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Altatraet-An experimental study of natural convection heat transfer from a heat source module of finite 
thickness, mounted on a vertical or horixontal surface, is carried out. This problem is of particular interest 
in the removal of thermal energy from heated elements in manufacturing and electronic systems. A wall 
plume, adjacent to the surface, arises if the heat source module is mounted on a vertical surface. A freely 
rising thermal plume is generated by the heat source when it is located on a horizontal surface. The 
temperature distributions in the flow and along the surface are measured. The results obtained indicate 
that the natural convection flow and the associated heat transfer characteristics vary strongly with the rate 
of energy input and the source thickness. A comparison between the free and wall plume circumstances 
indicates very different temperature distributions. While the resulting isotherms for the free plume case are 
symmetric about the source, those for the wall plume case are swept downstream of the source. It is 
found that conduction along the plate length is of considerable importance in the transport process. The 
downstream locations of the plate come under the effect of the wake for the wall plume case, whereas the 
region far from the source is free from the wake e&t in the free plume circumstance which arises in the 
horizontal orientation. The interaction between the wakes generated by the three exposed surfaces of the 
heat source module is also found to have a significant effect on the flow. Thus, the heat transfer from a 
protruding heat source module cannot be accurately determined by assuming three heated, isolated surfaces. 
The results obtained are compared with those for a source of negligible thickness and the effect of a 
significant module thickness on the convective flow and transport is determined. The heat transfer coefficient 
for a protruding heat source module is found to depend on the ratio of the vertical to the horizontal surface 
areas of the module, exposed to the ambient medium. Several other interesting trends are. observed in this 

investigation and discussed in terms of the underlying flow and thermal transport processes. 

INTRODUCTION 

MANY PRACTKAL situations involve the generation of 
a buoyancy-driven wake above an isolated heat 
source. These include devices such as heaters and elec- 
tronic components which dissipate energy at a con- 
stant rate and which are often mounted on surfaces. 
The removal of this energy is frequently only by natu- 
ral convection, where an externally induced flow is 
not provided. This circumstance is important in sev- 
eral areas of practical concern, such as the cooling of 
electronic equipment, positioning of heated elements 
in furnaces and safety considerations in enclosure 
fires. The flow arising from a protruding heat source 
located on a surface is of particular interest in many 
of these and similar problems. The buoyancy-driven 
flow arising due to the input of thermal energy alone 
is called a free plume if the flow is not constrained by 
the presence of walls, and a wall plume if the flow 
arises adjacent to a wall. The buoyant flow above 
a protruding heat source mounted on a horizontal 
surface and a vertical surface may, therefore, be 
referred to as a free plume and a wall plume, respec- 
tively. In these flows, the conjugate heat transfer from 
the heat source module, due to the coupled effects of 

conduction in the plate and convection in the fluid, the 

plume characteristics, and the effect of the thickness of 
the module on the flow and on the heat transfer are 
important aspects to be considered in detail. 

Considerable work has been done on the important 
basic mechanisms that arise in these flows, employing 
several idealizations. The flow due to a single line 
thermal source on a vertical, adiabatic wall was fust 
considered by Zemin and Lyakhov [l], who carried 
out an experimental and analytical study of the flow. 
Jaluria and Gebhart [2] conducted a theoretical inves- 
tigation of this problem for a wide range of fluid 
Rrandtl numbers, using a similarity technique. 
Recently, Milanex and Bergles [3] presented a theo- 
retical study of this problem and compared their results 
with experimental data. They pointed out that heat 
conduction in the fluid along the main flow direction 
as well as in the plate near the heat source must be 
included in the analysis. The similarity variable 
approach could not be applied for studying the gow 
over a linite size thermal source and the corresponding 
laminar boundary layer equations were solved by 
finite difference methods by Sparrow et al. [4]_ 

Some experimental work has also been done on this 
problem by several investigators. The turbulent wall 
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NOMENCLATURE 

A total surface area of the module exposed 
to the fluid 

g gravitational acceleration 
Gr Grashof number, defined in equation (2) 
h local convective heat transfer coefficient 

average convective heat transfer 
coefficient 

H thickness of the heated module 
k thermal conductivity of the fluid 
L length of the heated module, shown in 

Fig. 1 
Nu local Nusselt number for heat transfer 

from the source, hL/k 
Nu~ local Nusselt number at the mid point of  

the module surface BC, see Fig. 1 
Nu mean Nusselt number for the heat source 
Pr Prandtl number of the fluid 
q uniform heat flux input at the module 

surface due to the electrical power 
dissipation 

q~d heat flux conducted from the heat source 
to the test plate over the surface AD, 
see Fig. l 

qco,v heat flux convected from the heat source 
to the flow over the exposed surfaces 
of the module 

Q total heat input, per unit width, into the 
module, q(L + 2H) 

Ra Rayleigh number, Gr Pr 
s distance along the module surface, see 

Fig. 6 
T local temperature in the fluid 
7", ambient temperature 
T, local surface temperature 
AT local temperature excess above the 

ambient temperature 
AT, maximum source surface temperature 

excess above the ambient temperature 
W width of the heated module 
x coordinate distance along the surface 

from the edge of the module, see 
Fig. 1 

X dimensionless x coordinate, defined in 
equation (1) 

y normal coordinate distance from the 
plate surface, see Fig. 1 

Y dimensionless y coordinate, defined in 
equation (I). 

