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Abstract— An experiment has been made on quasi-two-dimensional, free convection heat transfer from
a heated horizontal plate of Rayleigh number of the order of 107 in air; the velocity and temperature
fields near the downward-facing surface have been measured. The velocity profile was found to be of the
dual-flow type, and the possibility of obtaining similarity solutions for the present problem was also
experimentally denied. The practically applicable range of boundary-layer approximation is discussed,
and the local and average Nusselt numbers are compared with theoretical and experimental results
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reported by others.

NOMENCLATURE
one-half of the plate width [m, unless
mentioned specially] ;
gravitational acceleration [m/s?] ;
Grashof number, gf(0,, — 0 )a®/v?;
distance of two images of the same
particle on a photograph [m];
magnification of an image on a
photograph to the real object ;
interception frequency of a rotating
disk shutter [Hz] ;
local Nusselt number, o, a/4;
Prandt]l number ;
Rayleigh number Pr Gr;
Cartesian coordinates [m, unless men-
tioned specially], see Figs. 1 and 2;
position of the maximum velocity [m,
unless mentioned specially] ;
velocity in the x-direction [m/s, unless
mentioned specially] ;
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maximum velocity in the x-direction

[m/s]:

local heat transfer coefticient
[W/m*degC] ;

thermal expansion coefficient

[1/degC];

position of the inversion layer [m] ;

thickness of the thermal boundary

layer defined as distance from plate

at which ¢ = 002 [m]:

theoretical thickness of the boundary

layer [m];

stationary-layer thickness defined by

equation (5) [m] ;

boundary-layer thickness in the bi-

quadratic-equation approximation of

temperature profile {[m];

temperature [degC] ;

thermal conductivity [W/m degC] ;

kinematic vescosity [m?/s];
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@, dimensionless temperature,
(0 - Gr)/(aw - 600)*
Subscripts
W, wall conditions;
N ambient conditions.
Superscript

-, average value.

1. INTRODUCTION

FroM the viewpoint of a convective motive
force, free convection along the downward-
facing surface of a heated horizontal plate* is a
peculiar phenomenon. Namely, in the usual
free convection the buoyancy force component
directed tangent to the surface of a body acts
as the convective motive-force; however, in
the case of free convection along a horizontal
plate, the hydrostatic pressure gradient in the
direction normal to the plate is first induced,
and then its horizontal gradient acts as the
direct motive-force of convection, as pointed
out by Yamagata [1]. Consequently, the bound-
ary layer has the maximum thickness at the
plate center and the minimum thickness at the
plate edges.

From interest in such peculiarity, the present
problem has been hitherto studied extensively.
Namely, experimental investigations of free
convection heat transfer from a square or
rectangular plate have been carried out by
Weise [2], Kraus [3], Saunders et al. [4], and
Birkebak et al. [5]; as for the average heat
transfer coefficient for the upper or the lower
surface, an empirical formula of Fishenden
et al. [6] is generally utilized. The theoretical
study was initiated in 1955 by Sugawara and
Michiyoshi [7]. Although they attempted an
analysis in the style of Hermann by approxi-

* Free convection along the upward-facing surface of a
cold horizontal plate is phenomenally the same as the
present problem; however, for convenience. the downward-
facing heated surface alone will be considered in this report.

T. ATHARA, Y. YAMADA and S. ENDO

mating geometrically the horizontal plate by
an ellipse of large eccentricity, the convective
motive-force adopted was different from the
one for the horizontal plate. Subsequently,
Stewartson [8] and more correctly Gill et al. [9]
have shown that the similarity solutions can
not be obtained for free convection along an
isothermal or constant flux, heated downward-
facing surface.t On the other hand, approximate
solutions by integral method have been reported
successively by Wagner[11], Singh et ol. {12, 13],
Clifton et al. [14], Yamagata [1], and Fujii
et al. [15], avoiding the mathematical difficulty.
The validity of these approximate solutions
depends on the boundary condition at the plate
edge and the velocity and temperature profiles
assumed in the respective analyses; therefore,
some experimental verifications are desirable.
However, no experiment corresponding to the
two-dimensional theory has been reported yet.

