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Abstract—This investigation presents detailed measurements of the laminar temperature field above a
highly localized heat source on an instrumented, transparent, vertical adiabatic surface in water. This
flow situation is particularly complicated because it is three-dimensional. Small diameter thermocouples
were used to measure both the surface temperature variation and the temperature profile in the fluid
above the heat source for a range of heat flux. In addition, a Schlieren system was used to visualize
the spanwise and normal thermal boundary layers. The downstream growth of the spanwise boundary
layer was found to be relatively weak (proportional to x!/5), while the boundary-layer thickness normat
to the surface above the source was found to increase linearly with downstream distance, x. By comparing
these results to those of the well-known point and line source plumes, we conclude that this preferential
growth is attributed to the effect of the surface on the entrainment of ambient fluid. Our measurements
indicate that the surface temperature above the source decays proportional to x~%77. This is between
the x-dependence found for a point source plume (x ') and a line source of heat on an adiabatic surface
(x~¥%). Appropriate scaling functions were also determined which collapse measured temperature data

for various heat flux and location to a single curve.

NOMENCLATURE

heat source diameter;

acceleration due to gravity;

= gfd*q"/kv?, flux Grashof number;
=q"/(t,—t,), concentrated source
heat-transfer coefficient;

fluid thermal conductivity;
constants defined by ¢ = M e™;
constants defined by ¢ = Nx";

= hd/k, Nusselt number based on source

diameter;

heat flux from concentrated heat source;

z), spanwise-surface temperature
distribution ;

t(x,y,0), centerplane-normal temperature

to,

tss
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u,
0,
w,
X,
e

Z,

distribution;

= t(x, 0, 0), surface temperature directly
above heat source;

temperature of heat source;

ambient temperature;

velocity component in x direction;
velocity component in y direction;
velocity component in z direction;
vertical distance above heat source;
distance from heat source normal to
surface;

distance from heat source parallel to
surface.

Greek symbols

B,

volumetric coefficient of thermal
expansion;
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d.(x), spanwise thermal boundary-layer
thickness at the surface;

d,(x),  thermal boundary-layer thickness normal
to surface in x-y plane;

Ato, =1o—1,, surface temperature excess
directly above source;

At,, =t,—t,,, heat source temperature excess
above ambient;

v, fluid kinematic viscosity;
_1(x,0,0)— 1y,

® T te—te

surface temperature excess ratio above
heat source;

— t(xa Vs 0) — Iy
Dys = to—t,
centerplane-normal temperature excess
ratio;
_ Hx,0,2) 1y,
(pz s =T T

to—~tyo
spanwise-surface temperature excess ratio.

INTRODUCTION
M ANY circumstances of transport in the world around
us involve highly localized heat sources. Diffusion often
arises from a single isolated source. This configuration
leads, for example, to a point source (or axisymmetric)
plume. Relatively simple laminar flows of this type
have been investigated in considerable detail. These,
however, are quite simple configurations compared to
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the complexity of many real situations. For example,
when the flow and transport from a point source plume
is influenced by even a single bounding surface, it is
considerably more complicated, and is not well under-
stood. A principal difficulty is that three dimensional
effects enter in. Many real situations are yet more
complicated. There may be many bounding surfaces
oriented in a complicated way with perhaps the
additional influence of multiple and interacting
sources. Many examples involving this degree of com-
plexity exist in modern electronic equipment, and in
the initiation of some building fires.

Although the problem of proper heat dissipation in
electronic equipment has long been considered critical,
such transport has received little systematic study in
the heat-transfer community. A survey of heat-transfer
techniques, as applied to electronic equipment cooling,
includes work by Bergles, Chu and Seeley [1]. Other
more specific previous investigations have considered
overall transport by approximating a collection of heat
dissipating devices as either isothermal or uniform flux
surfaces. For example, the overall convective cooling
of arrays of circuit boards was investigated by Aung,
Kessler and Beitin [2]. In their investigation they con-
sidered a vertical parallel plate configuration and
theoretically and experimentally analyzed the effect of
circuit channel height on the maximum circuit board
temperature. Their investigation involved the inter-
action of the convective flows from adjacent circuit
boards which were approximated as uniform-heat-flux
surfaces.

Additional relevant work on flows between heated
vertical plates was done by Aung [3]. He found
closed-form solutions for laminar free convection in a
vertical, parallel-plate channel with asymmetric heating
for both uniform temperature and heat flux surfaces.
Aung, Fletcher and Sernas [4] considered non-
developed flow for the same configuration. All of these
previous studies, however, consider overall behavior
and do not consider in detail the flow from a single
small heat dissipating device which may be approxi-
mated as a concentrated heat source. The details of
transport from a single source are important, however,
in that they determine not only overall operating
characteristics but also individual component behavior.

