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Mixed Convection Transport from a Protruding
Heat Source Module on a Vertical Surface

B. H. Kang* and Y. Jaluriat
Rutgers, The State University of New Jersey,

New Brunswick, NJ 08903

An experimental study of mixed convective transport from a protruding heat source module mounted on a
vertical surface in an externally induced flow has been carried out. This problem is of particular interest in the
design of thermal systems, such as the cooling of electronic circuitry and positioning of a heating element in a
furnace. The temperature and velocity distributions are measured. The dependence of the heat transfer rate and
of the thermal field on the mixed convection parameter and on the thickness of the heat source module,
particularly in the vicinity of the source, are investigated in detail. Experimental results indicate that the
flowfield and the temperature distribution in the flow over the module are substantially affected by the module
thickness and also by the mixed convection parameter due to the combined effects of the forced convection flow
and of the buoyancy-driven flow arising from the heat input. These, in turn, have a strong influence on the
convective heat transfer from the heat source to the ambient. The thermal and viscous boundary layers as well
as the variation of the surface temperature are determined and the results discussed in terms of underlying
physical processes. The results obtained are also compared with those for an element of negligible thickness.
Thus, the effect of a significant module thickness on the convective transport is determined.

Nomenclature
A = total surface area of the module exposed to the fluid
g = gravitational acceleration
Gr = Grashof number, defined in Eq. (2)
h = local, convective, heat transfer coefficient
h - average, convective, heat transfer coefficient
H = thickness of the heated module
k = thermal conductivity of the fluid
L = height of the heated module, shown in Fig. 1
LI = distance from the leading edge of the plate to the

heat source module
Nu = local Nusselt number, hL/k
Nu •= mean Nusselt number
q - uniform heat flux input at the module surface due to

the electrical power dissipation
Qcond = heat flux conducted from the heat source to the test

plate
tfconv - heat flux convected from the heat source to the flow
Q = total heat input, per unit width, into the module,

Q=q(L+2H)
Re = Reynolds number, defined in Eq. (2)
5 = distance along the module, shown in Fig. 8
T = local temperature
Ta - ambient temperature
Ts - local surface temperature
U - local velocity in x direction
UQ = forced flow velocity
£Anax = local maximum flow velocity
W = width of the heated module
x = distance along the vertical surface measured from the

bottom of the module, shown in Fig. 1
X = dimensionless x coordinate, defined in Eq. (1)
y - horizontal coordinate distance from the plate sur-

face, shown in Fig. 1
Y = dimensionless y coordinate, defined in Eq. (1)
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I? = coefficient of thermal expansion of the fluid
v = kinematic viscosity of the fluid
0 = dimensionless local temperature, defined in Eq. (1)
6S = dimensionless surface temperature

Introduction

A PROBLEM of considerable practical and fundamental
interest is that of the mixed convective heat transfer from

an isolated heat source located on a surface. Energy dissipat-
ing devices and panels act as thermal sources and generate a
natural convection flow. In many cases, a forced flow is
employed for increasing the thermal transport from such an
isolated heat source. The effect of the incorporation of both
natural and forced convection mechanisms on the heat trans-
fer rate is particularly important in the design and operation
of thermal systems, such as in the cooling of electronic cir-
cuitry and the positioning of heating elements in furnaces.1'4
Of particular interest is the effect of the wake generated by a
heated rectangular module on the flow and thermal field near
the module since the heat transfer is determined by the temper-
ature of the adjacent fluid. Therefore, it is important to inves-
tigate the velocity and thermal fields and also their dependence
on the physical parameters, such as the external velocity,
energy input, and thickness of the heat source module in such
problems.

Considerable work has been done on the heat transfer from
an isolated heat source on surface. The natural convection
flows generated by isolated line, point, and finite-sized ther-
mal sources have been studied. The boundary-layer flow due
to a line thermal source on an adiabatic vertical surface may
be solved using the similarity method.5 This approach cannot
be applied for studying the flow over a finite-sized thermal
source. Then, the laminar boundary-layer equations may be
solved by finite-difference methods.6 Some experimental work
has also been done by several investigators.7'8 In all these
investigations, the heat source was mounted flush on the sur-
face. Recently, experimental and numerical studies have been
carried out on the natural convective cooling of a protruding
heat source module mounted on a vertical wall.9'10

