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Abstract—Natural convection from a horizontal heated square plate facing downward in air was studied
with three different edge conditions: vertical surfaces extending up from the plate edge cooled to ambient
temperature, vertical surfaces extending up from the edge kept at the plate temperature and adiabatic
horizontal extensions next to the outer edge of the plate. The local heat flux was found by measuring the
temperature gradient at the plate surface. The average heat transfer coefficient was found from the local

values.

The average heat transfer coefficient for the heated edge was seventeen percent greater than the heat
transfer coefficient for the cooled edge. The heat transfer coefficient for the horizontal extensions was
thirty percent below that for the cooled edge.

NOMENCLATURE

g acceleration of gravity [ft/s*];

h,  heat transfer coefficient [Btu/hft® °F];
k, thermal conductivity [Btu/hft °F];

L, length of test plate [ft];

Nu,, local Nusselt number, hL/2k :
Nu,, Nusselt number averaged over plate area;
. (Tw - Tw) L3
Ra, Rayleigh number gf ————;
vt 8
T,. wall temperature [°F];
T,, ambient temperature [°F];
X, distance from centre of plate [ft] ;
o,  thermal diffusivity [ft?/h];
B, coefficient of thermal expansion [1/°R];
o,  thermal boundary layer thickness [ft];
&;, thermal boundary layer thickness at x =0

{1

kinematic viscosity [ft?/h].

=

1. INTRODUCTION
THE SOLUTION for natural convection from vertical
plates is well known. However, the problem of
natural convection from a heated horizontal plate
facing downward (or a cooled plate facing upward)
has been the subject of considerable interest and
controversy.

Wagner [1] applied the integral method of Levy [2]
for two dimensional laminar flow to obtain one of
the first solutions to the problem of horizontal plate.
Wagner assumed the fluid flowed from the center of
the plate to the edges and he also assumed that the
boundary layer thickness at the edge can be set equal
to zero. Stewartson [3] assumed the edges were
stagnation points similar to inclined plates and the

flow was from the edge toward the center. Stewartson
sites experimental evidence which shows a thicker
boundary layer at the center than at the edge to
justify his assumption. However, by ignoring vertical
velocities it can be shown from hydrostatics that the
pressure of the gas immediately under the heated
plate is higher at the center where the thermal boun-
dary layer is thicker than at the edge. This produces a
horizontal pressure gradient which moves the flow
from the center toward the edge. Gill, Zeh and del
Casals [4] and Singh, Birkebak and Drake [5] have
presented solutions which flow from the center
toward the edge using the edge condition that the
boundary layer has a zero thickness. Singh’s work is
for rectangular, square and round plates.

Singh and Birkebak [6] gave a two dimensional
solution which includes non-zero boundary layer
thickness at the edges. However, no account of pres-
sure or velocity variation due to the change in the flow
direction near the edge is considered. As the flow
approaches the edge it is constrained to be horizontal
by the plate surface, after passing the edge the flow
turns to form a vertical plume. Clifton and Chapman
[7] performed an analysis for a two dimensional
plate; the boundary layer at the eage is set equal to a
critical depth predicted by analogy to open channel
hydraulics. In the center of the plate Singh’s [6] and
Clifton’s prediction for the local heat transfer coeffici-
ent agree, but near the edge, significant discrepancies
exist.

Rotem [8] questions the use of boundary layer
approximations and uses photography to show that
the thermal boundary increases with increasing
Rayleigh number, contrary to the results of [5-7].

Clearly accurate experimental results are needed to
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resolve some of the questions raised in the analytical
works. Experimental heat transfer results are quite
difficult to obtain for this problem because of the
very modest value of the heat transfer coefficient
from the horizontal surface. Heat losses through side
walls and the plate supporting structure can be of the
same ordei of magnitude as the heat transferred to
the test plate. In addition, when the plate is used in
air radiation heat transfer is significant: at low plate
temperatures radiation absorbed from the surround-
ings is important, when the plate temperature is
clevated, radiation emitted by the plate becomes
important relative to convection. Therefore, it is
difficult to accurately determine the net convective
heat flux from the test plate by a heat balance.

