized heating via conduction across the 
substrate. The ratio of this local maximum tem- 
perature to the protrusion face temperatures is higher 
for lower Ra demonstrating the relative importance 
of substrate conduction at lower Ra. 

The effect of Rayleigh number on the dimensionless 
heat flux across the solid-fluid interface is depicted in 

Fig. 5. The dimensionless heat flux is defined as 

where the subscript i denotes either c or s depending 
upon whether the interface represents the protrusion- 
fluid or substrate-fluid interface. respectively. The 
quantity (dT/dN), is the dimensionless temperature 
gradient at the surface and n the unit outward normal 
vector. The heat flux in equation (8) is defined to be 

positive when energy transfer is from the solid to the 
fluid. The heat flux is calculated via the harmonic 
mean formulation [16]. As mentioned earlier, the 
definition of s is given in Table 1. 

It must be noted that the heat flux values at the 
various corners cannot be computed since the out- 
ward normal direction is not uniquely determined at 
those locations. The solid lines joining the computed 

values at other locations in Fig. 5 are just meant to 
aid the eye in following the variation of the heat flux 
over various faces. It is clear from Fig. 5 that the heat 
flux from the protrusion is not constant on any face, 
and the variation is a strong function of Ra. The 
variation over a single protrusion face increases when 
Ru is lower. On the right side face, for example, the 

variation in heat flux about the mean is as high as 70% 
for Ru = 103. The corresponding level for Ru = IOh is 

approximately 25%. Thus it may not be appropriate 
to model this situation with a constant heat flux con- 
dition on the protrusion faces. 

For s < 2, the heat flux is never negative for 
Ra = IO’. As Ru decreases, the heat flux closer to 
the protrusion becomes negative. For Ra = IO’, for 
example, the transport in the fluid immediately below 

the protrusion is mainly diffusion-dominated, thus 
heat is transferred from the fluid to the substrate in 
that vicinity. We note that for face 5, i.e. the vertical 

substrate face above the protrusion, the heat flux is 
negative for Ru d 10’. Thus the hot fluid is losing 
energy to the substrate in that region. However, for 
Ra = IO’, for a small region above the protrusion, the 
heat flux is positive. This phenomenon occurs because 
at higher velocities, the main flow largely bypasses the 
corner in this region, resulting in the substrate losing 
heat to the fluid in the vicinity of the top face of the 

protrusion. Note the local maximum in the heat flux 
at s r IO due to the direct conduction effect through 
the substrate, which is more pronounced at lower Rcr. 
For the value of R, considered, the substrate is not 
too efficient in dissipating the energy generated in the 
protrusion, as is evident from the relative magnitudes 
of the heat fluxes at the protrusion-fluid and the sub- 
strate-fluid interfaces. 
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0.008 0.003 

0.006 
0.002 

0 004 

0 a 0.001 

0.002 

6 P 

FK. 5. Elect of Ru on the heat fluxes across the solid -fluid interface when Pr = 10, R, = I and R, = 100. 
The distance .s is defined in Table I. The lines joining the symbols are merely to aid the eye. 

Figure 6 shows the fractions of the heat generated 
that pass out through the four protrusion faces. The 
symbols F,, F,, F, and F4 denote the fractions of 

power that cross the bottom, right (fluid side), top 
and left (substrate side) faces, respectively. The results 
are for R, = I. More than 40% of the generated power 
is dissipated through the vertical chip face adjacent 
to the fluid for Ra 3 IO’, reaching an asymptote at 

around 45% for Ra = IO”. Conduction through the 
substrate accounts for less than 25% of the cooling 
effect. Thus the results indicate a high potential for 
cooling enhancement by increasing the substrate con- 
ductivity further. The conduction through the sub- 
strate becomes less important as Ra increases due to 
a lower fluid side resistance. For instance, when 

Ru 3 IO’, no more than 10% of the energy is being 
dissipated via the substrate. 