Greek symbols 
coefficient of thermal expansion of the 
fluid 

0 dimensionless local temperature, defined 
in equation (1) 

v kinematic viscosity of the fluid. 

plume was considered by Grella and Faeth [5], who 
reported velocity and temperature measurements. 
Carey and Mollendorf [6] measured the temperature 
field in the vicinity of isolated, circular and square 
heat sources mounted on an adiabatic wall in water. 
They discussed the increased complexity due to the 
three-dimensionality of the flow associated with a heat 
source offinite dimensions. Robinson and Liburdy [7] 
investigated the natural convection transport above a 
heated disk, facing upward and located on a hori- 
zontal plate. 

Some work has also been done to investigate several 
other aspects related to these flows. Zinnes [8] and 
Kishinami and Seki [9] considered the heat con- 
duction effects in the plate, employing finite difference 
methods. They found that the most important factor 
for this conjugate problem was the plate--fluid thermal 
conductivity ratio. Goel and Jaluria [10] studied 
experimentally the two-dimensional natural con- 
vection flow arising from an isolated finite size heat 
source located on vertical and inclined surfaces. They 
showed that flow separation from the surface occurs 
at large inclinations and affects the thermal transport 
near the separation region substantially. In all these 
investigations, the heat source was mounted flush on 
the surface, i.e. the source was of negligible thickness. 

Not much attention has been given to the natural 
convection transport from a protruding heat source 
module on a surface. Recently, experimental and 
numerical studies have been carried out on the natural 
convection heat transfer from a protruding heat mod- 
ule mounted on an adiabatic, vertical wall [1 I, 12]. 

The present study concerns the natural convective 
thermal transport from a protruding heat source mod- 
ule, whose thickness is varied and which is mounted 
on a vertical or a horizontal surface. A detailed exper- 
imental investigation is carded out. The temperature 
distributions in the flow and at the surface are 
obtained by measurement. The effects of the heat 
input rate and of the thickness of the heat source 
module on the convective heat transfer coefficient and 
on the thermal field, particularly in the vicinity of the 
source, are studied. The conjugate transport effects, 
arising due to conduction in the plate, are also con- 
sidered. Both free and wall plume circumstances are 
investigated in terms of the underlying physical mech- 
anisms and comparisons are made between the results 
obtained for the two configurations. 

EXPERIMENTAL ARRANGEMENT 

An experimental arrangement was designed for 
detailed measurements of the thermal field near the 
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heat source module. The geometry and the coordinate 
system, corresponding to a protruding heat source 
module, are shown in Fig. 1. The width of  the test 
plate and of  the heat source module in the transverse 
direction is taken as 40 cm, which is much larger than 
the expected boundary layer thickness, so that a two- 
dimensional flow situation is obtained. The test plate 
is made of  masonite (thermal conductivity around 
0.14 W m - t  K -*) and is 3 mm thick. The flow from 
the sides is avoided by using side walls, again to main- 
tain the two-dimensionality of the flow. The heat 
source module consists of  a highly polished stainless 
steel foil (0.03 mm thick) in close contact with the 
three exposed surfaces of  a stack of  bakelite strips, 
each strip being 2.2 cm wide, 1.5 mm thick, and 40 cm 
long. The fourth surface is held in good contact with 
the plate by force exerted at the ends of  the thermal 
source. Similarly, a good contact is maintained 
between the foil and the bakelite stack. An epoxy 
cement was employed to ensure good contact between 
the strips. The thickness of  the module could be varied 
by changing the number of  strips in the stack. 
Similarly, the length L of  the source could be changed 
by using strips of  different widths. The stainless steel 
foil is electrically heated to provide a uniform heat 
flux input condition over the entire module surface 
exposed to the ambient fluid. 