The experiments described here consider a particular
aspect of the nature of flows arising from a single con-
centrated heat source on a vertical adiabatic surface.
A schematic showing the coordinate system and flow
configuration is shown in Fig. 1. The simpler two-
dimensional analogue of the problem considered here
is a line source of heat on an adiabatic surface. This has
been considered both analytically and experimentally
by Zimin and Lyakov [5]. Their experimental results
agreed well with the similarity solution predictions
when they accounted for the heat loss to the surface.
Recent calculations by Jaluria and Gebhart [6] have
also considered this problem, for a wider range of
Prandtl number. An interesting investigation by
Reimann [7] considers another aspect of the two-
dimensional analogue of the problem considered here
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F1G. 1. Coordinate system-and flow configuration.

in connection with the Coanda effect and phase
interfaces.

Motivated by a need to understand the natural
convection cooling of electronic devices, Baker [8]
considered convection from thin horizontal strips on a
vertical surface. He measured higher heat-transfer rates
than those calculated using his idealized two dimen-
sional boundary-layer analysis. He suggests that the
higher measured heat transfer for thinner strips is due
to three-dimensional effects, but he did not examine
the details of the flow field. Two-dimensional flow
configurations take on relatively little additional physi-
cal complexity when a surface is added on a plane of
symmetry. This, however, is not the case for an axi-
symmetric flow configuration.

Even the simplest analytical formulation for constant
fluid properties, neglecting viscous dissipation and
pressure work and incorporating the two Boussinesq
approximations results in a very complicated system
of equations. The main complications arise because
these circumstances are three dimensional, with the
motion-causing buoyancy force bilaterally coupled
with viscous, inertia and probably, pressure forces, to
the same order. An additional condition for a heat
source on anadiabatic surface is that the thermal energy
content of the flow remains constant downstream, and
is equal to the source input. Configurations of this
type have not previously been investigated in detail.
The complexity of the governing equations suggested
that an experimental study be performed to determine
the basic physical characteristics of the resulting down-
stream mechanisms.

A related and simpler situation is the flow under
gravity of fluid originating from a concentrated mass
source on an inclined surface. Well-known treatments
of these problems are given by Batchelor [9] and
Watson. [10], and later by Clarke [11], Ackerberg
[12] and Smith [13]. More recent work by Merkin
[14] considers the separation of such flows on a
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variable incline. Another significant recent contribution
is a similarity solution of the same problem by Smith
[15]. Unfortunately, the analytical methods of [15] are
not successful when the flow is driven by thermal
buoyancy.

In the present study, some of the important charac-
teristics of the temperature field above a concentrated
heat source were determined. A Schiieren optical sys-
tem was used to observe the temperature field above
a concentrated heat source adjacent to a surface that
very closely approximated adiabatic conditions in
water. This study was done in water because it is
generally much more difficult to approximate an
adiabatic condition in gases than in liquids. Heat fluxes
from the concentrated heat sources used in this inves-
tigation ranged from 5 to 7 W/cm?. Transistors may
typically dissipate up to about 3 W/cm? depending on
size. The surface temperature decay above the source
was measured using thermocouples embedded slightly
beneath the surface. In addition, a thermocouple probe
was used to determine temperature profiles in the fluid
above the heat source. The spanwise (z direction) and
normal (y direction) growth of the thermal boundary
layer were then determined from the thermocouple
measurements. The present experimental study pro-
vides some of the much-needed physical insight necess-
ary for possible analytical simplifications. For exampile,
it was not clear prior to this investigation, how the
surface temperature above the source decayed or how
the flow spread in the normal (y) and/or spanwise (z)
directions. Details of the experimental apparatus and
instrumentation are described in the next section.

EXPERIMENTAL APPARATUS

Design considerations led us to preliminary experi-
ments concerning the mechanics and flow region extent.
Based upon these initial results we designed and built
an adequate size surface instrumented with thermo-
couples and a built-in reference grid. Transparent
material was used in order to permit direct visual
observation of the spanwise spread of the flow. The
surface, approximately 30 cm wide and 60 cm high, was
constructed of thin-wall, low thermial conductivity
material. It was essentially a plexiglass rectangular box
with a thin front surface. The interior contained air
and a plexiglass gridwork which both supported the
thin front surface and acted as a reference grid. The
interior could be evacuated to further reduce surface
heat gain. This provision was provided for possible
later studies in air. Our calculations showed, however,
that evacuation was not necessary for studies in water.
A photograph of the surface is shown in Fig. 2. The
test section consisted of an insulated 951 glass-walled
tank.