It is interesting to note that the fraction of power 
dissipated through the bottom of the protrusion 
remains almost constant at around 25% for the wide 
range of Ru considered. The fraction dissipated 
through the top surface is always lower than that 
through the bottom surface, because of the cooler 
fluid in contact with the bottom surface and due to 
the additional fact that the fluid follows the bottom 
face more closely, and largely bypasses the top face. 

This results in top faces being slightly hotter than the 
bottom faces. The vertical face dissipates more heat 

than the top or bottom faces due to the higher fluid 
velocities in its vicinity. 

Also shown in Fig. 6 is the maximum dimensionless 
temperature, r,,,;,,, within the protrusion. As expected, 
an increase in Ra enhances cooling. The drop in T,,,;,, 
with an increase in Ra is more significant at values of 
Ra below IOh. At higher Ra other parameters must be 

adjusted to achieve enhanced cooling. Even though 
T,,,, values decrease with Ra, actual protrusion tem- 
peratures indeed increase with Q for a given set of 
conditions. As an example, an increase in Ra from 
IO’ to IO5 in Fig. 6 results in a decrease in T,,,, from 
about 0.2 to 0. I. For uniform fluid properties this 
implies an increase by a factor of 50 in the actual 
temperature difference as Q increases by a factor of 
100. 

5.2. I$jCeect of R, 

The streamlines and isotherms for different R, when 
Ra = IOh are seen in Figs. 3(d) and 7. Note that the 
strength of the secondary cell increases when R, is 
higher, due to enhanced substrate conduction. Since 
the buoyancy effects in the front and the back of the 
substrate are comparable for R, 2 100, there is no 
bending of the flow as it leaves the substrate above 
the protrusion. The bending of the main flow is caused 
when the velocities on the left-hand side of the sub- 
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Ra 

FIG. 6. Energy fractions F,-F4 leaving the four protrusion faces and maximum temperature, T,,,, in the 
protrusion as a function of Ra. Subscripts I-4 represent the bottom, fluid-side, top and substrate-side 

faces of the protrusion, respectively. The computations are for Pr = 10, R, = 1 and I?, = 100. 

strate are low, resulting in a high pressure region there, 
tending to push the primary cell towards the right. 
The isotherms clearly reveal that smaller temperature 
drops result within the substrate as its thermal con- 
ductivity increases. The difference between the 
maximum temperature occurring within the pro- 
trusion and the lowest temperature in the substrate is 
as high as 95% of the overall temperature variation 
in the enclosure for R, < 1. The corresponding value 
is 78% for R, = 10. A superior cooling is achieved 
with R, = 100, where this value drops to approxi- 
mately 32%. For such high values of the substrate 
thermal conductivities, effective heat spreading from 
the protrusion is achieved, resulting in lower 
maximum temperatures and lesser thermal strati- 
fication in the fluid below the protrusion. 

The non-dimensional solid-fluid interface tem- 
peratures as a function of s are shown in Fig. 8. The 
protrusion face temperatures are almost halved when 
R, is increased from 1 to 100. Thus higher substrate 
thermal conductivities are desirable in order to 
enhance protrusion cooling. On the protrusion 
surface, the fluid-side vertical face has lower tem- 
peratures than the top and bottom faces when 
R, g 10. The opposite is true for R, = 100 when the 
substrate conduction is substantially higher, with the 
vertical protrusion face adjacent to the fluid being the 
furthest from the substrate. The substrate tem- 
peratures for R, = 100 are almost twice those for 
R, = 1, indicating a strong influence of substrate con- 
duction. It is seen that the substrate temperatures 
are fairly uniform, except for s < 2, when R, = 100. 

Figure 9 shows the dimensionless heat flux across 

the solid-fluid interface as a function of s. The heat 
flux patterns do not change substantially on the pro- 
trusion-fluid interface for different R,. The heat flux 
levels on the protrusion-fluid interface are reduced by 
more than 60% when R, is increased from I to 100, 
clearly indicating a heat spreading effect of the high 
thermal conductivity substrate. The heat flux for s < 2 
decreases with an increase in s for R, = 100, and 
increases when R, = 1 and 10. When R, = 100, the 
substrate is more nearly isothermal compared to when 
R, is lower and hence as the fluid travels upward near 
face 1, it warms up, resulting in a decreasing heat flux 
from the substrate to the fluid. When R, = 1 and 10, 
however, the portion of the substrate near s = 0 is 
much cooler than near the protrusion, around s = 2. 
This then results in an increasing heat flux when s 
increases from 0 to 2. It is interesting to note that an 
almost constant heat flux results from the back face 
of the substrate when R, = 100. 