The heat source module is mounted firmly on the 
test plate by means of  a specially designed clamp. In 
order to reduce the conduction heat loss from the heat 
source, enclosed air gaps are used in the design of  the 
plate. The detailed cross-section of  the test plate is 
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FIG. 1. Sketches of the configurations under consideration 
and the corresponding coordinate systems. (a) Schematic 
drawing. (b) Free plume arising from the source on a hori- 
zontal surface. (c) Wail plume arising from the source on a 

vertical surface. 

shown in Fig. 2. The thickness of  the air gaps is kept 
small, so that the Rayleigh number based on the thick- 
ness of  the layer of  air is less than 1000 in order to 
avoid the onset of  natural convection. Then, the 
energy transfer through the air gaps is largely by con- 
duction. This energy loss from the source to the back- 
side of the plate is estimated to be less than I0% of  
the total electrical heat input and is, thus, lost from the 
flow. However, most of  the thermal energy conducted 
along the plate is not lost from the system but is 
transferred to the flow downstream of the source [10]. 
The conduction from the source to the plate involves 
transport through the air gaps and along the plate 
length. Only the former is lost from the system, since 
the latter finds its way back into the flow downstream. 
Also, the former component is small whereas the latter 
affects the flow substantially, as will be seen later. 
Radiative losses are also kept small by employing 
a polished stainless steel foil, whose emissivity was 
measured as around 0.1. The radiation heat loss to 
the ambient medium was calculated by means of a 
simple analytical model to be less than 3% ofthe total 
electrical power dissipation for the heat flux range 
considered. Therefore, considering these conduction 
and radiation effects, about 90% of the total energy 
input to the thermal source is transferred to the ambi- 
ent medium by natural convection. 

The electric power dissipation at the heat source 
surface is obtained by measuring the voltage drop 
across the strip and the current through it by means of  
precision digital voltmeter and ammeter, respectively. 
Three high temperature heat flux gages are mounted 
between the heating foil and the bakelite strips to 
measure the conductive heat flux from the foil to the 
test plate on the three surfaces AB, BC, and CD (see 
Fig. 1). In addition to these gages, high sensitivity 
heat flux gages are also mounted at various locations 
on the vertical plate in order to obtain the local con- 
vective heat flux from the plate. The heat flux data 
are recorded by means of  a data acquisition system 
(Keithley, Series 500). The conduction along the 
heated foil was also estimated and was found to have 
a negligible effect on the heat flux measurements. 

The surface temperature is measured using a set 
of  30 thermocouples (copper-constantan, 0.025 mm 
diameter wire), located at the backside of  the foil and 
attached to the module and the vertical surface by 
means of  a high thermal conductivity cement. The 
temperatures in the flow are measured by an array of  
thermocouples (copper-constantan, 0.05 mm diam- 
eter wire). These were calibrated and the signals were 
measured by means of  a data acquisition system, 
which employed an A/D converter with an Apple 
microcomputer. Data analysis and graphics were car- 
ried out on a Sun computer system. In most cases, the 
temperature difference from the ambient was 
measured. The error was estimated to be within about 
+ 3 %  of the measured value of  the temperature 
difference AT [13]. Temperature data included 
measurements of  the plate surface temperature, tern- 
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FIo. 2. Cross-section of the test plate, indicating air gaps to reduce conductive transport to the plate. 

perature distribution over the surface of the heat 
source module and temperature distributions in the 
flow. The heat transfer coefficients were obtained from 
the measurements of the temperature difference AT 
and of the surface heat flux. An error of less than 5% 
was estimated in the values of convective heat transfer 
coefficients determined in the study. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The coordinate systems for the two configurations 
under consideration are shown in Fig. I. The charac- 
teristic length for this problem is taken as the length 
L of the heat source module. This dimension char° 
acterizes the flow in the vicinity of the source and 
determines the vigor of the flow, indicating whether 
nonboundary layer effects are important, as con- 
sidered in detail by Jaluria [14, 15] for H = 0. Far 
downstream, the effects due to source dimensions are 
expected to become small and the distance from the 
source will be a more appropriate characteristic 
length. The total heat input Q into the heated element, 
per unit width, is given by Q == q(L ÷ 2/-/). The mea- 
sured temperature is normalized by a characteristic 
temperature difference Q/k, instead of T , -  7",, where 
T, is the surface temperature, since T, is nonuniform 
over the surface and is not known at the onset. There- 
fore, the experimental results are presented in terms 
of the following nondimensional variables, which are 
similar to those used frequently for natural convection 
boundary layer flows over heated surfaces with the 
uniform heat flux condition [I0, 14--16]. Thus, the 
nondimensional temperature 0 and coordinate dis- 
tances X, Y are defined as 

O= Gr '/5, X =-~ (1) 
( T -  7",) x 

Y Gr,/s Q/k = z," 

where Gr is the Grashof number, defined as 

Gr = gOQL3 
kv: (2) 

Here T is the local temperature, T, the ambient tem- 
perature, k the thermal conductivity of the fluid, x 
the physical distance measured from the edge of the 
source as shown in Fig. 1, y the normal distance from 
the plate, g the magnitude of gravitational accel- 

eration, # the fluid coefficient of thermal expansion 
and v the kinematic viscosity. The properties of 
the fluid are evaluated at the film temperature Tr = 
[(T,)m,,+TJ/2, using the property data given for 
air in ref. [17]. Various values of the Grashof number 
and of the module thickness were used to obtain 
a range of experimental conditions. Results were ob- 
tained for H/L ranging from 0 to 1.0 and for Gr rang- 
ing from l0 s to 10 7. Only a few characteristic results are 
presented in this paper for brevity. It was found that 
the results were well correlated in terms of the above 
dimensionless variables. 