From the above-mentioned viewpoint, the
present study has been carried out to investigate
thelaminar free convection along the downward-
facing surface of an isothermal horizontal plate
by measuring carefully the velocity and tem-
perature fields, and to explore the practically
applicable range of boundary-layer approxima-
tion and the possibility of obtaining a similarity
solution. The experiment was made at two
temperature levels with a plate 250 mm wide
and 10 mm thick in air, contriving to obtain
the two-dimensional flow possible.

2. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Test plute and free convection chamber
Figure 1 illustrates the construction details
of a test plate. A test plate (1) was a rectangular
brass plate with completely parallel surfaces of
waviness of 30 u, which had several long holes
for inserting thermocouples and nichrome wires.

t As for an upward-facing beated surface, similarity
solutions have been obtained 18-10}, provided a stable
laminar boundary layer exists.
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A 032 mm dia. nichrome heater (@) insulated by
porcelain tubes of 1 mm o.d. was inserted in the
plate (1) as shown in the figure; the inserting
mouths were sealed with brass side-pieces @),
which were press-fitted to the plate (1), inter-
posing soft copper foils 30 u thick to reduce
the thermal contact resistance. Through small
holes in these side-pieces (2), the 0-32 mm dia.
copper current leads (5) were brought out.
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chamber () as shown in Fig. 2. The convection
flow was restrained two-dimensionally by hold-
ing vertically flat plate glasses 2 mm thick
as side walls parallel to the short sides of the
test plate 2). The velocity and temperature
fields were measured over the xy plane at
z=0; this plane will be designated ‘test
cross-section” in the following. The thickness
of insulation pieces (3) interposed between the

Fi1G. 1. Sectional details and characteristic length of test plate (units of dimensions:
millimeters).

The preliminary measurements of the tem-
peratures at twenty-five representative locations
on both the upper and lower surfaces of the
test plate showed that the temperature distri-
butions were within 0-8 per cent of (4, — 6_)
over the range of — 1 < z/a < 1 at two tempera-
ture levels. On the basis of this fact that the
isothermal condition was almost satisfied, the
average plate temperature 0, in the subsequent
experiment was estimated from the measured
values of 01 mm dia. copper—constantan
thermocouples (3) embedded at two locations
on the lower surface of the plate. The lead
wires of these thermocouples were insulated by
porcelain tubes, and brought out through small
holes (6) in the plate (©).

The test plate was suspended horizontally
within a slope of £ 10™* in a wooden convection

side walls and the test plate were successfully
adjusted, about 3 mm, so as to make the vertical
temperature distribution of the plate glasses @)
equal to that of the convection flow and to reduce
a secondary flow due to the side walls. Conse-
quently, the almost satisfactory two-dimensional
flow was obtained on and near the test cross-
section as shown in Fig. 3 of streamline photo-
graphs, which were taken by the method
described in Section 2.2 with a light beam
parallel to the z-axis.

Ambient air temperatures 6, in the convec-
tion chamber were measured with a 50 pu dia.
copper—constantan thermocouple at a position
91 mm below the test plate ; the vertical gradient
of 0, was within 0-0015°C/mm for y < 09 m
according to the preliminary experiment. These
temperatures were measured to an accuracy of
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FiG. 2. Arrangement of velocity-measuring apparatus and
convection chamber (units of dimensions : millimeters).

0-1°C by a d.c. potentiometer and a galvan-
ometer.

2.2 Meausurement of velocity field

The velocity field was measured by utilizing
photographs of the trajectories of fine particles.
As shown in Fig. 2, after thermal equilibrium
was established, fine zinc stearate particles
were suspended in air by a stirring type, con-
tinuous fluidized bed @3 and conducted through
an acrylic-resin duct ¢2 into the convection
chamber at a low velocity of 5mmy/s for
about 10 min. Then, the operation of an air
blower {4 was stopped and a flap @9 was
closed ; the particles in the convection chamber
were left to settle down under the gravity force
for 60-90 min. The microphotographic observa-
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tion indicated that the sizes of the majority of
the remaining particles were within 2-6 pu after
this procedure. In addition, the satisfactorily
stable flow field could also be obtained by this
settling procedure.