In response to the cooling needs of certain applications, a
forced flow may be employed to enhance the heat transfer, for
instance, in high-power dissipating systems. Considerable at-
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tention has been directed at forced and mixed convection heat
transfer from an isolated heat source. A thermal analysis has
been carried out on the forced air cooling of a protruding heat
source in a constricted channel using finite-difference meth-
ods.11 Forced convective cooling of multiple rectangular
blocks with uniformly distributed heat flux has also been
studied.12 Some work has been directed at the corresponding
mixed convection flow resulting from the addition of a speci-
fied flow velocity to a natural convection flow. Kennedy and
Zebib13 presented numerical and experimental results on the
buoyancy effects in a laminar horizontal channel flow with an
isolated heat source on the lower or upper wall. They found
that the natural convection effects led to a recirculating region
adjacent to the top wall, above the heat source. The effect of
an externally induced forced flow on the heat transfer rate
from a single heat source has been investigated theoreti-
cally.14'15 However, very little work has been done on mixed
convective flow over a heat source module with significant
thickness. An experimental study of mixed convective trans-
port from such a heat source placed on a horizontal surface
has been carried out earlier.16

The present study is directed at the mixed convection trans-
port from an isolated, protruding heat source module
mounted on a vertical, well-insulated surface through a de-
tailed experimental investigation. The physical model and the
coordinate system considered are shown in Fig. 1. The vertical
surface and the heat source module are taken wide enough in
the transverse direction so that a two-dimensional flow situa-
tion is obtained. The temperature distribution in the flow and
at the surface as well as the velocity distribution are measured.
The effects of the externally induced flow velocity, heat input,
and the thickness of the heat source module on the heat
transfer rate and on the thermal field, particularly in the
vicinity of the source, are studied in detail.

Experimental Arrangement
The experimental setup consists of a vertical, low-speed

wind tunnel with a test section 61 x 46 cm in cross-sectional
area and 150 cm in length. These dimensions ensure that an
experimental setup placed inside the test section is far from the
walls and is, thus, free of the wall effects. A schematic dia-
gram of the experimental arrangement is shown in Fig. 2. A
uniform flow, with velocity ranging from 0 to 50 cm/s, is
obtained in the test section by means of a blower, whose flow
rate can be varied. The flow from the blower enters the test
section through a honeycomb section and a fine-mesh screen.
This arrangement provides a fairly uniform flow with negligi-
ble turbulence with intensities less than 5% in the test section.
The uniformity of the flow and the turbulence level were
checked by extensive hot wire anemometry measurements.
The heat source module consists of a highly polished, stainless
steel foil (0.03 mm thick) wrapped around a stack of several
bakelite strips (2.2 cm long, 1.5 mm thick, and 40 cm wide). A
thermally-conducting epoxy cement was employed to ensure

plate heat source module
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good contact. The thickness of the module can be varied by
changing the number of strips in the stack. The stainless steel
foil is electrically heated to provide a uniform heat flux input
condition over the module surface.

The heat source module is mounted firmly on a vertical
plate by means of a specially designed clamp, and the entire
assembly is placed in the test section of the wind tunnel. In
order to reduce the conduction heat losses from the heat
source to the plate, the plate is made of three parallel thin
masonite boards separated by 6-mm air gaps. With this ar-
rangement, the conduction through the air gaps was estimated
to be less than 10% of the total electrical heat input.17 Radia-
tive losses are also kept low by employing a polished stainless
steel foil. The emissivity of stainless steel foil was experimen-
tally found to be of the order of O.I.7 The radiation heat loss
to the ambient was calculated to be less than 3% of the total
electrical power dissipation for the heat flux range consid-
ered.16 The discussion on the convective heat flux measure-
ment is given later.

The electric power dissipation in the foil is obtained by
measuring the voltage drop across the strip and the current
through it by means of a precision digital voltmeter and an
ammeter, respectively, Three high temperature heat flux
gauges (RdF Corp., Model 270310-20) are mounted evenly at
the backside of each heating foil to measure the conductive
heat flux from the foil to the test plate. In addition to these
gauges, six more high sensitivity heat flux gauges are mounted
on the vertical plate at downstream locations of the module in
order to obtain the local convective heat flux from the plate.
The heat flux gauge consists of a heat flow sensor and a
thermocouple. The thickness, conductivity, and response time
of the heat flow sensor are 0.5 mm, 0.112 JfY(m°C), and 0.4
s, respectively. Thus, the resulting thermal resistance of the
heat flow sensor is 0.0447°C m2/W. Here, thermal resistance
is the temperature difference between the front surface and
rear-mounting surface of the sensor per unit of heat flow
through the sensor. The thermocouple to the heat flux gauge
measures the surface temperature at the exact location where
the heat flux is measured. The heat flux data are recorded by
means of a data acquisition system (Keithley, Series 500).