The heat flux from the fluid to the surface was
estimated based on the measured surface temperature
distribution. These calculations indicated that this sur-
face design approximated an adiabatic condition over
the entire flow length (including the heat source) to
within about 1.5% in water, see [16], part II. This
is about five times better, for the same conditions,

FiG. 2. Photograph of experimental adiabatic surface.

than a solid plexiglass sheet 1.27cm thick. Twelve
small (0.0254 mm wire diameter) thermocouples were
embedded into the surface to measure both surface
and heat source temperatures. This was accomplished
by scoring the surface with a knife. The thermocouple
lead wires were laid in the resulting groove and a few
drops of plexiglass cement were applied. Surface tension
drew the cement into the groove, melted the plexiglass
locally and produced a thin plexiglass skin over the
wires. A thermofoil heater was cemented directly over
the lowest (in x) thermocouple bead so that the tem-
perature of the source could be measured. We used
special, custom built high watt density (and high
wattage) concentrated heat sources which dissipated
up to 7W/cm? in water. Both a small (047cm by
0.47 cm) square heat source and a larger (1.3cm dia)
heat source were used. Surface temperature data was
taken to downstream distances of about 32 diameters
for the larger source and 7 effective diameters for the
small source. Because of the much smaller physical
size of the temperature field associated with the smaller
heat source, and the correspondingly very small tem-
perature differences, most of our data was taken using
the larger source. We have, however, some small source
data for surface temperature decay above the source
which shows the same trends as for the larger source.
Thermocouple beads were located in the surface
along a vertical line above the heat source (the x axis,
Fig. 1) and positioned to result in approximately even-
spaced temperature data on log-log coordinates. Only
the beads were exposed, and the thermocouple lead
wires were oriented (slightly subsurface) parallel to the
z axis to minimize conduction errors. The thermo-
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couples were referenced to a thermocouple in the
ambient fluid and the ambient temperature was
measured using a precision thermometer.

The temperature field in the fluid above the source
was obtained using a differential thermocouple probe.
The thermocouple junction and lead wires were sup-
ported horizontally by two small glass tubes held in a
plexiglass fixture, which was connected to a micrometer
traversing device. The 0.0254mm diameter thermo-
couple wire minimized conduction errors as well as
disturbance to the flow because of its small size. The
error in the thermocouple measurements due to con-
duction of heat along the lead wires is estimated to be
about 0.1% (see [16], part II). Using a micrometer
adjustment at the top of the tank, the probe could be
positioned with an accuracy of about +0.0254 mm.
The temperature profile along the centerplane of the
flow in the y direction, t(x, y, 0), was determined as was
the profile at the surface in the z direction, f(x, 0, z).
This was done for two heat fluxes and two values of x.

The voltage from the differential thermocouples was
measured with a Leeds and Northrup K-4 poten-
tiometer to an accuracy of +0.5uV. The voltage and
current to the heat source were measured using a digital
voltmeter by measuring the voltage across the foil
heater and across a 0.1Q (+0.00004Q) Leeds and
Northrup precision resistor in series with the foil. The
voltmeter was accurate to +0.0001 V which provided
a measurement of the power dissipation from the heat
source accurate to 0.1%,.

Because of the low level of density difference in these
experiments, we used a newly constructed and very
sensitive Schlieren system. The principal optics are
31.75cm dia first surface parabolic mirrors of 254 cm
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FIGURE 1]

FiG. 3. Schlieren photographs of flow
(heat flux: 2.21 W/cm?).
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focal length. The light source diameter is about 2.5 mm.
A room 20m long was used so that very precise
collimation and high sensitivity were possible. Inter-
ferometric techniques were not used because of the
three-dimensional flow field and the associated un-
certainties in evaluating interferograms for a density
field of initially unknown geometric configuration.

Because such high Schlieren sensitivity was required
to observe the downstream details of these very weak
flows, an alternate surface was used for the qualitative
flow visualization studies. This was necessary because
of optical distortion resulting from very small surface
deflection caused by hydrostatic pressure. The surface
used for the flow visualization studies consisted of a
1.27 cm thick plexiglass sheet. The heat loss to the solid
plexiglass surface was still relatively small (less than
6% of the total over the entire surface; see [ 16], part II)
and the resulting photographs showed the spanwise
and normal growth of the boundary layer very well.
Schlieren photographs of the flow for the source on
this surface were taken at two of the heat fluxes
previously investigated with the other surface. All
quantitative temperature measurements were taken
using the other surface which is adiabatic to within
about 1.5%.