A light beam emitted by a super high pressure
mercury lamp @) (arc: 025 x 025 mm, average
brightness: 1-7 x 10° cd/cm?) was intercepted
periodically by a rotating-disk shutter (6) and
focused on the plate center by a cylindrical lens
(3 of 55mm dia.; furthermore, a portion of
this light beam was reflected by a plain mirror
5 mm wide D) so as to increase the intensity of
light. Photographs of the trajectories of particles
passing through this high-intensity light beam
were taken on films with a speed of 400 A.S.A.
with a camera (3 by using exposures of 1s for
measuring velocity and of 5-10s for the flow
pattern; and the development of films was
sensitized enough (estimated at 4000 A.S.A)).
At this time, the photograph of a 50 dia.
constantan wire with three marking knobs
stretched horizontally at a position 60 mm
below the plate (2) was simultaneously taken as
a reference mark to determine the magnification
of photograph m(=2) and the origin of coordi-
nates (x,y). The rotating shutter (6) was a
toothed disk which had several radial slots
with a on—off ratio of 1:3 or 1:7 and was driven
by a 20 W synchronous motor.

In order to restrain the effect of electrostatic
field, the interior of the convection chamber
was lined with aluminum foil, which was
connected electrically with the test plate (2), a
120-mesh wire screen (1 and the apparatus for
optical system (6)(7)¢3 and then was earthed
together. For the purpose of restraining stray
reflection, this interior was further lined with
flat black papers, and the inner surface of the
side wall glass (¥ opposite to the camera was
painted black.

Figure 4 illustrates a typical photograph of
the particle trajectories near the free edge
obtained in the above-mentioned way. By
measuring the distance ! of two images (an
average of three or four images in the case of
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FiG. 3. Photographs of the streamlines along a cross-section, parallel to the yz
plane and perpendicular to the test cross-section.
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FiG. 4. Typical photograph of particle trajectories near the free edge of test plate (4, — i, — 55:2°C,
interception frequency = 50 Hz, time of exposure = 1 s).
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FiG. 6. Streamlines of a typical asymmetrical flow near the downward-facing surface
(Bu— 8o = 55-2°C, time of exposure = 1 s).
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Fi1G. 7. Streamlines of a typical symmetrical flow near the downward-facing surface
(B — B, = 55:2°C, time of exposure = 10 s).



bamboo .fork

|

\bakelife frame

F1G. 21. Buoyant plume from a temperature probe (§.. — 6, = 100°C).
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low acceleration) of the same particle on such
a photograph, the horizontal velocity u at
the middle point can be determined by

u = IN/m, (1)

where N is the interception frequency of the
disk shutter, which was suitably selected from
among 892, 25 and 50Hz according to the
particle velocity. The velocity at any point
(x,y) is estimated by interpolation from the
velocities for the two nearest points, on an
assumption that the particles are constantly
accelerating.

By the way, the maximum indeterminant
error for the present measurements is predicted
to be of the order of &+ 0-27 per cent in x/g, of
1 0-1mm in y, and of £ 52 per cent in u from
the error analysis described in Appendix 1.
However, since the average of the two or three
measured values is used in the following
analysis, the experimental scatter was much
smaller than the above-mentioned errors.

2.3 Measurement of temperature field

It was first attempted to measure the tem-
perature distribution in the boundary layer
with a 25 p dia. thermocouple stretched between
bamboo forks attached to a bakelite frame, the
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construction details of which are described in
reference [16]. However, since a buoyant plume
from this bakelite frame disturbed remarkably
the boundary layer as described in Appendix 2,
such a method as shown in Fig. 5 was finally
adopted to avoid the disturbance.

A 25 u dia. chromel-alumel thermocouple 3)
for temperature measurement was bonded at
points B and B’ to 0-1mm dia. enameled
constantan wires (2), one end of which was
joined to the closed end C of a 10 mm dia.
stainless tube (1), and the other ends were
pulled by dead weights (about 0-2 kg each) (@),
touching the test plate (5 at points A and A’
and passing through standing blocks (6). The
BB'-direction component of the tensile force
acting on the constantan wires @) served to
stretch the thermocouple (3) parallel to the test
plate without sagging. The stainless tube () was
attached, through an airtight mechanism, to a
vernier traverse-device with 1/50 mm division
outside the test chamber so as to be capable of
moving the thermocouple (3 without any
disturbance. Its thermal electro-motive forces
were printed on the strip-charts of a self-
balancing electronic recorder against the occur-
rence of the so-called swaying motion.