The surface temperature is measured using a set of 30 ther-
mocouples (Copper-Constantan, 0.025-mm-diam wire) at-
tached to the module and vertical surface by means of a high
thermal conductivity cement. The temperature and velocity in

wind tunnel

adiabatic plate

micrometer slides

a) Physical model b) Coordinate system
Fig. 1 Physical model and the coordinate system.

thermocouple rack

honeycomb screen
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blower

a) Side view b) Front view
Fig. 2 Experimental arrangement.
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the flow are measured by a set of seven thermocouples (Cop-
per-Constantan, 0.05-mm diam wire) and by a constant tem-
perature hot wire anemometer (DISA), respectively. Thermo-
couples are staggered in the direction of the flow in order to
avoid interference between each other. A probe assembly is
used with a traversing arrangement to position the thermocou-
ple and hot wire at any desired location in the flow. A hot-wire
calibration system for the low velocity levels encountered here
has been developed, and calibration charts were obtained over
a velocity range from 0 to 50 cm/s. The calibration for vari-
able fluid temperature was obtained by varying the overheat
ratio.18 A data acquisition system, which employs an analog-
to-digital converter with an Apple microcomputer, is used for
storing the data for subsequent analysis and graphics on a Sun
computer system. The error was estimated to be within about
±1% for the temperature measurements, about ±3% for the
velocity measurements, and about ±3% for the heat flux
measurements of the measured value. These errors corre-
spond to about 0.5°C in the measured temperature, about 3
mm/s in the velocity, and 30 W/m2 in the heat flux. Re-
peatability to within ±5% was obtained in all the measure-
ments, including that for the heat transfer coefficient, lending
strong support to the accuracy of the results obtained and to
the consistency of the experimental scheme. The error analysis
of measurements, based on the relative uncertainty, is dis-
cussed in detail later.

A fairly wide range of the governing parameters, particu-
larly the mixed convection parameter and the module thick-
ness, was considered. However, the ranges employed corre-
spond largely to flows of interest in the electronic packaging
industry and manufacturing systems. Moreover, interest was
mainly directed at circumstances where the buoyancy effects
are significant. The pure natural or the pure forced convection
cases were not studied in detail since the mixed convection
flow was of particular interest in this study.

Experimental Results and Discussion
The basic physical parameters in the problem under consid-

eration are the heat flux input q, the height L and the thick-
ness H of the heat-source module, the distance L\ from the
leading edge of the plate to the heat-source module, and the
forced flow velocity U0 (see Fig. 1). As mentioned earlier, the
freestream turbulence was negligible in this study. The rele-
vant dimensionless quantities may be derived from these phys-
ical variables taking the height L of the module, which is kept
constant as 2.2 cm, as the characteristic dimension. The dis-
tance of the module from the leading edge of the plate LI is
taken at a fixed value of L\/L =8 here, for convenience, in
the presentation of the results. In fact, L\/L is an important
parameter in the flow if the heat source module is placed near
the leading edge of the plate. However, the basic trends are
observed to remain unchanged with varying values of L\/L
over the range 6-10. The coordinate system employed is
shown in Fig. 1.

The results obtained are presented in terms of the dimen-
sionless temperature 6 and the dimensionless coordinate dis-
tance X and Y for a uniform heat flux q at the heated region,
defined as

6 =
(T-Ta)

(L + 2H)/k
Grl/5,

where

Gr =
kv2 = U0-

(D

(2)