NEW MEASUREMENTS AND RESULTS

A schematic of the flow configuration and the corre-
sponding notation is shown in Fig. 1. Using the
apparatus and instrumentation described in the pre-
vious section, we measured the following physical
quantities for a range of heat source strength:

(1) Surface temperature decay directly above the

source, t(x, 0,0) = tg.

(2) Centerplane-normal temperature distribution,

t{x, y, 0), in the fluid.
(3) Spanwise-surface temperature distribution,
t(x,0, z).
We also determined the spanwise and normal thermal
boundary-layer thicknesses, d.(x) and J,(x), respec-
tively; as well as how the source temperature varied
with heat flux.

The main results of these experiments are shown in
Figs. 3-8. Figure 3 shows Schlieren photographs of a
typical temperature field arising above a concentrated
heat source. A vertical knife-edge was used, and the
thin black lines on the right side of the left photograph
are electrical lead wires. Note also, that in the right
photograph, light is transmitted through the trans-
parent adiabatic surface. The first observation in Fig. 3
is that the temperature field normal to the surface,
3,(x), is much thinner than the z direction extent, J.(x).
Also, the thermal boundary-layer thickness normal to
the surface J,(x), is seen to be growing downstream;
whereas the spanwise thermal boundary-layer thick-
ness, §.(x), is growing much more slowly. In addition,
Fig. 3 shows the progressive decay of the temperature
field and suggests the associated weakening of the flow
with downstream distance. This characteristic makes
fluid temperature measurements increasingly more
difficult further downstream. The highly sensitive
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Schlieren system, however, permitted direct visual
observation of the temperature field far downstream,
where detailed thermocouple measurements were not
possible.

The measured surface temperature directly above
the source, t(x,0,0) = to, is shown in Fig. 4 for two
source sizes and six heat flux levels. The measured
temperature difference between the source and the

Y/X
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ambient fluid for each heat flux is also shown. Only
one set of data was taken using the small heat source,
since the flow was so weak that accurate readings could
not be obtained beyond 3.6cm downstream of the
small source (x/d > 7.57). The measured values of
Ato=to—t, beyond x=36cm were quite low
(Atg < 0.17°C) and the repeatability of the data beyond
that was not good. For the larger heat source, surface
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temperature data was taken for five values of heat flux
ranging from 1L70W/em?® (for t,—t. =27.2°C) to
3.95W/em? (for t,—t,, = 56.8°C). This corresponds to
a range of total heat dissipation of from 2.15 to 5.00 W.
The limit for the maximum heat flux was chosen to
prevent boiling on the surface of the thermofoil heater.
The minimum heat flux was chosen to ensure tempera-
ture differences that were large enough to measure
accurately. The resulting data is shown in non-dirnen-
sional form in Fig. 4.

Since the functional form of t, for this flow con-
figuration was not known, a priori, the data was also
plotted on a semi-log plot (see [ 16], part IT). In addition,
the data for each heat flux was analyzed using a curve-
fitting computer program. From the data, the program
calculated the least-squares fit of the two functional
forms: exponential (¢ = M ¢™) and power-low (p =
Nx"). Data points closer than 2.8 source diameters
{(x/d < 2.8) were not included in this analysis to ensure
that the data used to evaluate the centerline decay of
the flow included only those points in the fully
developed region of the flow. The value of 2.8 was
chosen because there is a distinct change in slope of the
data on a rectilinear plot at this downstream location.
Along the heat source, the thermal boundary condition
is one of uniform heat flux, and the temperature field
requires some distance to adjust to the adiabatic wall
condition imposed downstream of the source.

The results of the curve-fitting analysis for the small
source data indicates that the surface temperature
above the source could be either power-law or expo-
nentiagl in form. The exponential form fits the data
slightly better than the power-law form, but the differ-
ence is not great. For the larger heat source, the
analysis of the data indicates that the power-law form
fits the data slightly better than the exponential form.
Again the difference is so slight that it is difficult to
explicitly define the form of the centerline temperature
decay. We note, however, that for the power-law form
the value of n obtained for the large source and the
small source are essentially the same (n = —0.760 for
the small source, n = —0.771 for the large source). For
the exponential form, the value of m obtained for the
small source is quite different from the value obtained
for the large source (m = —0.164 for the small force,
m = —0.0635 for the large source). This suggests that
the power-law form is preferable, based on the assump-
tion that far enough away from a concentrated heat
source, the centerline temperature should decay in a
manner that is independent of the source size.