Now. if the joint end of the constantan wires

FiG. 5. Arrangement of temperature-measuring apparatus
(units of dimensions: millimeters).
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() is vertically moved down from point C’, at
the same level as the origin 0, to a point C by a
distance L, then the hot junction of thermo-
couple J moves to the position (x;, y;) given by

yi=L(1 -CIWICM? + ]), (3

where CJ and C'M are the line segment CJ and
line segment C'M in Fig. 5 respectively. There-
fore, as the hot junction J parts from the plate
surface, the position of the hot junction x;
deviates from its initial position x(= C'M — g
— CJ). Taking consideration of this point for
the case of ¢ < 06, the temperature at any
point (x, y} was estimated from dimensionless
isotherms which were drawn by using the
temperature data obtained in the above-men-
tioned way.

The maximum indeterminant error for these
temperature measurements was predicted to
be of the order of * 0-6 per cent in boundary-
layer temperature and of = 0-1 mm in position

(x, ).

3. RESULTS AND DISCUSSION

3.1 Flow patterns near the downward-facing

surface

It was found that unlike the ordinary free
convection around a body, the velocity field
near the downward-facing surface of a hori-
zontal plate is rather unstable, and that the
completely symmetrical flow is not always
obtainable over the whole region. Namely,
the symmetry of the flow is apt to be marred
by such disturbance sources as a faint “hot
spot” as described in Appendix 2, an asym-
metrical distribution of the wall temperature
of the convection chamber, and a little slope of
the test plate etc.*; in the worst case, the flow
pattern becomes one as illustrated in Fig. 6.
However, the flow in the boundary layer,

* To an asymunetrical heated platc as reported by Fujii
et af. {17]. the corresponding flow is always asymmetrical.
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particularly in the vicinity of the free edges. is
comparatively stable ; if such disturbance sources
are got rid of by careful procedures, the nearly
symmetrical flow can be attained over the
whole region. So in the present report, the
measured values for this symmetrical flow
alone are adopted.

Figure 7 illustrates a typical symmetrical
flow near the downward-facing surface. Some
traces of a swaying motion [18, 19] occurring
during an exposure time of 10s are observed
near the plate center (x = 0); however, the
majority of fluid flows almost horizontally
from the right and left toward the plate center
and flows out from the free edges after changing
its course by 180° at the outer portion of the
boundary layer. This “inversion of flow” seems
to be peculiar to the heated downward-facing
surface, because it was also observed on
Birkebak et al’s experiment {5] made with a
downward-facing square plate with the vertical
insulation walls on the edges in water. Then, a
position near the plate at which the horizontal
velocity u is zero will be termed “‘inversion
layer’ in the following.

3.2 Velocity profiles and position of the inversion
layer

The velocity distributions were measured at
two temperature levels of (G, — 0,) = 552°C,
corresponding to Ra = 820 x 10°,and 104-0°C,
corresponding to Ra = 1-17 x 107, The results
are shown in Figs. 8 and 9 it may be seen that
with increasing x/q, the position of inversion
layer approaches the wall and the flow is
accelerated. Solid curves in these figures are
plots of Singh et al’s approximate solution by
integral method [13] expressed as

27 Y
U= s (;) (1 - ;) fory < d,.
th th (4)

=0 for y > 8,

where u,,, is the maximum velocity, and J,,
the boundary-layer thickness. The measured
position of the maximum velocity is considerably
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nearer to the wall than the theoretical position
for every x/a, as may be seen from the figures.
Such a tendency is usually observed in case of
solving a free convection problem by integral
method ; however, the present tendency seems
to be attributed partly to the fact of dual-flow*
being neglected in their theory.

Figure 10 shows the maximum horizontal
velocity u,,,, in a dimensionless form derived
by examining the pertinent boundary-layer
equations; the measured values become greater
than the theoretical values on the basis of
boundary-layer approximation as the x/a value
exceeds about 0-8. The fluid properties in the
present report are evaluated at the film tem-
perature: (0, + 6.)/2, unless mentioned
specially.