Saunders, Fishenden and Mansion [9] measured
the heat flux for a thin horizontal rectangular plate
heated simultaneously on the top and the bottom in
air. The average temperature gradient along the
bottom surface was measured optically. It is likely
that flow induced by the upper heated surface effected
the results near the edge of the lower surface. Fuji
and Imura [10] used parallel vertical side walls
extending down from two sides of a heated horizontal
rectangular plate in water in an attempt to create
two dimensional flow. Since the distance between the
side walls is one half the plate length the side walls
effected the measurements: when the rectangular
heated plate was turned to the vertical position the
measured Nusselt number was seven per cent lower
than theoretical value. Clifton, Allen and Erickson
[11] used an energy balance to find the average
Nusselt number for a horizontal heated plate. Details
of the data reduction is not given but the scatter in
the results points up the problems inherent in the
heat balance method. It is not certain if the heated
side walls of the horizontal plate were exposed or
insulated for the tests in air. The results tend to fall
ten percent below McAdams suggested correlation
[12] based on Saunders data.

Abdulkadir [13] suspended a square horizontal
plate in water. The vertical walls extending up from
the edges of the plate were cooled by a water jacket
to keep the wall temperature close to ambient. The
water jacket overhung the edges of the plate some-
what. The average Nusselt number was determined
by an energy balance. The results show considerable
scatter probably due to the inaccuracies in estimating
the heat flux to the cooling jacket. The local Nusselt
number was found by measuring the local tempera-
ture distribution in the boundary layer and fitting the
result to the form of temperature profile assumed by
Singh [5]. The back of the test plate was grooved to re-
duce the longitudinal heat conduction and caused the

temperature 1o vary considerably over the surface of
the plate. The boundary thickness was observed by
using neutral density particles in water and by ob-
serving fog formation over a cooled horizontal plate
facing upward.

Recently, Aihara, Yamada and Endo [14] mea-
sured the velocity distribution and temperature
distribution under a heated rectangular plate. Their
result closely agreed with the predictions of [6] near
the center of the plate. Close to the edge the measured
heat transfer coefficient is much higher than predicted
[6]. The plate was heated on both sides and on the
edge. this will cause a higher heat flux near the edge.

Aihara et al. carried their velocity measurements
outside of the thermal boundary layer where they
measured an appreciable horizontal flow from the
edges toward the center.

To date the questions concerning hcat transter
from a horizontal plate have not been accurately
answered by the experimental results. This study is
an attempt to provide some of the needed experimental
information. In particular, the effect of edge conds-
tions on the heat transfer from the plate surface is
systematically studied. A heated square plate facing
downward in air was used with three edge conditions:
vertical walls extending up from the edge cooled to
ambient temperature, vertical walls extending up
from the edge heated to the plate temperature and
adiabatic horizontal extensions added to the outer
edge of the plate. The latter geometry although a
rather extreme end condition, is the configuration
used for a glass fiber spinning apparatus.

2. EXPERIMENTAL

Apparatus

A horizontal heated plate was placed face down in
air contained in a large box (4 x 4 x 5 ft) with an
open top. The sides of the box were closed to prevent
extraneous convection. A square copper plate7 x 7 x 1
in. was used for the heated surface. The plate was thick
1o assure temperature uniformity over the test surface.
Also threaded holes for the support bolts did not
extend down to the lower surface and thereby distort
the temperature uniformity. Seventeen thermocouples
were placed in the plate at the lower surface. The plate
was electrically heated by strip heaters: the heaters
near the edge could be controlled independently of
those in the center. Insulation and guard heaters were
placed above the strip heaters. Thermocouples were
placed on the support bolts near the plate heaters
and near the guard heaters.

The three edge geometries used are shown in Fig. L.
In the first configuration, Fig. 1a, water cooled copper
coils were placed around the four sides of the copper
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FiG. 1. The three edge configurations used in the present investigation, (a) Cooled sides, (b) Adiabatic
extension, (c) Heated sides.

plate. The outside surface of the coils was covered
with an aluminium plate. Thermocouples placed on
the aluminium plate indicated that the sides always
stayed within four degrees of ambient. A small over-
hang along the plate edge was needed to insure that
the aluminium plate at the bottom was in contact
with a cooling coil. The space between the coils and
the test plate was filled with fiberglas insulation.