These are the dimensionless variables frequently employed for
the uniform heat flux circumstance.14'19 The heat input into
the heated element per unit width Q is given by q (L + 2//).
Therefore, the characteristic temperature difference in this
formulation becomes [q(L + 2H)/k] instead of Ts-Ta,

where Ts is the surface temperature for the isothermal case.
Properties of the fluid are evaluated at the local film tempera-
ture (Ts + Ta)/2. The definition of the Grashof number and
the dimensionless temperature 0 may be based on an average
convected heat flux since local convective heat fluxes are de-
termined in this study. However, the actual measured quantity
is the total energy input, which is therefore appropriate for the
definition of Gr. Also, both the conduction and the radiation
heat losses are kept low, estimated to be 10-13% of the total
heat input. Thus, the total convective transport from the
module is generally around 90% of the total energy input.
However, the ratio of the local convective heat flux to the total
heat flux input varies with location and can be as low as
0.75-0.93. (See Ref. 16 for more detailed discussion on this
aspect.) The resulting trends obtained here are not expected to
be significantly affected if the total convective heat transfer
rate is employed for nondimensionalization instead of Q.

The effect of the forced flow on the thermal field in the flow
is shown in Figs. 3a-3c. In this figure, isotherms are shown for
a fixed Grashof number Gr = 2.3 x 106 and three values of the
Reynolds number Re = 435, 350, and 295. The temperature
level increases over the module due to the heat input and then
decreases gradually downstream from the module, as ex-
pected, for all cases of Re. The isotherms move toward the
surface downstream whereas these were found to move away
from the surface downstream of the module when the module
is placed on a horizontal surface.16 The observation can be
attributed to the fact that the thermal buoyancy force is
aligned with the forced flow on the vertical surface considered
here whereas the buoyancy force is normal to the forced flow

_^^ — ~~==I— ̂
-2 -1 0 1 2 3 4

X
5 6 . 7 8

a) H/L = 0.4, Gr = 2.3 X 106, Re = 435.

- 2 - 1 0 1 2 3 4
X

b) H/L = 0.4, Gr = 2.3 x 106, Re = 350.

- 2 - 1 0 1 2 3 4 5 6

c) H/L = 0.4, Gr = 2.3 X 106, Re = 295.

d) H/L = 0, Gr = 2.3 x 106, Re = 295.

e) H/L = 0.68, Gr = 2.3 X 106, Re = 295.
Fig. 3 Measured thermal field, shown as distribution of isotherms in
the flow.
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Fig. 4 Measured velocity profiles at various downstream locations
for H/L = 0.68, Gr = 2.3 X 106, and Re = 295.

X (=x/L)

Fig. 5b Variation of the local maximum velocity along the plate for
Re = 295, Gr = 2.3 X 106, and H/L = 0.68.

. Present Study

X (=x/L)
Fig. 5a Location of the edge of the viscous boundary layer and the
trajectory of the local maximum velocity in the flow for Re = 295, Gr
= 2.3 x 106, and H/L = 0.68.

Fig. 6 Surface temperature distribution for H/L = 0.4 at
Gr = 2.3x 106 for different values of Re.

direction for the horizontal case. This leads to the flow moved
away form the surface resulting in separation if the buoyancy
effects are strong enough.19 However, the trends in the vertical
case are similar to those for forced convection flow, i.e, negli-
gible buoyancy effects, in the horizontal case. The effect of
the module thickness on the thermal field is shown in Figs. 3c
and 3e at Re = 295 and Gr = 2.3 x 106. It is seen that the
thicker module has a stronger influence on the distortion of
the forced flow and on the resulting temperature distribution
in the flow over the module.

Figure 4 shows the downstream variation of the measured
velocity profiles with the dimensionless distance Y from the
surface at various X locations. The results are shown for
H/L = 0.68, Gr = 2.3 x 106, and Re = 295. The velocity pro-
file at X - — 1 is compared with that for forced convection
flow over a module with negligible thickness. As seen in this
figure, the measured values are lower than the predicted re-
sults for the forced convection flow. This is a consequence of
the effect of both the module thickness and the natural con-
vection effect at the bottom surface (A-B, in Fig. 1) of the
module. At the midpoint of the module, X = 0.5, the velocity
increases sharply near the module due to the strong effect of
the buoyancy force to reach a maximum. It then decreases
gradually to the forced flow velocity. Reverse flow is observed
at downstream locations near the top surface of the module.
The magnitude of the reverse flow is found to be small com-
pared to the forced flow velocity because of the viscous effect
of the vertical wall. At a location far downstream, X - 4,
neither the reverse flow nor the peak in the velocity profile is
observed. This result implies that the downstream location at
X - 4 is far from the reattachment area of the flow and that
natural convection effects are negligible in this region.