The precedent for this assumption can be found in
other natural-convection flows. Far above a heated
wire, the natural convection flow closely approximates
the theoretical flow from a line source, regardless of
the wire size. Likewise, far from the source, the con-
vective flow from a heated sphere closely approximates
the theoretical flow from a point source of heat. The
different values of m obtained with the different source
sizes implics that the centerline decay rate depends on
the source size. This is inconsistent with the observed
behavior of axisymmetric and plane thermal plumes.

V. P. Carey and J. C. MOLLENDORF

For the two source sizes considered, the values of n
are almost identical, implying that the form of the sur-
face temperature decay above the source is not depen-
dent on the source size. This is consistent with the
trends observed for other convective flows, Therefore,
from our analysis of the surface temperature data
above the source, we conclude that the temperature
decays proportional to x~ %77, It is significant that the
exponent of the x dependence we found is nearly exactly
between that of a point-source thermal plume (propor-
tional to x™!) and that of a line source of heat on a
vertical adiabatic surface (proportional to x ™),

Physically this seems quite reasonable. The tempera-
ture decay downstream is a consequence of heat and
momentum diffusion. There is an associated growing
of the flow region, and an increase in the local mass
flow rate as colder fluid is entrained. From the well-
known similarity solutions for line and point source
plumes {(of constant energy content), it can be shown
that the temperature above the source is inversely
proportional to the local mass flow rate. In addition,
the flow region thickness is inversely proportional to
the entrainment velocity. The faster cooling of axisym-
metric plumes is consistent with the fact that axisym-
metric flows permit cooler ambient fluid to be entrained
in all radial directions, converging on the plume axis.
However, when a vertical adiabatic surface is imposed
above a point source plume, one-half of the fluid
medium previously available for entrainment is dis-
allowed. Thus it is not surprising that the presence of
a surface results in a slower temperature decay. There
is, nevertheless, some focusing (toward the x-axis) of
entrained ambient fluid for the flows considered here.
However, there is no such focusing, in two-dimensional
flows, when the direction of the entrainment velocity
is normal to the centerplane of the flow. This is con-
sistent with our measurements which indicate a more
rapid temperature decay than for similar planar flows
above a line source of heat.

Figure 5 shows a typical measured nondimensional
centerplane temperature variation, ¢, across the flow
region at two downstream locations (x = 7.0 and
10.2¢m) for an energy input rate of 2.21 W/em?. The
two x locations were chosen far enough downstream to
insure measurements in the fully developed region of
the flow. On the other hand, the rapidly decaying
temperature field (with downstream distance) re-
stricted our measurements to moderate values of x.
This data was taken using a 1.3 cm dia heat source, and
the temperature profiles were determined using the
differential thermocouple probe described in the pre-
vious section. A distinct x-dependence is shown.
Figure 6 shows a typical spanwise surface temperature
distribution, t(x, 0, z), at the same downstream loca-
tions and for 3.33W/cm? The spanwise surface
temperature variation was inferred from traverses in
the z direction (at fixed x) and at y = 0254 mm. These
measurements were compared with the temperatures
measured by the thermocouples in the surface (at the
same x and at y = z = 0), The temperatures agreed to
within a maximum deviation of 0.28°C at temperature
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difference levels of about 17°C. This, and the measured
small fluid temperature gradients near the surface
permits inference of the spanwise surface temperature
variation.

The x-dependence shown in Fig, 6 is seen to be much
weaker than that shown in Fig. 5 indicating a prefer-
ential growth of the temperature field in the direction
normal to the surface. This is consistent with the
Schlieren photographs shown in Fig. 3. In fact, a closer
examination of Fig. 3 (using a straight-edge) suggests
that the normal thermal boundary-layer grows about
linearly with x. This indicates the possibility of normal-
izing the data with a characteristic length proportional
to x. To further explore this, the (x, y) coordinates of
several pairs of data points corresponding to constant
values of ¢, were analyzed. For each pair of points,
the average value of the exponent of the x variation
was found to be 1.01. Therefore, the data of Fig. 5 as
well as the corresponding data for a heat flux of
3.33W/cm? are .shown plotted against y/x in Fig. 7.
It can be seen that this normalization collapses the
data to a single curve quite well.