Figure 1b shows the second configuration. The
cooiling jacket was removed and asbestos extensions
were added so that the outer edge of the extensions
formed a square twelve inches on a side. The asbestos
plates were carefully leveled with respect to the lower
plane of the test plate. A very small gap, approxi-
mately 0-030 in., was left between the asbestos and
the copper plate at the lower plane to minimize heat
transfer to the edge of the asbestos. A second layer
of asbestos (see Fig. 1b) touched the copper surface.
Vertical side walls were placed at the outer edge of
the extensions and the space inside the side walls was
filled with fiberglas insulation.

In the third configuration, the sides of the plate
were bare and vertical asbestos side walls were placed
above the plate, Fig. 1C.

A very fine chromel-constantan thermocouple
with a seven mill bead diameter was used to measure
the temperature distribution in the boundary layer
below the plate surface. The probe is shown schemati-
cally in Fig. 2. An electrical circuit was used to deter-
mine when the bead made contact with the plate
surface. Optical measurements were not used because
of possible scintillation effects. In addition to the
probe, several thermocouples were kept inside the
enclosure to monitor the ambient temperature.

Test procedure

The ambient temperature within the box and the
plate temperature was monitored, when these tem-
peratures did not change with time at a constant
power input conditions were considered to be in
steady state. After steady state conditions were
achieved the temperature distribution across the plate
surface was determined. The maximum temperature
difference between the thermocouples in the plate
was onc half degree Fahrenheit. This difference is
insignificant in comparison to the plate to ambient
temperature difference which ranged from 50 °F to
230 °F. The plate was then checked to be sure the
bottom surface was still horizontal with a precision
water bubble level. The current to the guard heaters
wasadjusted so that the temperature difference between
the guard heaters and plate was as small as possible.

Starting at the plate surface, the probe was traversed
vertically downward and temperature measurements
were made at each 0-005 in. interval. At least five
intervals were used to determine the temperature
gradient of the air at the plate surface. The thermal
boundary layer thickness was determined by trans-
versing the probe downward until the difference
measured temperature and ambient temperature was
approximately 0-2°F. It was difficult to accurately
determine this location due to fluctuations in the
temperature near the outer edge of the boundary
layer. The boundary layer thickness and the air tem-
perature gradient at the plate surface were measured
at eight locations across the plate surface lying on a
straight line from the center to the middle of one of
the sides. Measurements were also made at six
locations lying on a diagonal in three different tests.
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F1G. 2. Schematic of the temperature probe.

One measurement was made on the other half of the
plate surface to confirm that symmetry existed.
During all tests the ambient temperature varied by
less than two degrees Farenheit. For the configura-
tion with water cooled sides, shown in Fig. la, the
cooled water flow rate and temperature rise were
measured.

Calculations

The data taken with the probe was used to calculate
the temperature gradient in the air at the plate surface.
Since all of the measurements were kept close to the
plate surface, at distances less than 4 per cent of the
boundary layer thickness, the measured temperature
distribution was linear. Radiation corrections to the
probe readings were negligibly small. The local heat
transfer coefficient was calculated for eight locations
across the plate surface. In three tests, measurements
at six diagonal locations and six lateral locations lying
on a line from the center to the middle of one side
were made. The uncertainty in the measured heat
transfer coefficient was less than 2 per cent.

The heat transfer coefficient averaged over the
entire surface was calculated from the local heat
transfer coefficients assuming that constant coeffici-
ents form a square around the center of the plate.
With this assumption the average coefficient based on
the lateral measurements was within 1 per cent of the
average coefficient based on the average of lateral

and diagonal measurements.