The effect of R, on the fractions of energies F,- 
F4, passing through the bottom, fluid-side, top and 
substrate-side protrusion faces, respectively, is pre- 
sented in Fig. 10. These rest&s show that substrate 
conduction can be neglected only if R, C 0.1. For such 
cases almost the entire cooling of the protrusion takes 
place via conduction within the protrusion and con- 
vection into the fluid. However, for R, > 0.1, substrate 
conduction becomes an important effect, and cannot 
be neglected. For R, = IO’, as much as 80% of the 
heat is dissipated through the substrate. Such an R, 
value is typical of a dielectric fluid/ceramic substrate 
combination. For R, > O(lO), conduction through 
the substrate is the dominant mode of heat transfer, 
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Streamlines 

(a) 

fb) 
FIG. 7. Streamlines and isotherms for Ra = 10”, Pr = 10, R, = 100 when (a) R, = 10 and fb) R, = 10’. 

whereas, it becomes negligible for I?, < O(O.01). For 
many practical situations since R, is larger than 0.1 
the effects of substrate conduction must be accounted 
for. It is interesting to note that the fractional levels 
as well as the trends arc similar for Ru = 10” and IOh. 

The conduction through the substrate also has a 

pronounced effect on the maximum temperatures 
occurring inside the protrusion. Figure I I shows the 
effect of RLI and R, on the maximum protrusion tem- 

perature, r,,,;,,. The trends show that r,,;,, decreases 
with an increase in R, for all Ru. The maximum tem- 
perature seems to be reaching an asymptote for R, < I 
or R, > 100. These trends could he easily explained 

with the results shown in the earlier figure. When 
R, = I, the conduction through the substrate is a minor 
fraction of the generated energy. Thus it is expected 

that r,,,,, will not increase substantially when R, 
decreases further. The opposite effect occurs when 
R, = 100. The conduction through the substrate for 
this value of R, is large enough so that a further 
increase in R, is expected to bring down the tcm- 
perature levels in the protrusion only marginally. In 
the intermediate range, namely I < R, < 100, T,,,, 
changes substantially because the fraction of energy 
passing into the substrate shows a wide variation. It 

is interesting to note that in this range. T,,,,, varies 
almost linearly with log (R,). From a practical point 

of view, R, should be at least 100 to achieve a good 
cooling effect. 

6. COMPARISONS WITH EXISTING 
MEASUREMENTS 

Comparisons of the present numerical simulations 

were made with the experimental data of ref. [ 191. The 
experiments examined the natural convection cooling 
of a column of stainless-steel protrusions mounted on 
a vertical Plexiglas surface in water. The protruding 
elements were 23.9 mm long, 7.8 mm high and 
extended 6. I mm from the Plexiglas substrate, so that 
IV//I = 0.782 for numerical calculations. These geo- 
metric dimensions were chosen to simulate 20 pin 
Dual In-line Packages (DIPS). Heating was achieved 
by placing 0.18 mm thick foil heaters at the bases of 

the elements. 
The experiments revealed that the bottom element 

in the column was unaffected by downstream com- 
ponents due to the boundary layer like transport. This 
was confirmed by powering only the lowest com- 
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5 10 

Contour Distance, s 

FIG. 8. Comparison of the temperatures on the solid-fluid interface for different R, when Ru = IO', Pr = 10 
and & = 100. The definition of .Y is given in Table I. 

ponent and comparing the resulting face temperatures 
with those measured with the entire column powered. 
Also, the flow in the plane through the component 
centers was largely two-djmensional for the power 
levels examined. Thus the present two-dimensional 
computational model appeared to be a suitable simul- 
ation of the transport in the central plane of the lowest 
component in the experimental configuration. 