The maximum velocity Umax is an important quantity since
it characterizes the effect of thermal buoyancy on the flow.
Figure 5a shows the viscous boundary layer and the location
of the local maximum velocity for H/L = 0.68,
Gr = 2.3 x 106, and Re = 295. The edge of the boundary layer
is defined as the location where U/U0 has a value of 0.99 for
U/U0 < 1 or 1.01 for U/UQ > 1, respectively. This viscous
boundary layer is seen to be much thicker than the thermal
boundary layer in Fig. 3e. The peak in the velocity profiles
shifts outward away from the surface and then merges with
the forced flow far downstream. Fig. 5b shows the down-
stream variation of the local maximum velocity £/max for the
same parameters as those in Fig. 5a. Also shown are some of
the corresponding numerical results for negligible thickness.14

It was found that a sharp change in the variation of the
maximum velocity occurs in the vicinity of the top edge of the
source because of the additional local input of thermal buoy-
ancy, and these effects become negligible around X = 3. How-
ever, different trends are observed with significant module
thickness. It is seen from this figure that local maximum
velocity starts increasing gradually upstream near the heat
source module due to the longitudinal conduction effects in
the plate and the protruding effect of the module surface
(A-B, see Fig. 1). It is also interesting to note the velocity
maximum is found at X = 1, followed by a rapid decrease
downstream in the vicinity of the module. This implies that the
presence of the recirculation zone downstream of the module
restricts the velocity development substantially to make the
velocity maximum decrease to the forced flow value. Similar
trends are found in numerical and experimental results of
laminar flow over a backward-facing step.20'21 However, only
a qualitative comparison with these earlier studies can be made
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because channel flows were considered in these instead of the
extensive medium in the present study. It is again seen that the
thermal buoyancy effects die out around X = 3, which is
similar to that of Jaluria.14

The effect of the external flow on the surface temperature
variation is shown at H/L = 0.4 and Gr = 2.3 x 106 in Fig. 6.
The heat source module is located from X = 0 to X = 1. It is
seen that temperature starts rising gradually upstream of the
source. This is a consequence of the longitudinal conduction
transport in the plate and the protruding effect of the module
surface A-B. The surface temperature rises sharply in the
neighborhood of the heat source module. In the case of a heat
source module located on a horizontal surface, the maximum
temperature was observed at X = 0.5-1 depending on the
Reynolds numbers.16 However, for the vertical surface case
studied here, the temperature maximum is always observed at
X = 1 due to the natural convection effect near the top surface
(C-D) of the heat source module. This maximum temperature
is followed by a rapid drop. A more gradual temperature
decay arises further downstream. The temperature level is
found to be the highest for natural convection, compared to
that for mixed or forced convection. This is an expected
behavior since the combination of the buoyancy-driven flow
and forced flow effects leads to a larger velocity level and
consequent higher heat transfer coefficients. For a given heat
input, a higher heat transfer rate results in lower temperatures.
It is also seen that the temperature level decreases as the
Reynolds number is increased.

Figure 7 shows the effect of the heat source module thick-
ness on the surface temperature distribution for Re = 295 and
Gr = 2.3 x 106. Trends similar to those shown in Fig. 6 are
observed. A substantial increase in the surface temperature
downstream of the module is found with an increase in the
module thickness H/L due to the recirculating flow at this
zone. However, the thickness is found to have a small effect
on the maximum temperature on the heat source module itself
for the same Grashof number. Because of the nondimension-
alization employed here, the Grashof number is based on the
characteristic temperature difference, q(L + 2H)k. This indi-
cates that the total energy input at the heat source module is
the same for the same Grashof number even though the heat
flux at the module surface decreases with an increase in the
module thickness. For the same heat flux at the module sur-
face, the Grashof number becomes larger with a thicker mod-
ule. This implies, in turn, that the maximum surface tempera-
ture decreases with a decrease in the heat flux at the module
surface for the same module thickness, as expected. This is a
consequence of the fact that the total energy input at the heat
source module decreases with a decrease in the heat flux at the
module surface for the same module thickness.

The convective heat transfer coefficient can be presented in
terms of the local Nusselt number Nu, which is defined as

2.5 5.0 7.5 10.0 12.5 15.0
X (= x/L)

Fig. 7 Effect of the heat source module thickness on the surface-tem-
perature variation at Re = 295 and Gr = 2.3 x 106.