The average heat transfer coefficient can also be
found from an energy balance. The emissivity of the
plate was chosen so that the average heat transfer
coefficients found by summing the local coefficient
over the plate area agreed as closely as possible with
the results from the heat balance for all of the tests
with one edge configuration. The emissivity was
assumed to obey the Hagen-Rubens emissivity
relation but otherwise to remain constant from test
to test. For some of the tests the average coefficient
calculated from an energy balance disagreed with the
average coefficient calculated from the local coeffici-
ents by as much as 15-20 per cent. The large scatter
in the energy balance results from uncertaintics in
the calculation of heat transfer to the cooling coil,
heat transfer between the plate and guard heater, and
miscellaneous heat losses. Therefore the results of the
energy balance were discarded and all of the average
heat transfer coefficients presented in this paper are
averaged local values. Although the local heat transfer
coefficients are tedious to obtain, they yield accurate
values for the average heat transfer coefficient.

In reducing the results to dimensionless form, the
properties in the boundary layer were evaluated at
the reference temperature recommended by Eckert
and Drake [15]

T, — 038(T, — T,).
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3. RESULTS
The experimental results of the present work for
water cooled vertical sides is compared with Abdul-
kadir’s results and the theories of Clifton and Singh
on Fig. 3. In the center of the plate, the present results
are in remarkably good agreement with Singh’s results
for a square plate [S]. The agreement breaks down
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FI1G. 3. Local Nusselt number distribution with cooled sides.

Ra
V166 x 10° O 258 x 10°
> 184 x 10° m 26 x 10°
A 212 x 108 ® 293 x 10°
<319 x 108
O Abulkadir [13] square plate in water

Singh [5] square plate
——— Singh [6] semi infinite plate, Pr = 0-7
- ——— Clifton [7] semi infinite plate

near the edge because of the erroneous theoretical
assumption of zero boundary layer thickness at the
outside. The disagreement at the outer portion of the
plate surface where the plate area is largest results in
a significant error in the predicted value of the average
heat transfer coefficient. The theoretical results for a
semi-infinite strip with non-zero boundary layer
thickness at the plate edge underpredicts the heat
transfer coefficient. This is in agreement with [5]
which showed that a semi-infinite strip should have
a lower heat transfer coefficient than a square plate
at the same Rayleigh number. To date, analytical
results for a square plate with a finite boundary layer
thickness at the edge have not been obtained.

The thermal boundary layer thickness across the
plate is compared to the available theories on Fig. 4.
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FIG. 4. Thermal boundary layer thickness with cooled sides.
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F1G. 5. Local Nusselt distribution for three edge conditions.

Singh [5] square plate
-~ — Clifton [7] semi-infinite plate
Ra range
O Heated sides 202 x 10°-2:86 x 10°
A Cooled sides 1:66 x 10°-3-19 x 10°
<> Adiabatic extensions 198 x 10°-2:93 x 10°
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Again there is a large disagreement between the mea-
surements and the theory necar the plate edge. The
scatter in the data reflects in part the uncertainty in
measuring the boundary layer thickness: it also sug-
gests that the form of the non-dimensional boundary
layer thickness is not entirely corrent.

The local heat transfer coefficient for heated sides
and for adiabatic extensions are compared with the
values for water cooled sides in Fig, 5. Changing the
edge conditions appreciably changes the heat transfer
over the entire surface of the plate. The heated sides
augments the vertical plume rising from the side of
the plate. The plume tends to draw the horizontal
layer around the corner of the plate faster. Figure 6
bears this out, the boundary layer at the edge of the
heated plate has been thinned and therefore acceler-
ated by the action of the plume. The influence of the

878,
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FI1G. 6. Thermal boundary layer thickness for cooled sides
and heated sides.

-~ - Clifton [7] Semi infinite plate
——— Singh [5] square plate

Cooled sides Heated sides

7 Ra= 166 x 10° O Ra =202 x 10°
A 212 x 10° [ ] 2:44 x 10°
[ 2:58 x 10° | ] 270 x 10°

293 x 10° L 2 2-86 x 10°
D 319 % 10° A 281 x 10°

heated sides is accentuated in this experiment by the
large arca of the sides. equal to 59 per cent of the
horizontal area.