Typical isotherms for the vertical configuration, as 
well as those for the horizontal configuration, are 
shown in Fig. 3 for H/L = 0.4. These isotherms are 
obtained by employing interpolation on the measure- 
ments of the thermal field to determine the locations 
in X and Y where the specific values of 0 shown in the 
figure are obtained. As seen in this figure, the flow 
over a heated module located on a horizontal surface 
is simply a vertically rising, buoyancy-driven plume. 
Consequently, the thermal effects due to the presence 
of the source are fairly localized and the plate tem- 
perature is not affected by the thermal wake far from 
the source, i.e. distances larger than about twice the 
source length L from the source middle point. The 
plate surface is heated by conduction of thermal 
energy from the module through the plate. The conse- 
quent isotherms are symmetric, as expected. However, 
in the wall plume case which arises for the vertical 
orientation, the thermal wake from the heat source 
module rises along the vertical plate. Thus, the down- 
stream locations come under the effect of the wake, 
as seen from the thermal field that arises downstream 
in Fig. 3(b). 

The variation of the surface temperature is impor- 
tant in the interpretation and understanding of the 
thermal transport mechanisms operating in the flow 
and within the plate. The surface temperature is also 
relevant to the consideration of the downstream 
behavior of the flow and the thermal effects due to 
the buoyancy-induced wake. The surface temperature 
distribution, measured by means of embedded ther- 
mocouples at various locations on the surface and at 
the heat source, is shown in Fig. 4 for H/L = 0.4 at 
various Grashof numbers, for the two orientations. As 
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FIG. 3. Experimentally obtained isotherms in the buoyancy-induced flow. (a) Horizontal configuration, 
H/L = 0.4, Gr = 2.6 × I0 s. (1o) Vertical configuration, H/L = 0.4, Gr = 2.3 × l0 s. 

seen in Fig. 4(a), the surface temperature distributions 
are symmetric about the source for the horizontal 
circumstance. The maximum temperature is observed 
at the middle point of  the top surface BC of the 
module, i.e. at X = 0.5. This is the expected behavior 
for a vertically rising free plume generated by a finite 
size horizontal source. These trends are expected to 
be quite different for the vertical circumstance, as seen 
below. The nondimensional value is found to increase 
slightly with an increase in Gr, indicating the expected 
behavior for an increased heat input Q. However, the 
change in the physical temperature is much larger and 
the nondimensionalization used reduces the cor- 
responding change in 0, as desired for a good cor- 
relation of  the data in terms of  the dimensionless vari- 
ables. While the idealized distribution used in analysis 
has often been a step variation in the surface tem- 
perature or in the heat flux over the module surface, 
the surface temperature distribution is experimentally 
found to be quite different and to spread out over a 
distance which is much larger than the module length 
L. This implies that the effects due to conduction 
along the plate, i.e. in the X direction, are significant 
and must be included in the analysis. These aspects 
are again considered in detail later. 

The surface temperature distributions for the ver- 
tical configuration are shown in Fig. 4('0). The 
maximum is found to be shifted downstream, as 
expected. The maximum temperature is observed on 

the top surface CD of the module (see Fig. l(c)). 
This maximum temperature is seen to be only weakly 
affected by the Grashof number, indicating a good 
representation of  the results in terms of the chosen 
dimensionless variables. However, the surface tem- 
perature in the downstream region (X > 1.0) is found 
to be affected more strongly by the Grashof number 
Gr. This indicates that the thermal wake contributes 
to an increase in the surface temperature downstream, 
a higher Gr leading to a higher surface temperature. 
It is interesting to note that the surface temperatures 
upstream of  the source (X < 0.0), for the vertical con- 
figuration, are found to be lower than the cor- 
responding values for the horizontal configuration. 
This indicates that the vertical natural convection flow 
largely heats up the downstream portion of  the plate, 
leaving the upstream portion largely unheated. This 
is physically expected. However, the strong asym- 
metry of  the distribution indicates the dominant 
effect of  the wake downstream, unlike the horizon- 
tai circumstance. 