Similarly, it can be seen, both from Fig. 6 and the
Schlieren photographs, that the spanwise growth of the
boundary layer is a very weak function of x. This
suggests a normalization with a characteristic length
that is an appropriately weak function of x. To deter-
mine what power of x would achieve this, pairs of
points at constant ¢, were analyzed as previously
mentioned. The average exponent of the x-dependence
was found to be 0.21. Therefore, the data of Fig, 6 as
well as the corresponding data for a heat flux of
221 W/cm? is shown plotted against z/x'/® in Fig. 8.
It is clear that this collapses the data onto essentially
a single curve. It further implies that the spanwise
boundary layer grows about proportional to x!/°.

CONCLUSIONS

The results of the thermocouple measurements in
this study indicate that the surface temperature, t,,
directly above a concentrated heat source follows a
power-law variation with downstream distance. The
exponent of the x-dependence was found to be —0.77.
It is interesting to note that this variation of t, with x
is between that downstream of a horizontal line-source
of heat on an adiabatic surface (to—t,, oc x~ %), and
in a freely rising axisymmetric plume (o —t., oc x %)
from a point source. The flow studied here cools faster
than a plane flow, due to enhanced entrainment, but
not as rapidly as a plume rising from a point source,
in the absence of a bounding surface. That is, the
surface (in our study) limits the entrainment of cooler
fluid from the surroundings, resulting in a weaker
centerline temperature decay than for the freely-rising
axisymmetric plume.

It is interesting to compare our measurements with
the known effect of imposing a vertical, adiabatic sur-
face adjacent to a line source of heat. For these planar
plumes, the x-dependence of the temperature decay
downstream is unaffected by the presence of a surface.
The presence of a surface does, however, change the
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proportionality constant and causes the flow to cool
less rapidly. This is shown quantitatively by Jaluria
and Gebhart [6]. For moderate Prandtl number (gases
and water), the local temperature difference above the
source, fo—ty, is about a factor of two greater when
the same line source of heat is adjacent to a vertical,
adiabatic surface. However, for the non-planar flows
we considered, our measurements show that the effect
of a surface retards the temperature decay in a much
more complicated and fundamental way. The x-depen-
dence changes. The measured modification of the
x-dependence of ¢, is presumably a consequence of
three dimensional effects on heat and momentum
diffusion resulting from the imposition of a surface in
a previously axisymmetric flow.

Furthermore, it was found that when ry—1t, was
non-dimensionalized with the source temperature dif-
ference, t,—t,, the resulting variation was essentially
independent of the source heat flux. A source diameter
effect, however, was observed. In both cases the tem-
perature decayed about proportional to x™ %77, but the
proportionality constant was different for each source
size considered.

The Schlieren photographs indicate that the thermal
boundary layer grows about linearly with x in the
direction normal to the surface and very slowly in the
spanwise direction. This is consistent with the detailed
thermocouple measurements. The data shows a distinct
x dependence. Although the fluid temperature measure-
ments were restricted to moderate values of down-
stream distance, as discussed in the previous section,
the Schlieren photographs show the thermal field much
further downstream. There is, however, very close
agreement between our thermocouple measurements,
taken at moderate values of x, and the trends shown
in the Schlieren photographs. This permits the inference
that the measured temperature profiles are represen-
tative, and that their x dependence is the same over
the entire range of downstream distances considered.
Analysis of this temperature data indicates that the
normal boundary-layer thickness, J,(x), grows about
linearly with x; whereas the spanwise thickness, J.(x),
grows about proportional to x!/*. This is consistent
with the Schlieren photographs and indicates that the
preferential growth direction of the flow is normal to
the surface.

These trends were found for all heat flux levels used.
We tentatively conclude that the x dependence of
characteristic, or scaling lengths, in the y and z direc-
tions to be x and x!/, respectively. Data normalized
with these characteristic lengths is seen to collapse into
anarrow band. Our whole body of experimental results
indicated that such normalized temperature profiles
were essentially independent of heat flux over the range
3-7W/cm?. In comparison, the point-source plume
thermal boundary layer grows proportional to x!/?
and that of a line-source plume on an adiabatic surface
grows proportional to x*/.

The preferential growth of the thermal boundary
layer in the surface-normal direction is consistent with
the expected entrainment for such a flow. The entrain-
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ment of cooler ambient fluid near the- surface is
inhibited by the viscous shear force exerted on the
incoming fluid by the surface. However, fluid entrained
further from the surface is not affected so directly.
Consequently at fixed downstream location, the local
entrainment velocity at the edge (circumferentially) of
the flow region increases with increasing distance
from the surface. Therefore, the spanwise boundary
layer grows more slowly because of the relatively lower
local entrainment velocity there. On the other hand,
the relatively higher entrainment velocities at the edge
ofthe flow region, further away from the surface, results
in more rapid growth of the boundary layer in the
surface-normal direction. Although the thermal bound-
ary-layer temperature profiles were determined for two
widely different heat fluxes (2.21 and 3.33 W/cm?), the
effect of heat flux on the profiles appeared to be
negligible.