The experimental runs performed in ref. [ 191 did 

not indicate any oscillatory flow patterns at long 
times. Both in the present numerical computations 
and in ref. [19] Ra was below 107. Flow oscillations 
were reported for a single protrusion in a smaller 
enclosure for a significantly larger Ra = 1.55 x 10” 
[lo]. It is interesting to observe that despite oscil- 
lations in the flow patterns at these higher Ra levels, 
the heat flux from the protrusion varied by less than 
2% [IO]. 

Rs 
-1 

I - 10 

FIG. 9. The effect of R, on the heat flux leaving the solid surface for Ra = lo’, Pr = 10 and R, = 100. The 
contour distance s is defined in Table I. The lines joining the symbols are merely to aid the eye. 
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Ra 

0.4 

- F3 

FIG. IO. Energy fractions F,--F,, for different Ru and R, when Pr = IO and R, = 100. Subscripts I-4 denote 
the bottom. right, top and left surface of the protrusion. respectively. 

6.1. Eflect qf free surf&e boundary conditions and 
enclosure size 

Since the tank used in the experiments had a free 
surface on the top instead of a solid wall in the numeri- 
cal model, the effect of the free surface condition was 
determined. It was found that the temperatures within 
and in the vicinity of the protrusion differed by a 
negligible amount when either a free-surface or a 
solid-wall boundary condition was used at the top 
surface of the enclosure when H/h = 11. Increasing 
the enclosure size and the substrate length further (as 
was the case in the ex~riments~ also had an insig- 
nificant effect on the computed protrusion surface 
temperatures. Increasing the enclosure size required a 
larger number of grid points and hence greater com- 
putational time. Thus the numerical results reported 
in the following were obtained with H/h = 1 I. 

0.08 

Tmax 
0.06 

FIG. 1 I. Effect of R, on the maximum temperature, T,,,,. 
occurring within the protrusion for different Ru. 

6.2. Effirct of heater size 
In a’few typical runs it was found that a negligible 

difference in the protrusion-face temperatures resulted 
if equivalent heating took place in a narrow region at 
the base of the protrusion rather than with uniform 
heat generation over the entire protrusion. This resuit 
could be attributed to the high thermal conductivity 
of the protrusion, so that it acted as an effective heat 
spreader. Also, the computational times were almost 
tripled, when the equivalent heating was confined to 
a very narrow region. Thus the numerical silnulations 
were made with uniform volumetric heat generation 
in the entire protrusion. 

6.3. Protrusion,fi2ce temperutures 
The comparisons with experimental data are for the 

situation when only the lowest block was powered in a 
vertical column. The protrusion surface tem~ratures 
were measured at three locations in a vertital plane 
through the geometric center of the element. These 
positions correspond to the centers of faces 2. 3 and 
4 in Fig. 1. The properties of water were evaluated 
from ref. 1201 at a mean film temperature, chosen as 
the average of the measured levels at various com- 
ponent face centers and the ambient. 

A comparison between the experimental and the 
numerical protrusion-face temperatures is shown in 
Fig. 12. The numerical predictions are for R, = 24.2, 
R, = 0.24, Sh/h = 2.5, d/h = 2.5, L,/h - 2.5, 
S,/h = 2.5, dJh = 1.625 and wjh = 0.78. Note that 
Pr z 8 for all the data points. An Ra = 0.6 x 10’ cor- 
responds to an actual heating rate of 0.2 W in the 
stainless-steel blocks. As expected, both the numeri- 
cally computed and measured temperatures show a 
decrease when the Rayleigh number increases. The 



Natural convection arising from a heat generating substrate-mounted protrusion 2161 

n 
P 

6, 9,. , . ,.,.I. 
0 1 2 3 4 5 

RaxlO” 

FIG. 12. A comparison of the numerically predicted (solid lines) and experimentally measured (isolated 
symbols) protrusion face temperatures. 

top face of the protrusion is the warmest, and the side 
face is the coolest, as found both in the experiments 
and the numerical predictions. This is due to the fact 

that the flow follows the protrusion closely adjacent to 
the side surface, and largely bypasses the top surface. 
Since the three-dimensional nature of the flow in the 
experiments is more pronounced near the bottom face, 
discrepancies between the experimental and numerical 
predictions are the largest, in general, at that face. The 
measured temperatures are somewhat lower than the 
predicted values, for the side and the bottom faces, 
which could be attributed to the three-dimensional 
effects. 