The magnitude of the temperature rise above the 
ambient temperature, AT,, = (T , ) ,~ -T , ,  is a very 
important parameter in the design of  thermal systems, 
such as a cooling system for electronic components. 
The reliability and operation of  electronic equipment 
depend on the maximum temperature attained by the 
components. The temperature rise for H / L  = 0.4 is 
shown in Fig. 5" as a function of  the Grashof number 
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FIG. 4. The dowfistream variation of the temperature at the plate surface for various values of the Grashof 
number Gr. (a) Horizontal configuration, H/L = 0.4. (Io) Vertical configuration, H/L ,- 0.4. 

Gr. Again, Gr, in terms of the source length L, rep- 
resents the buoyancy input at the source and is, there- 
fore, the appropriate parameter for characterizing the 
thermal transport in the neighborhood of the source. 
Far downstream, a Grashof number based on the 
downstream distance from the source is expected to 
provide a better characterization of the flow [2, 14]. 
Also shown are the numerical results of Afrid and 
Zebib [12] for the vertical orientation. A fair agree- 
ment is observed between the experimental and 
numerical results. The temperature rise is found to 
increase rapidly with an increase in the Grashof num- 
ber Gr for both the free and wall plume circumstances. 
However, the temperature rise for a free plume is 
about 10% larger than that for a wall plume at the 
same Grashof number. Clearly, this is due to the flow 
in the vicinity of the source being more vigorous for 
the vertical orientation owing to the longer side being 
aligned with the vertical buoyancy force. This leads 

to a higher heat transfer coefficient and a lower surface 
temperature in the vertical case. The numerical results 
show similar trends, but the gradient of AT". versus 
Gr in the numerical results is somewhat higher than 
that in the experiments. The difference between the 
two is found to be about I0% of the measured values 
over the range of Grashof number considered. This 
difference can be attributed to the slight difference in 
the module thickness. The experimental results are for 
a module thickness H/L = 0.4 while the numerical 
results were for H/L = 0.5. 

The heat transfer rate can be expressed in terms of 
the dimensionless local Nusselt number Nu, which is 
defined as Nu = hL/k. This definition again employs 
the source length L as the characteristic dimension, 
since the local natural convection flow generated by 
the source is strongly affected by this dimension [14]. 
Here, h is the convective heat transfer coefficient and 
is given by q~=v/(To- T,), where q~v is the heat flux 
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FIG. 5. Surface temperature rise AT,, above the ambient 
temperature, as a function of the Grashof number Gr for the 

two orientations. 

convected from the module surface to the ambient. 
This heat flux is obtained from 

4 con” = q-%ond- (3) 

The heat flux conducted from the module to the plate, 
qw, is measured by the heat flux gages mounted at 
the bottom surface of the heat source, between the 
stainless steel foil and the bakelite strips. The mean 
Nusselt number E for the module surface is defined 
as 

where 

h(s) ds. (4b) 

A . E D 

Here, A is the total surface area of the module exposed 8 

to the fluid, i.e. A = (f.+2H) W, and s is the distance 
along the module surface, as shown in Fig. 6. FIG. 6. The variation of the local Nusselt number Nu along 

The variation of the local Nusselt number Nu with 
the surface of the heat source module. (a) Horizontal con- 

the location on the heat source module is shown in 
figuration, H/L = 0.4, Gr = 2.6x 106. (b) Vertical con- 

figuration, H/L = 0.4,Gr = 2.3x 106. 
Fig. 6(a) for the horizontal con&nation at H/L = 

0.4 and Gr = 2.6 x IO”. The s-coordinate employed 
for the local Nusselt number distribution is measured BC. A minimum in Nu is observed at this point. It is 
around the source and includes both the vertical expected that the maximum heat transfer rate would 
and horizontal surfaces of the module, as shown. occur at the leading edges (A and D) of the vertical 
The heat transfer rate is seen to increase along the surfaces if the horizontal plate were perfectly insulated 
vertical surfaces (AB and DC) until the top comers and no conduction occurred from the module to the 
(B and C) of the module are reached. A maximum in plate. However, in actual practice, the flow does not 
the heat transfer rate is observed near these comers, start at A and D but on the horizontal plate, since the 
followed by a gradual decay along the horizontal plate does get heated due to the conduction from 
surface (BC) to the middle point of the module surface the module to the plate. This conduction effect is 
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significant. Also, the induced flow due to the top sur- 
face BC results in the shift of the local maximum heat 
transfer rate toward the top corners (B and C). The 
heat transfer rate from the vertical surfaces (AB and 
DC) is seen to be higher than that from the horizontal 
surface (BC) by about 50%. This is deafly due to the 
buoyancy force being aligned to the heated surface in 
the former case and being normal to the surface in the 
latter. 