The main objective in the present work has been to
détermine fundamental characteristics of the tempera-
ture field above a concentrated heat source on an
adiabatic surface. The results, however, can also be
used to determine the heat transfer variation with
source temperature. In terms of the Nusselt number,
based on source diameter, Nu = hd/k = q"d/k(t,—t.,),
and flux Grashof number, Gri = gfd*q"/kv?, we ten-
tatively conclude that Nuoc Gri'/*, over the range
7.9 % 10* < Gr¥ £1.2x 107. We have, however, very
limited data at lower Gr}, and extensive additional
measurements are soon to be reported [17].

The measured fluid temperature profile normal to
the surface has a very small slope near the surface, which
implies that the heat transfer to the surface is very
small. This indicates that the surface used in this study
is an excellent approximation to an adiabatic surface.
From the measured surface temperature above the
source, the heat loss to the surface over the entire length
of the surface used for temperature measurements was
estimated to be less than 1.5% of the heat flux at the
source (see [16], part IT).

The results of this study serve to further the under-
standing of the nature of the thermal boundary layer
associated with the buoyancy-induced convection
above a concentrated heat source on a vertical adiabatic
surface. The thermocouple measurements are consist-
ent both with the observations from the Schlieren
photographs and with the conclusions drawn from
physical arguments about the flow. It is hoped that the
new insight gained will form a basis for further experi-
mental and analytical studies of these types of convec-
tive flows.
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CHAMP DE TEMPERATURE AU DESSUS D'UNE SOURCE DE CHALEUR CONCENTREE
SUR UNE SURFACE VERTICALE ET ADIABATIQUE

Résumeé—Cette étude présente en détail des mesures du champ de température au dessus d’une source
de chaleur trés localisée sur une surface transparente, verticale et adiabatique dans l'eau. Le type
d’écoulement est particuliérement compliqué par sa tridimensionnalité. On utilise des thermocouples de
petit diamétre pour mesurer 2 la fois la variation de la température de surface et le profil de température
dans le fluide au dessus de la source de chaleur pour une gamme de flux thermique. De plus un
systéme Schlieren est utilisé pour visualiser les couches limites dans leur étendue et leur épaisseur. La
croissance en largeur de la couche limite est relativement faible (proportionnelle & x'/*) tandis que
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épaisseur normalement 2 la surface, au dessus de la source, croit linéairement en fonction de x. En
comparant ces résultats a ceux des panaches de sources ponctuelles et linéaires, on conclut que cette
croissance préférenticlle est attribuable a l'effet de la surface sur I'entrainement du fluide ambiant. Les
mesures montrent que la température de surface au dessus de la source décroit proportionnellement a
x~%77. Ce cas se situe entre la dépendance en x du panache de source ponctuelle (x~!) et celle d’une
source linéaire sur une surface adiabatique (x~%°). Des fonctions sont déterminées qui rassemblent en
une courbe unique les mesures de température pour de nombreux flux thermiques et plusieurs positions.

DAS TEMPERATURFELD OBERHALB EINER KONZENTRIERTEN WARMEQUELLE
AN EINER VERTIKALEN, ADIABATEN OBERFLACHE

Zusammenfassung—Es wird liber detaillierte Messungen des laminaren Temperaturfeldes oberhalb einer
stark konzentrierten Wirmequelle auf einer mit MeBstellen versehenen transparenten, vertikalen,
adiabaten Platte in Wasser berichtet. Die Stromung ist dreidimensional und deshalb besonders
kompliziert. Uber Thermoelemente mit geringem Durchmesser werden sowoh! die Temperaturverteilung
in der Oberflache wie im Fluid oberhalb der Warmequelle fiir verschiedene Warmestrome gemessen.
Mit Hilfe des Schlierenverfahrens wurden die thermischen Grenzschichten in Quer- und Léngsrichtung
sichtbar gemacht. Fiir die Grenzschicht in Querrichtung ergab sich nur ein relativ schwaches Anwachsen
in Strémungsrichtung (proportional x'/°); die Grenzschichtdicke oberhalb der Wirmequelle wichst
dagegen linear mit dem Abstand x von der Warmequelle in Str6mungsrichtung an. Aus einem Vergleich
dieser Ergebnisse mit den bekannten Resultaten fir punkt- und linienformige Warmequellen wird
geschlossen, daB das bevorzugte Wachstum durch den EinfluB der Oberfliche auf das Mitreilen von
Umgebungsfliissigkeit bedingt ist. Die eigenen Messungen zeigen einen zu x~ %77 proportionalen Abfall
der Oberflichentemperatur in Stromungsrichtung oberhalb der Wirmequelle. Dieser Wert liegt zwischen
demjenigen fiir eine punktformige Wirmequelle (x~') und dem fiir eine linienféormige Wirmequelle
(x73/%) auf einer adiabaten Oberfliche. Durch geeignete Mafstabsfunktionen konnen die gemessenen
Temperaturen fiir verschiedene Wirmestrome mit Hilfe einer einzigen Kurve dargestellt werden.