The discrepancies in the predicted and measured 
temperatures range from 3 to 17%. These deviations 
are the net result of the experimental uncertainties and 
the three-dimensional nature of the transport in the 
experimental situation. Based on these comparisons 
it is clear that the two-dimensional formulation may 
be used as a reliable tool to predict the performance of 
certain electronic components, such as DIPS, without 
incurring prohibitively high costs associated with 
three-dimensional computations. It is expected, how- 
ever, that in situations where the transport is strongly 

three-dimensional, the present formulation may not 
be appropriate. 

7. CONCLUSIONS 

A numerical study was performed to investigate the 
heat transfer and fluid flow arising from a substrate- 

mounted protruding heat source immersed in a 
liquid-filled two-dimensional enclosure. The model 

accounted for conduction heat transfer within the pro- 
trusion and substrate and the coupled natural con- 

vection in the fluid. Numerical predictions agreed fav- 
orably with the wall plume similarity solution for 

the limiting case of a vanishingly small protrusion 
mounted on an adiabatic substrate. 

A parametric study was conducted for a range of 

Ra, Pr and R, that may be encountered in electronic 

cooling applications. The flow in the enclosure below 
the protrusion was thermally stratified. A marked 

change in the flow pattern was visible when Ra was 
increased beyond IO5 with the secondary cell moving 
from the back of the substrate to the top of the sub- 
strate. Higher Ra enhanced protrusion cooling and 

diminished the importance of substrate conduction. 
A variation in Pr from 10 to lo3 did not affect the 
solid temperatures substantially. A high value of R, 

enhanced the cooling of the protrusion due to an 
increase in the secondary circulation at the back of 
the substrate. Substrate conduction was the dominant 
cooling effect for R, > 10. As much as 80% of the 

power generated by the protrusion was dissipated by 
the substrate when R, = 10’. The results indicated 
that for most actual situations, the substrate con- 

duction effects cannot be neglected. Also, in many 
applications it may be inappropriate to prescribe sim- 
ple boundary conditions such as constant temperature 
or heat flux on the protrusion faces and solve for the 
governing equations only in the fluid. 

Computed protrusion surface temperatures com- 
pared favorably with experimental results for a similar 
configuration. This indicates that two-dimensional 
models may provide reasonable predictions of com- 
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ponent surface temperatures in some electronic pack- 
ages. 
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CONVECTION NATURELLE AUTOUR DUNE PROTUBERANCE MONTEE SUR 
SUBSTRAT ET GENERATRICE DE CHALEUR DANS UNE CAVITE BIDIMENSIONNELLE 

EMPLIE DE LIQUIDE 

Rbumb-On &die l’ecoulement et le transfert thermique de convection naturelle autour dune source de 
chaleur protu&rante montee sur substrat et immergee dans un liquide a I’inttrieur d’une caviti. Le modele 
considere le transfert thermique dans la protuberance et le sub&at ainsi que la convection naturelle couplh 
dans le &ride. Des pmdictions numeriques sont obtenues pour un large domaine de nombres de Rayleigh 
et de Prandtl et de rapports des conductivites thermiques du substrat et du fluide qui peuvent Ctre rencontres 
dam le refroidissement par immersion des composants Clectroniques. Beaucoup de situations rkelles 
prescrites par des conditions thermiques simplistes a la surface solide sent trouvtes inapproprites. L’ac- 
croissement du nombre de Rayleigh au dela de IO6 et de la conductivite thermique du substrat au deli de 
100 fois celle du liquide produit seulement une decroissance marginale des temperatures maximales. 
Les tempiratures calculies de Ia surface de la protuberance se comparent favorabiement aux valeurs 

exp~rimentales pour une con~guration semblable. 
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NATURLICHE KONVEKTION AN EINEM WARMEERZEUGENDEN VORSPRUNG IN 
EINEM FLijSSlGKElTSGEFtiLLTEN ZWEIDIMENSIONALEN HOHLRAUM 