The boundary thickness at the center of the plate is
given in Table 1. Although it is impossible to define
a hydrodynamic boundary layer at the plate center,
a well-defined thermal boundary layer exists. At high
Rayleigh numbers the heated sides cause a decrease

FRANCISCO RESTREPO and LEON R. GLICKSMAN

Table 1. Boundary fayer thickness at the center of the plate

Cooled sides Heated sides  Insulated extensions

S(in.) Ra a(in) Ra d(in.) Ru
083 1-66 -10° 081 2202 x10° 094 242 <10°
082 212 075 244 -8 292
0-80  2-58 0-68 270
0-76 293 (-38  2.86

319 55 281

0-68

in the boundary layer thickness over the entire plate
surface. The results shown in Table | reaffirm that
the boundary layer thickness decreases with increas-
ing Rayleigh number. The thickness of the boundary
layer. almost one quarter of the plate half width, does
bring into question some of the usual boundary layer
assumptions. However, the agreement between the
test results and the theory based on the boundary
layer assumptions tends to answer this question.

It 1s doubtful if the geometry at the outermost edge
of the plate has a significant influence on the flow
since the boundary layer thickness is much greater
than the radius of curvature.
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Fi. 7. Thermal boundary layer thickness with adiabatic
extensions.

The addition of the horizontal extensions on the
sides of the plate reduce the heat transfer coefficient
by 25 per cent or more. This can be largely attributed
to the increased flow resistance. The unexpected
behavior of the boundary layer for this case is shown
in Fig. 7. The boundary layer decreases in thickness
from the center to the edge of the heated plate. Over
the insulated section the boundary layer tends o
grow again. The growth may be due to an interaction
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FIG. 8. Average Nusselt number vs Rayleigh number for square plates and rectangular plates.

Singh [5], ——-—- McAdams [12], ———- Clifton, —--—- proposed correlation.

{Clifton [7] rectangular plate in air, ® Abdulkadir [13] square plate in water, @ Aihara [14]

rectangular plate in air, W present data, use of extensions, A present data, heated sides,
O present data, sides at ambient temp.

141

with the reverse flow originally outside the boundary
layer or a redistribution of the velocity and tempera-
ture profiles.

The average Nusselt number for the heated plate is
shown on Fig. 8 with other available data and some
of the correlations proposed in the literature. The
present data for a horizontal plate facing downward
with cooled sides is correlated by

Nu = 0-587 Ra*. (1)

It is unfortunate that more accurate data for water
is not available to evaluate the proposed correlation
at high Rayleigh numbers. The data for heated sides
is correlated by

Nu = 0-68 Rat 2)
while the data for the horizontal extensions is corre-
lated by

Nu = 0-41 Ra*. (3)

With the limited range of Rayleigh numbers
explored in this investigation and the absence of
accurate data at higher Rayleigh numbers in the
literature, the exponents used in equations (1)(3) are
open to question especially if the correlations are
extrapolated to higher Rayleigh numbers. The values
of the exponents were chosen to agree with the
theoretical values.

CONCLUSIONS
The conditions at the outer edge of a heated

horizontal plate facing downward have a first order
influence on the thermal boundary layer shape and
heat flux distribution over the entire heated area.
Previous experimental investigations have used a
variety of edge conditions making it difficult to obtain
a single accepted correlation for the resuits. The
available theoretical treatments do not consider the
conditions at the edge in detail and the predicted
behavior in the outer portions of the plate is approxi-
mate at best.

The boundary layer thickness approaches one
quarter of the plate half width for this experiment.
The usual boundary layer assumptions are open to
question for these conditions. However, the generally
good agreement between the data and theories based
on the boundary layer assumptions near the center of
the plate and the disagreement near the edges indi-
cates that the edge conditions are the most important
source of errors in the available analysis.