TEMITIEPATYVPHOE IIOJIE HAJl CUJILHO JIOKAJIM30BAHHBIM UCTOYHUKOM
TEIUJIA HA BEPTUKAJIBHON AIMABATUYECKOW MOBEPXHOCTU

Annorauns — IIpencrapiensl noapoGHble pe3y/bTaThl H3MEPEHHH JJAMHHAPHOTO TeMIIEpaTypPHOro
MONs HaX CUIBHO JIOKaNH30BAaHHLIM MCTOYHMKOM TEIUIa, PAclOJIOXEHHBIM Ha CHaGxkeHHOM naTyu-
KaMK TPO3PavHOl BEPTHKAJILHOM alHabaTHYeCKOH MOBEPXHOCTH, NMOrpyxesHod B Bomy. Kaptuna
TEUCHHA ABIIACTCS BECbMa CJIOXHOW B CHIY TpeXMepHOCTHM 3amavd. TepMmomapamu HeGOJbLIIOro
JAHaMeTpa 3aMepaJIoCh KaK M3MEHeHHe TEeMIEpaTypbl CaMoil NOBEPXHOCTH, TaK M TEMIEPATYphI
JKHOKOCTH HaJ NCTOYHHKaMH Tenna B HCC/IENYEMOM [IHAanma30HE 3HAYCHUH HIOTHOCTH TEIJIOBOTO
MOToKa. Bu3yanu3auns KapTHHBI pacrpOCTPAHEHUA TETUIOBBIX Or PAHNYHBIX CJIOEB BHU3 I10 MJIACTHHE
¥ 10 HOpPMaJH K Helf OCYLIECTBIIANACh METONOM TeHeBoro ororpa¢uposanus. HafineHo, ¥ro Bau3
MO MJIACTHHE MOTpaHMYHBIN CIIOH PacOpOCTPaHAETCA AOBOJBLHO MEMJIEHHO, (MPOMOPLHMOHANLHO
x!/%), B TO BpeMs Kkak TOJILMHA TNOrPAHUYHOTO CJI0S HOPMAJIbHO K MOBEPXHOCTH HaJ HCTOYHHKOM
TeIIa yBENUYHBACTCA JIMHENHO C paccTosiHueM x. CpaBHEHHAE NOMTYYEHHBIX pe3yNbTaToOB C AaHHBIMH
IO KOHBEKTHBHBIM CTpyHKaM Hal TOYEYHHIMH M JIHHEHHLIMH MCTOYHHKAMH NO3BOJIMIO 3aK/IIOYUTh,
YTO 3TOT H3OMpaTENbHLIH POCT TOJILUMHBI CIOS OOBACHAETCA YBJICYEHHEM IIOBEPXHOCTBIO OKpYy-
xaroue xuakocTH. ITpoBenenHbie W3MEPEHH NOKA3aJH, YTO TEMIIEpaTypa MOBEPXHOCTH Hal HCTOY-
HHMKOM yMEHBLIAETCA MPONOPUHOHanbHO x~ 277, Dr1a 3aBUCHMOCTD NEKUT MEXKAY 3aBHCHMOCTSMH
IS KOHBEKTHBHBIX CTPYEK HAJ TOYEYHbIM MCTOMHHKOM (x~') M Hal NHHEHHBLIM HCTOYHHMKOM TEIUIa
(x~%%) Ha ammabaTuyeckoit mosepXHOCTH. TIpemIOKEHB COOTBETCTBYIOIIME NEpecyeTHbE KO3(-
($uLHEHTEI, NO3BONSIOINE ONMCATL H3MEPEHHbIE 3HAYEHHA TEMIIEPATypel WIS PA3THYHbIX IJIOTHO-
CTell TEMIOBOro MOTOKA U MECTOIONOXKEHH! MCTOYHHKA C TIOMOIBIO OJHOH KpHBOH.
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