Zusammenfassung-Stromung und Warmeiibergang bei natiirlicher Konvektion an einem warme- 
erzeugenden Vorsprung in einem fltissigkeitsgefiillten quadratischen Hohlraum werden untersucht. Das 
Model1 beriicksichtigt den Warmetransport innerhalb des Vorsprungs und des darunterliegenden Substrats 
sowie bei der gekoppelten natiirlichen Konvektion im Fluid. Fur einen weiten Bereich von Rayleigh- 
und Prandtl-Zahlen sowie von Verhaltnissen der Warmeleitfahigkeit des Substrats zu derjenigen der 
Fliissigkeit-wit sie zum Beispiel bei Fhissigkeitskiihlung elektronischer Bauelemente vorkommen- 
werden numerische Berechnungen ausgefiihrt. Fur viele praktisch interessierende Situationen ist die 
Annahme der iiblichen einfachen Randbedingungen fur den Warmelbergang an festen Oberflachen 
ungeniigend. Eine VergroBerung der Rayleigh-Zahl iiber IOh und der Warmeleitfahigkeit des Substrats 
iiber das Hundertfache der Fltissigkeit fiihrt nur zu einer geringfiigigen Verringerung der maximalen 
Temperaturen. Die berechneten Temperaturen des Vorsprungs stimmen recht gut mit verfiigbaren Ver- 

suchsergebnissen fiir Shnliche Konfigurationen iiberein. 

ECTECTBEHHAJI KOHBEKHMIl OT BLICTYIIAIOIIJEFO MCTOYHMKA TEIIJIA, 
YCTAHOBAEHHOI-0 HA nO)$-IOXKE B 3ArIOJIHEHHOti XRflKOCTbIO ABYMEPHOFi 

l-IOJIOCTM 

hIHOTaUII-kiCCneJ3ymTCx eCTeCTBeHHOKOHBeKTBBHOe TeYeHPie W TeIIJIOIIept%OC OT yCTaHOBJIeHHOr0 Ha 

IIOAAO;rcKe BbICTyIIaH,UerO HCT04HBKa Ten,@ I,Orpy,KeHHOrO B 3atIOJIHeHHylO XCHAKOCTbIO KBaApaTHylO 

IIOJIOCTb. MOAeAb OIIBCbIBaeT TeIIJIOIIepeHOC B BblCTyne Ii IIOAJlOZKKe, a TaKme 83aHMOCBR3aHHyIO 

eCTeCTBeHHy,O KOHBCKWH) B xKBAKOCTH. nOJIylteHb1 ‘IWCJIeHHbIe pe3yAbTaTbI AJIg UIHpOKOrO A,,aIIasOHa 

WiGSI P3JIesl A HpaHATJUl, a TaKme 3Ha’feHEiii OTHOUIeHIlll KO3+~UlJIIeHTOB TeIUIOIIpOBOAHOCT~ IIOA- 

JlO;KKH I4 NiAKOCTB, KOTOpbIe MOryT BCT&WIaTbCS npH OXJIaXCAeHHH 3JleKTpOHHblX y3AOB IIOCpeACTBOM 

norpymemin a miAKocTb. Yaenmtetise qncna P3nen cnbnue lo6 n k03+$uimierrra rennonpoaonriocrw 
IIOAJIOEKH 6onee, TZM B 100 pa3 II0 CpaBHeHkilO C XGfAKOCTblO IIpEiBOAHT JIUlUb K HC3HaWTeAbHOMy 

CHAW(eHWO MaKCAMtiJbHbIX TeMIIepaTyp. PaCWTHbIe 3Ha’leHHll TeMIIepaTypbI I,OBepXHOCTH BbICTyna 

yAOEUIeTBOpHTeJIbH0 COrJIaCyEOTCfl C HMeH)IUNMHCII 3KCIIepliMeHTaJIbHbIMki pa3yJlbTaTaMH AJIll aHaJlO- 