Nu = hL/k. Also, the local heat transfer coefficient h may be
expressed in terms of the measured gradient at the module
surface or of the measured surface heat flux, and the surface
temperature. Thus,

Nu = hL
dT

' dx L =
k Ts-Ta (Ts-Ta)k

(for the top and bottom surfaces of the module) (3)

J = conv

Ts - Ta (Ts - Ta)k

(for the side surface of the module) (4)

Here, the subscript w represents the relevant wall or surface.
Also,

Qconv — Q <7cond (5)

Here, q is the surface heat flux supplied by the electrical input.
The heat flux conducted from the module to the test plate <7cond
is measured by the heat flux gauges mounted on the backside
of the heating strip in the module. The temperature gradients
at the surface are obtained by using a second-order, least-
squares curve fit to the measured temperature field. The val-
ues of the local Nusselt number obtained by these two meth-
ods were found to agree closely with each other. Even though
the heat input into the fluid is highly localized, due to the heat
source module, the idealized circumstance of a step change in
the heat flux, with uniform heat flux over the source, clearly
does not arise in the experiments.7 The presence of a nonuni-
form heat flux affects the resulting local Nusselt number Nu.

The mean Nusselt number Nu for the module surface is
defined as

where

Nu =-
A

NudA = .
L + 2HJ (L + 2H)

(6a)

(6b)

Here, A is the total surface area of the module exposed to the
fluid, i.e., A = (L + 2H) W, and s is the distance along the
module surface, as shown in Fig. 8.

Fig. 8 The variation of the local Nusseit number Nu along the
heat-source module surface at H/L = 0.4 and Gr = 2.3 x 106.
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Fig. 9 The variation of the mean Nusselt number ~Nu with Gr/Re5/2

for Gr = 2.3 X 106:O H/L = 0.4, present study;..., H/L = 0, analyt-
ical results.26

0.0 0.2 0.4 0.6 0.8
H/L

Fig. 10 The variation of the Mean Nusselt ~Nu with H/L for
Gr = 2.6 x 106 and Re = 295.

Employing the estimated uncertainty in each physical mea-
surement, an uncertainty analysis for the experimental results
is performed by the technique suggested by Moffat.22'23 For
instance, a simple determination of the relative uncertainty in
the local Nusselt number dNu/Nu can be obtained using Eq.
(3) or (4).

dTa

T, - TJ \TS -
2~|l/2

(7)

Since the error of the thermal conductivity k was estimated to
be ±2.5% for the experimental conditions employed, the
relative uncertainty in the local Nusselt number Nu was calcu-
lated to be 6% using Eq (7). Similarly, the relative uncertain-
ties in Re and Gr were calculated to be 5 and 7%, respectively,
using Eq. (2).

The variation of the local Nusselt number along the source
surface is seen in Fig. 8 for H/L = 0.4 and Gr = 2.3 x 106.
The 5 coordinate employed for the local Nusselt number distri-
bution includes both the vertical and the horizontal surfaces of
the module. Also shown are the available numerical results
associated with pure laminar flow over a forward-facing step
and, thus, over only a portion of the source considered here.24

However, the similarity between the present results and those
of Baron and Tsou24 is clearly seen, lending support to the
results obtained here. The local Nusselt number Nu increases
fairly uniformly along the front surface (A-B) of the module
until the protruding corner (B) of the module. A maximum in
Nu is observed near this corner at which the flow turns and the
temperature contour lines are densely packed. Nu then de-
creases gradually, followed by a rapid decay over the module
surface (C-D) due to the the recirculation flow. The trends
obtained along the module surfaces (A-B) and (B-C) at this
study show good agreement with those from the numerical
calculations for a for ward-facing step. The level of the numer-
ical results are found to be lower than that of the experimental
value because of the intensity of the forced convection flow
effect. It is also seen, as expected, that Nu increases with an
increase in the Reynolds number.