Figure 6(b) shows the variation of the local Nusselt 
number Nu for the vertical configuration at H/L -- 
0.4. Nu is seen to increase until the left bottom corner 
(B) of the module is reached. A maximum in Nu is 
observed near this corner, followed by a gradual de- 
cay. Nu decreases rapidly along the module surface 
CD. The total heat transfer rate from the horizontal 
surfaces facing upward and downward (AB and CD) 
is found to be about 70% of the value for the vertical 
surface (BC). It is also interesting to note that the heat 
transfer rate, in terms of the Nusselt number, from 
the horizontal surfaces (AB and CD) for the vertical 
configuration is about 15% higher than the cor- 
responding value for the horizontal surface (BC) for 
the horizontal configuration. Also, the value for the 
vertical surface (BC) for the vertical orientation is 
seen to be about 10% lower than the value for the 
vertical surface (AB or BC) for the horizontal orien- 
tation. It is also seen that the Nusselt number on face 
AB increases much more rapidly with distance for the 
vertical case, as compared to the horizontal orien- 
tation. In the vertical orientation, separation arises 
near point A, resulting in a much smaller value of 
Nu, as compared to the horizontal case. Similarly, 
separation arises near point D, lowering the Nusselt 
number in this region. Thus, the two orientations 
yield very different heat transfer results because of the 
difference in the flow fields that arise. 

These experimental results for the heat transfer are 
found to be higher than the calculated values from 
the empirical expressions given by Steinberg [18] by 
about 5-10% for the vertical surface and by about 
15-40% for the horizontal surface. While the for- 
mulae given in ref. [18] are based on an isolated ver- 
tical or horizontal surface, the geometry in this exper- 
iment has a combination of vertical and horizontal 
surfaces. In this configuration, each surface influences 
the buoyancy force due to the other surfaces and the 
observed trends arise due to the orientation of the 
module surfaces with respect to gravity. 

The experimental data are also compared with the 
correlation of the laminar boundary solution for a 
vertical surface with a flush heat source given by Fujii 
and Fujii [19], as shown in Fig. 7. The solid line in 
this figure is the correlation equation: 

Nu~ = 3.48 4+gprO.5 + lOPrJ (Gr Pr) n/~. (5) 

Here, Nu~ is defined as the local Nusselt number at the 
middle point of the heat source module. The present 
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Fx~3. 7. Comparison of the measured local Nusselt number 
at the middle point of the vertical surface element (BC) of 
the module for the vertical configuration with the results 

from earlier studies. 

experimental data for the flush surface are seen to be 
higher than the predicted values. The experimental 
data of Park and Bergies [11] for water (Pr ffi 5) and 
for a source width of 2.0 cm are also shown. These 
are found to be much higher than the predicted values 
from equation (5). The data in the present study are 
found to lie between the experimental results of Park 
and Bergies [11] and the correlation equation of Fujii 
and Fujii [19]. This difference between the exper- 
imental and numerical results is attributed to the con- 
jugate heat transfer effects due to the conduction in 
the plate. Also, three-dimensional effects become 
important at small source widths, as considered in ref. 
[1 !]. The leading edge for the flow is no longer the 
edge of the source but moves vertically downward due 
to the conduction effects in the plate. 

It is also found that, for the vertical configuration, 
a protruding heat source has a smaller value of Nuc 
than a flush heat source. The geometry for the pro- 
truding heat source has a combination of vertical and 
horizontal surfaces. Therefore, the wake induced by 
one surface interacts with and influences the buoy- 
ancy-induced flows at the other surfaces. For instance, 
the air in the vicinity of the surface AB of the module 
becomes heated due to the heat input and generates a 
natural convection wake, which affects the flow of 
the air near the vertical surface (BC) of the module, 
leading to a thicker flow region near this surface. 
Thus, the temperature gradient in the fluid at the 
middle point of the module surface BC is expected to 
become lower than that for a flush surface. These 
results indicate that the wake interaction among the 
module surfaces is so significant that the heat transfer 
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CONCLUSIONS 

An experimental study on the thermal transport 
associated with a protruding heat source module 
mounted on a vertical or a horizontal surface has been 
carried out. The natural convection flow simulated is 
taken as two-dimensional due to the experimental 
arrangement employed. The buoyant flow above a 
protruding heat source module mounted on a hori- 
zontal surface and a vertical surface gives rise to a free 
plume and a wall plume, respectively. The thermal 
field generated by the heat source module was studied 
in detail, particularly in the neighborhood of the mod- 
ule. The effects of the module thickness and of the 
Grashof number on the thermal transport were also 
investigated. 