Figure 11 presents the respective distributions
of the position of inversion layer J,,, and the
position of the maximum velocity y,,; with
the use of these dimensionless groups, the
effect of the temperature difference (9, — 6,)
almost disappears. It is noteworthy that in
spite of the remarkable difference in y,,
between the theory and the experiment, the
measured positions of inversion layer §,,, are
nearly equal to the boundary-layer thickness,
d4, Obtained by integral method. The values of
dinv/a in the present experiment are about
0-15 for x/a = 0-8 and 0-09 for x/u = 1.

In Figs. 12 and 13, the velocity profiles are
plotted in a dimensionless form based on the
maximum velocity u,,, and its position ym..
obtained above. For the range of y/yn.. less
than about 1, it seems possible to represent the
measured velocity profiles by a single average
curve; however, for y/y... greater than 1, no
similarity between them appears to exist and
the velocity profiles differ individually for
each x/u and each Ru. It is particularly note-
worthy that 6;,./Vma.x tends to increase as x/a
exceeds 0-6. These experimental facts support

* For example, a2 similar tendency has been also ob-
served in the inversion flow near the lower stagnation
point in free convection around a horizontal torus 120].
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FiG. 10. Dimensionless maximum horizontal velocity vs. x/a.

the validity of Gill et al.’s theoretical conclusion
[9] that the similarity solutions cannot be
obtained for free convection along a downward-
facing, isothermal, heated surface.

3.3 Temperature field in the boundary layer
The temperature distributions in the boundary
layer were measured at two temperature levels
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Fic. 11. Distributions of the respective dimensionless
positions of the inversion layer and the maximum velocity.

of @, — 0,) = 52:8°C, corresponding to Ra =
7-16 x 108, and 101-1°C, corresponding to Ra
= 102 x 10". Since a slow temperature oscil-
lation, with the periods of about 33s for the
temperature difference 53°C and of about 25s
for 101°C, was observed in the boundary
layer away from the wall, the time-average of
these oscillating temperature data is used in the
following analysis. The results are shown in
Figs. 14 and 15; it may be seen that with
increasing x/a, the boundary-layer thickness
decreases in the same manner as in the velocity
field.

In Figs. 16 and 17, the dimensionless tem-
peratures ¢ are plotted against a dimensionless
distance y/3,, where , is the stationary-layer
thickness [21] defined by

6y = — @, — 0,)/(86/0y),. ()

The temperature gradients at the wall (86/0y),,
are determined by approximating the tempera-
ture distributions for ¢ > 0-7 by the respective
biquadratic equations. It may be seen in the
figures that also in the temperature field, no
similarity between the profiles for the vicinity
of the free edge appears to exist. Solid curves in
those figures are plots of the following poly-
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nomials utilized usually in application of integral
method:

¢ = (1 - y/3,) with é, = 26,,  (6)
¢ = (1+ y/203)(1 — y/65)?

It may be seen from the figures that excluding
data for the region near the free edge, a bi-
quadratic-equation approximation is best for
representing the practical temperature distri-
butions.

with 8, = 1-58,, (7 Figure 18 presents the respective x-direction
s distributions of the various thermal boundary-
¢ = (1+ y/0s)(1 — y/d4) layer thicknesses in a dimensionless form
with 3, = 24,. (8) derived by examining the pertinent boundary-
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/Equo'ion (7)

x/q

0.20
0.40
0.60
0.80
0.90
0.95
0.99

Equation ( 8)

® ® 2 ® 8 O 6 O

FiG. 17. Dimensionless temperature profiles in terms of ¢ and y/3, (8, — 6,

/8,

101-1°C).

layer equations, In the figure, §, is the boundary-
layer thickness in the biquadratic-equation
approximation of the temperature profile, and J,
the thermal boundary-layer thickness defined as
a distance from the plate at which ¢ = 0-02.
Both measured boundary-layer thicknesses are
nearly equal to the approximate solution 6,,
according to Singh et al. [13]; however, §, which
is determined from the temperature gradient at
the wall decreases rapidly in the vicinity of the
free edge, as may be seen from the figure. This
rapid decrease can be attributed to the effect
of the x-direction conduction term which was

) /?a'/s/g

s 8
! } Ra =1.02%107
N > A
- 3r 6 E
. 5 Ra = 7.16x%10 4
I+ —— &, Singh etal(13) Pr=0.7
L
] 0.2 0.4 0.6 0.8 1.0
X/a

Fig. 18. Distributions of the various thermal Eoundary—
layer thickness in the dimensionless from of § Ra*/a and x/a.

neglected in their theoretical study: conse-
quently, from further consideration of the
similar tendency of the velocity field, it would
seem that a substantially applicable limit of
boundary-layer approximation is of the order
of /(a — x) = 0-8 in the present problem. The
unusual tendency, being reported by Rotem
et al. [22], that the thermal boundary layer
becomes thicker with increasing Ra cannot be
observed in the present experiment, as may be
seen from Fig. 18.