The mean Nusselt number Nu for H/L = 0.4 is plotted in
Fig. 9 against the mixed convection parameter, Gr/Re5/2

9
which represents the ratio of the buoyancy effects to the
inertia effects. This parameter is obtained easily from a nondi-

mensionalization of the governing equations and the
boundary conditions for mixed convection flows with a uni-
form heat flux condition.19'25 The mixed convection flow is
termed natural convection dominated if the mixed convection
parameter is significantly greater than unity. Similarly, if Gr/
Re5/2 is much smaller than unity, the flow is termed forced
convection dominated. For a mixed convection parameter
around unity, natural and forced convection effects are com-
parable in magnitude. In the present study, the mixed convec-
tion parameter was varied by changing the heat flux and/or
the externally induced flow velocity to vary the mixed convec-
tion parameter over the range 0.2 to 2. As seen in Fig. 9, Nu
decreases with an increase in the mixed convection parameter,
but the effect of this parameter becomes smaller at larger
values of Gr/Re5/2. For a fixed Grashof number, the mixed
convection parameter Gr/Re5/2 decreases as the Reynolds
number is increased. This indicates that the mean Nusselt
number increases as the Reynolds number is increased. Also
shown in this figure are the analytical results over the module
with negligible thickness H/L - 0 for the forced convection
case where the buoyancy effect by the heat source is assumed
to be neglected.26 The trends observed in the measurements are
very similar to the analytical results. However, the quantative
difference between the experimental and the analytical results
is explained in terms of the effect of thejnodule thickness.

The effect of the module thickness on Nu is shown in Fig. 10
at Re = 295 and Gr = 2.3 x 106. It is found that Nu decreases
as the module thickness H/L increases. As discussed in Fig. 8,
the local heat transfer rate from the vertical surface (B-C) of
the module is larger than that from the horizontal surfaces
[(A-B) and (C-D)] of the module. When the module thickness
H/L increases, the horizontal surfaces [(A-B) and (C-D)] also
increase, and the vertical surface (B-C) is fixed as L. These
increased horizontal surfaces result in the adverse effect of the
mean Nusselt number. In addition, the heat flux becomes
smaller with the increase of the module thickness for the same
Grashof number because of nondimensionalization discussed
earlier. This result indicates that the heat transport per unit
area from a protruding heat module decreases as the thickness
is increased for the same Grashof number when the module is
mounted on a vertical surface.

Several other studies27'29 have also considered such flows,
particularly for the cooling of electronic equipment. However,
the present study concerns mixed convection from protruding
sources, which have received much less attention in the litera-
ture. The basic trends are, of course, in agreement with the
earlier work. But the detailed aspects of the interaction be-
tween the wakes arising from the various surface elements of
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the source and of the resulting thermal field have not been
considered in the literature. Also we are interested in flows
occurring in extensive media whereas much of the earlier work
was related to channel flows. The flow is largely laminar over
the parameter ranges considered. However, turbulence does
arise far downstream, and a detailed investigation of the tur-
bulent flow will be desirable from a practical viewpoint. The
transition of the flow to turbulence is also an important con-
sideration and needs further work.19

Conclusions
An experimental study of the mixed convective transport

from a protruding heat source module mounted on a vertical,
insulated plate has been carried out. The flow is obtained as
two-dimensional and laminar with the experimental arrange-
ment here. The effects of the mixed convection parameter and
of the module thickness on the thermal fields, flowfields, and
convective heat transfer rate were investigated in detail. The
downstream behavior of the velocity and temperature fields is
important in the positioning of other such heated elements,
particularly in electronic circuitry and furnaces.

It is found that the isotherms become more densely packed
around the module as the external flow increases and that the
viscous boundary layer is much thicker than the thermal
boundary layer for the same variables. It is also seen that the
distortion of the flow around the module and the resulting
temperature distribution in the flow are strongly affected by
the module thickness. However, the module thickness has
little influence on the maximum surface temperature on the
module. This maximum temperature is always observed on the
module top, horizontal surface (C-D). This is a consequence
of the natural convection effect near the top surface (C-D) of
the module. The surface temperature decreases with an in-
crease in the Reynolds number, as expected.

The strong effect of the buoyancy force on the velocity
profile is observed near the heat source module, and the
recirculation zone appears at downstream locations near the
top surface of the module because of the protruding effect. It
is found that the protruding effects of the module and thermal
buoyancy effects die out far downstream. The downstream
variation of the local maximum velocity is strongly affected by
the significant module thickness. It is also found that the
thermal energy convected away from the heat source module
decreases with an increase in the mixed convection parameter
Gr/Re5/2 and the module thickness, H/L for the same
Grashof number.
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