It is found from the isotherms obtained that the 
plate surface is heated by conduction from the module 
to the plate. The downstream locations of the plate 
come under the effect of the wake of the wall plume 
in the vertical circumstance whereas the region far 
from the source is free from the wake effect of the free 
plume in the horizontal circumstances. These 
phenomena strongly affect the surface temperature 
distribution and different trends in the surface tem- 
perature variation in the two cases are obtained. While 
isotherms in the flow and at the surface for the 
horizontal configuration are symmetric about the 
thermal source, those for the vertical configuration 
are swept downstream. The temperature rise above 
the ambient is seen to increase rapidly with an increase 
in the Grashof number for both the free and the wall 
plume cases. However, the temperature rise for a frce 
plume is found to be larger than that for a wall plume 
at the same Grashof number. 

The results obtained indicate that the interaction of 
the wakes generated by the surface elements of the 
heat source module, exposed to the fluid, is very sig- 
nificant and that the natural convection heat transfer 
characteristics are strongly affected by such an inter- 
action. Thus, the heat transfer rate should not be 
calculated assuming three isolated surfaces in the 
design of the thermal system with a protruding heat 
dissipating module. It is also found that the thermal 
transport from the protruding heat source module 
greatly depends on the ratio of the area of the vertical 
surface element to that of the horizontal surface 
element of the module exposed to the ambient 
medium. As H/L  approaches 0.5, the vertical and the 
horizontal surface areas become equal and the total 
heat transfer for the two configurations is almost 
identical. 
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FIo. 9. The variation of the mean Nnsselt number Nu with 
H/L at Gr ffi 2.6× 10 6 for the two flow configurations 

considered. 

rate should not be calculated assuming an isolated 
surface in the design of  the thermal system which 
includes a protruding heat dissipating device. 

The mean Nusselt number Nu for H/L = 0.4 is 
plotted in Fig. 8 against the Grashof number Gr. 
Correlations were also obtained to indicate the depen- 
dence of  Nu on Gr for various module thicknesses. 
The correlations for H[L = 0.4 were obtained as 

Nu = 0.900Gr °" 170 

for the vertical configuration (6a) 

~-~ = 0.431Gr °.21~ 

for the horizontal configuration. (6b) 

The correlation coefficients, which indicate how well 
the experimental data are correlated by the above 
equations, were found to be larger than 0.98. These 
correlating equations are expected to apply for Gr 
ranging from about 5 x 10 s to 107. Similar correlating 
equations were derived for other H]L values. 

It is useful to compare these correlations with the 
analytical solution for a semi-infinite, uniform heat 
flux surface. According to the analytical solution, Nu 
is proportional to Gr °'25 for the vertical configuration 
and to Gr °'2 for the horizontal configuration [16]. 
However, for the analysis, a semi-infinite horizontal 
or vertical surface with a single leading edge is 
assumed. In experimentation, since finite surfaces are 
employed, there would be flow over the other edges 
of the module as well. For  the horizontal configur- 
ation, two side surfaces act independently as leading 
edges and the flow proceeds over the surface towards 
the middle. These flows merge and rise as a buoyant 

flow. Also, interactions between these individual 
wakes arising from the various module surface 
elements will affect the resulting flow. When resulting 
mean Nusselt numbers are compared with the ana- 
lytical values for the idealized semi-infinite surfaces, 
it is found that these effects give rise to a larger Nu 
for the horizontal configuration and a smaller Nu for 
the vertical configuration. It is also noted from this 
figure that the mean Nusselt number Nu for the hori- 
zontal configuration is about 10% smaller than that 
for the vertical configuration at H]L = 0.4. 

The effect of  the module thickness ratio H/L on 
the mean Nusselt number Nu is shown in Fig. 9 for 
Gr = 2.6 × 106. As the module thickness increases, Nu 
decreases for the vertical configuration and increases 
for the horizontal configuration. These results are 
expected, since with increasing thickness the hori- 
zontal surface area of  the module is increased, with a 
fixed vertical surface area of the module for the ver- 
tical configuration. Also, the vertical surface area of  
the module is increased, with a fixed horizontal surface 
area for the horizontal configuration, as the module 
thickness increases. It is found that Nu for the vertical 
configuration is higher than that for the horizontal 
configuration with H/L < 0.5 and the reverse is true 
with H[L > 0.5. As H/L approaches 0.5, the areas of  
the vertical and the horizontal surfaces of  the module 
become equal and the total heat transfer from the 
source for the two configurations is almost identical. 
These results indicate that the thermal transport from 
a protruding heat source strongly depends on the ratio 
of  the area of  the vertical surface to that of  the hori- 
zontal surface of  the module exposed to the fluid, i.e. 
on the module geometry. 
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CONVECTION THERMIQUE NATURELLE D'UNE SOURCE EN SAILLIE SUR DES 
SURFACES HORIZONTALES El" VERTICALES 