3.4 Heat transfer coefficients

The local heat transfer coefficient a, can be
evaluated from the above-mentioned &, by
setting a, = 4,/6,. The results are plotted
against x/a in Fig. 19 in a dimensionless form
of local Nusselt number Nu, defined by

Nu, = a, a/A. )
Singh et al’s approximate solution by integral
method [13] is also plotted in the same figure;
the calculated local Nusselt number is some-
what smaller than the measured value, accord-
ing to the fact that the calculated velocity is
lower than the measured velocity in the vicinity
of the wall (see Figs. 8 and 9). This tendency is
especially prominent in the vicinity of the free
edge, where the x-direction conduction term
cannot be negligible. It is, however, of practical
interest that in spite of the remarkable difference
in the velocity profile between the theory and
the experiment, both local Nusselt numbers are
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[4] on the lower surface of a rectangular plate
23 cm wide and 46 cm long are also plotted:
their results are somewhat greater than the
authors’ data owing to a three-dimensionality
of the flow.

Table 1 presents a comparison of the average
Nusselt numbers obtained in the present experi-
ment with results reported by others. Saunders
et al’s experimental values are obtained by
integrating graphically the relevant curves in
Fig. 19. Weise’s data which were measured with
a thermocouple stretched between forks [2],
shows an extremely high value; this may be
attributed to the buoyant plume as described
in Appendix 2 and to some disturbance in
traversing operation of the forks.

4. CONCLUSIONS

An experimental study has been made of
quasi-two-dimensional, free convection heat

Table 1. Comparison of average Nusselt numbers Nu for the heated, downward-facing surface

Investigators Nu/Rat Remarks
Auth 0-509 for Ru = 1-02 x 107 Experiment, quasi-two-dimensional
uthors 0500 for Ra = 7-16 x 10° flow, in air
0-523 for Ra = 940 x 10° Experiment, rectangular plate,
Saunders et al. [4] 0-526 for Ra = 661 x 105 in air
Weise [2] 0-864 for Ra = 342 x 10% Experiment, square plate, in air
Birkebak et al. [5] 0681 Experiment, square plate, in water
Singh et al. [13] 0460 Theory, two-dimensional flow, Pr = (-7

in comparatively good agreement over the
major region of the plate. Namely, integral
method can be regarded as a fairly effective
means for the present problem also, in so far
as the heat transfer coefficient is discussed. In
Fig. 19, Saunders er al’s experimental data*

* These data are the average values in the 46-cm direc-
tion which are evaluated from their Schlieren photographs
by estimating the ambient temperature at 20°C by the
authors. If a correction to the three-dimensionality of the
boundary layer [23] is made, the values for the vicinity of the
free edge will become larger.

transfer from the downward-facing surface of a
horizontal plate with both surfaces heated;
and the following conclusions are obtained :

(1) In free convection of a horizontal plate,
the velocity field near the downward-facing
surface is rather unstable; even faint thermal
and hydrodynamic disturbances can be a
source to mar the symmetry of the flow. How-
ever, in the boundary layer, particularly in the
vicinity of the free edge, the flow is comparatively
stable.

(2) In the case where a symmetrical flow is
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obtained, an inversion region of the flow exists
near the outer portion of the boundary layer
and the velocity profile takes a form of dual-flow
type. The position of “inversion layer” J,,, at
which the horizontal velocity is zero, is nearly
equal to Singh et al’s theoretical boundary-
layer thickness d,, by integral method ; however,
the measured position of the maximum velocity
is considerably nearer to the wall than Singh
et al’s approximate solution.

(3) The validity of Gill et al’s theoretical
conclusion that the similarity solutions cannot
be obtained for free convection along a down-
ward-facing, isothermal, heated surface, is
experimentally confirmed in both the velocity
and temperature fields.