The difficulty in correlating available experimental
results is compounded by the large uncertainty limits
inherent with many of the techniques used to measure
the heat flux. Energy balance methods are particu-
larly error prone ; measurements of local temperature
gradients must be made to accurately determine the
total heat flux from the plate surface.
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EFFET DES CONDITIONS DE BORD SUR LA CONVECTION NATURELLE SUR UNE
PLAQUE HORIZONTALE

Résumé —On étudie la convection naturelle sur une plaque chaude horizontale tournée vers le haut dans
I’air. avec trois conditions de bord différentes: surfaces verticales 4 la température ambiante surfaces
verticales a la température de la plague. surfaces horizontales adiabatiques dans le plan de I plague. On
détermine le flux de chaleur local en mesurant le gradient de température 4 la surface de la plaque. Le
coefficient moyen de convection est obtenu & partir des valeurs locales.

Le coefficient moyen de convection pour le bord chauffé est supérieur de dix sept pour cent a celui qui
correspond au bord froid. Pour I’extension horizontale de surface, ce coefficient est inférieur de trente pour

cent & celui relatif au bord froid.

DER EINFLUSS DER RANDVERHALTNISSE AUF DIE NATURLICHE KONVEKTION
EINER HORIZONTALEN PLATTE

Zusammenfassung- - Es warde die naturliche Konvektion an einer horizontalen, an derUnterseite beheizten
quadratischen Platte, in Luft unter drei verschiedenen Randbedingungen untersucht: Kihlung der
senkrechten Mantelfliche am Plattenrand auf Umgebungstemperatur, Aufheizung der senkrechten
Mantelfliche am Plattenrand auf die Temperatur der Platte und adiabater horizontaler Verlauf in der
Nihe des dusseren Plattenrandes. Der 6rtliche Wiirmefluss wurde durch die Messung des Temperatur-
gradienten auf der Plattenoberflache bestimmt. Der Wittlere Wirmetransportkoeffizient wurde aus den
Srtlichen Werten ermittelt.

Der mittlere Wirmeiibergangskoeffizient fiir den beheizten Rand war um 17%] grosser als der fir
gekiihlten. Der Wirmeiibergangskoeffizient fiir den adiabaten Verfaul lag 30%, unter dem des gekithlten

Randes.

BJAUAHUE VCTOBUNM HA KPOMRE ILTACTUHDLL HA ECTECTBEHHYIO
KROHBERLUIIO OT I'OPU3OHTAJBHON MMIACTHUHEI

Apnoramusg—UccienoBasacey ecrecTBeHias KOHBERIINH 0T o0panieoil BHUB Harperof
POPUBOHTAMBHON KBAAPATHOM 11TACTUHEL B BOZIYXE MPU TPEX PARTHULLIX YCOBHAX HA KPOMKE ©
MOBEpXHOCTH BEPTHKAALHOTO BEICTYITA HA KPOMKE ILIACTHHS! OXITRHRIAIUCE A0 TEMIEPATYPLL
OHpYaAIOIIel CPeIH ; TeMIIePATY Pa MOBEPXHOCTH BEPTHRAILHONO BHICTYIIA HA KPOME YJIACTHHEL
MOAAEepPHUBAIACE PABHOM TeMrepaType ITACTHHLL; HA POPU3BOHTANLHBIX BRICTYTIAX KPOMEKH
O7IaCTUHEL COBABATIMCH ajuadaTiHueckue yCeaoBIsl. SHAUCHIIT JORAJIBHOIO TETNIOBOTO IIOTOKA
HAXOUJINCT, 110 JaHHBIM H3MepeHHIl TeMIeparTypHOro FpaAleHTa Ha HHOBEePXHOCTH NIACTHHLL.
ITo mouambILIM BHAYEHUAM M01YYeHO Cpemiee sHaveHne Kop(HIUITIEHTA NepeIoca Teia.
Cpeanee 3Hadedne KoapHUIMEHTA TeiootMeHa LA HArpeToil KpoMku Obimo ma 177,
Gosipriie, 4YeM A oxJampaeMoil kpomku. Haiipeno, 4ro ROIPPUITHEHT TETITOOLMEeHA LI
FOPMROHTATILHEIX BRICTYTIOB HA 300, uuke 3HAYEHHH JIF OXIAKIAeMOl KpOVRIL.