R~mr.~ On ~tudie exp~rimentalement ia convection thermique natureUe d'une source de chaleur d'~paiss- 
cur flnie mont~e sur une surface verticale ou horizontale. Ce probl~me est int~ressant clans l'enl~vement de 
chaleur pour des ~ l ~ e n t s  chauff'es de syst~mes ~lectroniques. Un panache parichal, adjaceut ~ la surface, 
s'~l~ve pour une source chaude mont~e sur une paroi verticale. Un panache libre est c r ~  par une source 
de chaleur sur une surface horizontale. On mesure les distributions de temperature dans l ' ~ u l e m e n t  de 
convection naturelle et ies caract~ristiques de transfert thermique vadent fortement avec la puissance de 
charge et I '~aisseur de la source. Les distributions de temperature sont diff~rentes pour les panaches 
pari~taux et libres. On trouve que la conduction le long de la plaque eat importante clans le mb:anisme de 
transport. L'interaction entre les sillages g~n~r~s par les trois surfaces e x p o s ~  de la source de chaleur a 
un effet important sur l '~oulement. Ainsi le transfert de chaleur/t partir d'une source thermique en saillie 
ne peut pas ~tre d~t~rmin~ avec precision en supposant trois surfaces chaudes ind~endantes. Les r~ultats 
sont compares avec ceux pour une source d'~paisseur n~gligeable et on d~termine l'effet d'une ~paisseur de 
la source sur l'~coulement et le transport. Le coefficient de transfert thermique pour une source saillante 
d~pend du rapport des aires de surface verticale et horizontale. Plusieurs autres tendances sont observ~es 

dans cette ~tude et elles sont discut~es. 

NATORLICHE KONVEKTION AN EINER HERVORSTEHENDEN W~RMEQUELLE BEI 
WAAGERECHTER UND SENKRECHTER GRUNDFL~CHE 

Zmammenfamung--Die natftrliche Konvektion an einer W.~ rmequelle endlicher Dicke, die an einer senkrech- 
ten oder waagerechten Grundfl~che befestigt ist, wird untersucht. Dieses Problem tritt insbesondere bei 
der Wfirmeabfuhr yon Heizelementen in der Fertigungstechnik und in elektronischen Systemen auf. Im Fall 
einer vertikalen Orundltfiche tritt nahe der Oberfl~che eine Auftriebsfahne auf. Im Fall einer waagerechten 
Grundfl.~che ergibt sich eine freie Auftriebsfahne. In der Str6mung und entlang der Oberfl~che werden die 
Temperaturveneilungen gemessen. Die Ergebnisse zeigen, daB die natfirliche Konvektion und die damit 
verbundene W~rmefibertragung stark yon der W.~rmezufuhr und yon der Dicke der W~rmequelle 
abhfingen. Ein Vergleich zwischen der frei aufsteigenden und der wandanliegenden Auftriebsfalme zeigt 
sehr unterschiedliche Temperaturverteilungen. Wfihrend die Isothermen bei freier Auftriebsfahne sym- 
metrisch um die Quelle verteilt sind, werden diejenigen bei wandanliegender Auftriebsfahne in strom- 
abw~rtiger Richtung deformiert. Es zeigt sich, dab die oberfl~chenparallele W~rmeleitung in der Platte von 
betr~chtlicher Bedeutung ffir den Obertragungsvorgang ist. Bei der wandanliegenden Auftriebsfahne zeigen 
sich deutlicbe Nachlaufeffekte, die bei waagerechter Orundflache fehlen. Die Wechselwirkung zwischen 
den Nachlaufgebieten der drei verwendeten Oberfl~chen erweist sich als sehr bedeutsam ffir die StrSmung. 
Daraus folgt, dab der W~rmefibergang an der betrachteten Anordnung nicht einfach dadurch bestimmt 
werden kann, dab man drei beheizte einzelne Oberflfichen getrennt betrachtet. Die Ergebnisse 
werden mit denen ffir eine Quelle yon vernachlassigbarer Dicke verglichen, daraus ergibt sich der EinfluB 
einer endlichen Dicke des Heizelements auf die Konvektionsstr6mung. Es zeigt sich, dab der W~rme- 
fibergangskoetf~zient f'fir die Anordnung vom Verh~ltnis der senkrechten and der waagerechten Ein- 

zelfl~chen der Anordnung abh~ngt. 

oCOgEHOCTH ECTECTBEHHOKOHBEKTHBHOFO TEHJIOHEPEHOCA OT HCTOqHHKA 
TEHJIA B ¢9OPME BbICINIIA HA FOPH3OHTAJIbHOPl H BEPTHKAJIbHOI~ 
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