(4) Excluding data for the region near the
free edge, a biquadratic-equation representation
is best for approximating the temperature
profile by a polynomial. The thermal boundary-
layer thickness defined as distance from plate
at which ¢ = 002 is nearly equal to the
theoretical value d,, over the whole region of
the plate ; however, the boundary-layer thickness
in case of approximating the temperature
profile by a biquadratic equation becomes
considerably smaller than §,, near the free edge.

(5) The measured values of the maximum
velocity and local Nusselt number agree com-
paratively well with Singh et al’s theoretical
values by boundary-layer approximation for
the region of x/u < 0-8. However, the measured
values for the vicinity of the free edge tends to be
considerably greater than the theoretical values;
it would seem that a substantially applicable
limit of boundary-layer approximation is of the
order of J/(a — x) = 08 in the present
problem.
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APPENDIX 1

Factors Affecting the Velocity Measurements

The various factors which may affect the velocity measure-
ments by the particle trajectories have been discussed in
detail for the case of a vertical plate by Eichhorn [24].
Factors 1-4 in Table 2 present the effects of the respective
error factors on the present measurement which the authors
have estimated after Eichhorn’s way.

Factor 5 for the effect of flow acceleration is estimated as
follows: Denoting the horizontal velocities of a particle and
fluid at any time t by u, and u, respectively, the equation of
motion for a particle in the constantly accelerating flow
can be approximately expressed as

du, _ 18gp,
dr = 3,4

iy

{4y ~ 1), (10)

T. AIHARA. Y. YAMADA and S. ENDO

where y, is the specific weight of the particle (1148 kg/m*
according to the authors’ measurement), g, the f{luid
viscosity, and d the particle diameter. The solution to
equation (10} with the initial condition of u, = u, = 0 at
= 0,8

t, — = {by, d* 18 gu ) [1 — expl— 18 gy, vy, 4], (1D
where b is the acceleration of fluid. Therefore, the relative
velocity (u, — u,) reaches the maximum value as v — .
The relevant values listed in Table 2 are the order of the
terminal relative-velocity which is estimated from equation
(11) by taking 0-22m/s® (the maximum in the present
experiment) as the value of b.

P - -

Fiim E, Hegled Surface '},
p 2 3 : 2 Ly

g

}

F1G. 20. Schematic representation of detlection of light due
to an inhomogeneous temperature field.

By the way, as shown in Fig. 20, if a light emitted by a
particle at a position y, passes through the thermal boundary
layer by a distance L parallel to the heated surface, then the
light arrives at point A on a film owing to a Schiieren effect
as though it was emitted by a particle at a position y; This
deviation (y, — y;) at 760 mm Hg is obtained from the
well-known relation [25] as follows:

P00 .
Yoo =T T \&v ), “

where T, is the absolute temperature ["K] of {luid at the
position y,. Therefore, the order of the error in detcrmining

Table 2. Effects of various fuctors on the velocity measurements

Factors

Estimated maximum error

Particle dia. = 2p  Particle dia. = 6y

i. Settling velocity due to gravity

3]

motion

. Drift due to molecular bombardment

. Drift due to velocity gradient

. Terminal relative-velocity of particles in
constantly accelerating flow

. Schlieren effect

. Error due to setting situation of a camera

. Error in magnification of photograph

[T SN

O3 ND 00 w3

o

. Error in measurement of distance !

. Root mean square distance due to Brownian

. Error in slot spacing of a rotating disk shutter

013 mm/s 121 mm/s
25pufor 1/892s 14 for 1/892s
0-15 mm/s 0-15 mmy/s

2 x 107°mm/s 14 x 107" mm/s
0-003 mmy/s 0023 mmy's
0-6%, 06%,

0-5% 0-5%

119 S

05% 05%

01 mm Olmm
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the particle position y, from the photograph becomes

(yi— Vi) —y, OO08LE[ 1 (06 1 /00
= =il =l ) 03
Fr 2yr Tr (}.\,-’ ] Tw 6,\’ w

with y,, as the corresponding position on the film to the
position of y, = 0. The values for Factor 6 listed in Table
2 are the estimated maximum error according to equation
(13).

The values for Factors 7-10 in the same table are the
respective maximum errors estimated for the present
measurement. Summing up the errors for the factors affect-
ing the horizontal velocity measurements, the maximum
indeterminant error amounts to about 52 per cent.
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APPENDIX 2

Buoyant Plume from the Temperature Probe

Figure 21 illustrates a typical buoyant plume from the
temperature probe which was first used for measuring the
boundary-layer temperatures. This comparatively active
buoyant plume is caused primarily by the fact that the bakelite
frame of the probe is heated owing to thermal radiation
from the lower surface of the test plate. According to the
authors’ measurement, the surface temperature of the
frame exceeded the ambient air temperature by about 1-6°C
in case of 8, — 6, = 100°C; the unstable boundary layer
near the downward-facing surface is apt to be disturbed
even by the existence of such a faint convective motive-force.

CONVECTION NATURELLE LE LONG D'UNE PLAQUE CHAUFFEE HORIZONTALE
ET TOURNEE VERS LE BAS

Résamé— On a fait une expérience sur le transfert thermique quasi-bidimensionnel par convection

naturelle dans P'air depuis une plaque chauffée horizontale pour un nombre de Rayleigh de I'ordre de 107;

les champs de vitesse et de température prés de la face tournée vers le bas ont été mesurés. On a trouvé

que le profil de vitesse est du type écoulement dual et la possibilité d’obtenir des solutions de similarité

pour le présent probléme est expérimentalement démentie. On traite du domaine pratique de la validité

de P'approximation de couche limite et les nombres de Nusselt locaux et moyens sont comparés aux
résultats théoriques et expérimentaux rapportés par d’autres auteurs.

FREIE KONVEKTION AN DER UNTERSEITE EINER BEHEIZTEN
HORIZONTALEN PLATTE

Zusammenfassung— Der quasi-zweidimensionale Wirmeiibergang durch freie Konvektion von einer
beheizten, horizontalen Platte an Luft wurde fiir Rayleigh-Zahlen der Grdssenordnung 107 experimentell
untersucht; die Geschwindigkeits- und Temperaturfelder nahe der nach unten weisenden Oberfliche
wurden gemessen. Es zeigte sich, dass das Geschwindigkeitsprofil dem Zweistromtyp entsprach; die
Versuche ergaben keine Moglichkeit, fiir das vorliegende Problem Ahnlichkeitslosungen zu erhalten.
Der praktisch erreichbare Bereich fiir Grenzschichtndherungslosungen wird diskutiert und die 8rtlichen
und mittlieren Nusselt-Zahlen werden mit theoretischen und experimentellen Ergebnissen anderer Autoren
verglichen.

TEIIOOBMEH HA OBPAIIEHHO! BHU3 DOBEPXHOCTY IMOPUBOHTAJIBHON
HATPEBAEMON IJIACTHHbBI TPV HAJIMYUM CBOBOJHON KOHBEKIINH

Annotanua—IIpoBeneHo sKCIEPUMEHTANBHOE UCCIEOBAHNE KBA3UABYMEPHOTO TeriooiMeHa
IPH Haandun cBOGOHON KOHBEKIMH OT HArPeBaeMOil TOPU3OHTAIBHON TLIACTHHBL ITPH YHCITAX
Pedest nopsgra 107 B sosayxe. Mamepsumcs nojs TeMneparyp W cKopocredt BOnu3n obpa-
meHHON Buus nosepxnocru. Haitgeno, uro pacnpejeseHue CROPOCTH AHAJIOTUYHO pacnpe-
JEJeHMIO, UMEIONIEMYCH TipH JABOHHOM TeYeHHH. JKCMepHMEHTAJILHO TOKAZAHO, YTO A
JAHHON 3ajadi ledbl3s NOJYYHTh aBTOMORENsHOe peliieHue. PaccmaTpusaerca o0aacTs
MPAKTHYECKOT'O NIPHMEHEHUHA TPNOJIMKEHUA HTOTPAHVYHOIO CIIOA, & MECTHBIE U CPeJHue TuCa
HycceabTa ¢paBHHBAWOTCS ¢ TEOPETHYECKUMH M HKCMEPUMEHTANbHBIMU TAHHHIMM JPYIUX
ncenegoBaTeneit.



