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Abstract—An experimental investigation of free convection heat transfer from heated spheres to water

is reported. The experimental data extend over a wide range of Rayleigh number, thus covering the laminar,

transition, and beginning of the turbulent regimes. The temperature and velocity fields around a heated

isothermal sphere have been measured, with the velocity profiles determined from the use of hot-film

anemometry techniques. When possible, the comparison of the experimental results with the prediction
of theory shows good agreement.

NOMENCLATURE

¢,  specific heat per unit mass;

D. diameter;

/. function defined in equation (5);

g. acceleration dueto gravity;

Gr, gBp*D*AT/u? Grashof number ;

hD/k average Nusselt number ;

Pr, c,u/k Prandtl number ;

h,  heat-transfer coefficient = g/AT;

k.  thermal conductivity ;

g,  heatflux;

R. radius of sphere or resistance;

ri. r/R where r is the distance of a point on
the surface from the axis of symmetry;

T, temperature;

T,, wall temperature ;

T,.. bulk temperature;

u,  velocity component in x-direction;

v velocity component in y-direction ;

x,  distance along surface from stagnation
point;

x1,  x/R dimensionless distance ;

y,  distance normal to the surface.

Greek letters
o, thermal diffusivity or temperature co-
efficient of resistance ;

B, coefficient of thermal expansion;

e,  angle between the normal to the surface
and the direction of the body force
vector ;

n.  similarity variable;

v,  kinematic viscosity ;

0, dimensionless temperature (T— T.)/

(Tw - T(o):
i, viscosity;
p.  density;

¢. angular position from stagnation point.

INTRODUCTION

THE FREE convective transport of thermal energy
from a spherical surface in water is the concern
of this paper. Heat transfer data from spheres in
free convection has been obtained in air by
Yuge [1] and Elenbaas [2]. Also, mass transfer
data in the form of melting or dissolution
experiments has yielded related free convection
information [3-8]. Boberg and Starrett [9] have
obtained some information on the heat transfer
from a sphere to water. However, there does not
appear to be any comprehensive, purely heat
transfer study of free convection from spheres.
This represents one objective of this study.
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The second objective is concerned with the
characterization to some extent of the tempera-
ture and velocity fields in free convective flow.
The measurement of velocity fields in a liquid
system can be accomplished by the tracking of
small particles carried along by the flow [14],
by the use of a quartz-film anemometer, or by
hot-film anemometry. The problem is compli-
cated in the case of hot-film anemometry by the
fact that the temperature and velocity fields are
coupled and. hence. a knowledge of their
interrelationship is necessary. Nevertheless, it is
possible to effectively utilize the hot-film anemo-
meter in free-convective liquid systems. This
work and the work of other investigators [15.
16] confirms this contention.

Theoretical characterization of free convec-
tion from a sphere has been carried out by Merk
and Prins [17], Acrivos [ 18]. and Chiang, Ossin
and Tien [22]. The last mentioned is not applic-
able to our work since it is a numerical solution
for the case of air with a Prandtl number of 0-70.
The works of Merk and Prins [17] and Acrivos
[18] will be utilized in the following section and
will form the basis for the theoretical compari-
sons with our experimental work. Also, Saville
[19], Saville and Churchill [20, 21] have treated
the problem of free convection flow about two-
dimensional and axisymmetric bodies of revolu-
tion.

THEORY

Acrivos [18] formulates the problem as
follows: he seeks an asymptotic solution as
as Pr— oo in the region where inertia terms
are unimportant. viz. inside the thermal bound-
ary layer. The pertinent equations describing the
system are (for axially symmetric flow):

du 2
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subject to
=0: u=0, v=0, =1
y u v @
y=o and x=0. u=0. 0=0.

The asymptotic behavior of the above equa-
tions is investigated by allowing Pr — c0. A
similarity transformation converts the equations
to two simultaneous, ordinary differential equa-
tions. The similarity variables for the special
case ofa sphereare:

/ R, Tw - Too)] .
u =Y lg B(Pr% {sin x,
R S
X §<sinxl>[)(51n x ¥ dx,| f'(n (5)
8 = 0(n) (6)
where
¥ (GLE)
R\ 8
n= . (7
[%(7‘1—> J (sin x,)¥ dxl] '
in x,
0
With the transformation, one arrives at
f"+8=0 8)
0"+ f0 =0 9)
with the boundary conditions
g0)y=1. Hoo)=0. fO)=0
f10)=0, foo)=0. (10

Acrivos [18] has solved for 6(0) and f"(0)
by a séries expansion around # = 0. He obtains
—{0) = 0-54 and ["(0) = 1-08. Equations (8)
and (9) only apply in the region of the thermal
boundary layer; thus, velocities obtained
through the use of equations (5), (7). (8) and (9)
would be confined to a narrow region where
0z 0. With his values of f"(0) and 80,
equations (8) and (9) can be readily integrated.
The results are shown later.
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The expression of the average Nusselt number
for the sphere takes the form:

Nu = 0583 (Gr . Pr). (11)

Merk and Prins’ [17] work will be used to
compare the values of maximum velocity
measured in the velocity traverses. The results
are in the form of a plot of [u,,,/(v/D)Gr] vs.
the angular distance from the stagnation point.
with Prandtl number as a parameter. Thus, it is
quite easy to compare these values to the maxi-
mum obtained experimentally. Merk and Prins
[17] obtain the following relationship between
the Nusselt number and the Rayleigh number :

Nu = 0558 (Gr . Pr)*. (12)

The basic theory for hot-wire anemometry
was developed by King [23]. The “King’s Law”
relationship, although obtained through neglect
of viscosity (i.e. using potential theory) represents
a reasonable approximation in gases. However,
in liquids. there are two additional complica-
tions: the conductance of the liquid which
would short the wire and the large variation of
physical properties with temperature. The first
problem has been solved through the develop-
ment of quartz-coated hot-film sensors. The
second problem still exists and must be dealt
with. usually most effectively by direct calibra-
tion. The characteristics of a sensor are deter-
mined by its temperature coefficient of resistance.
which is defined by

Ry/Re =1+ adT; — T.) (13)

where the subscript, H. refers to the hot or
operating resistance of the sensor, C refers to the
environment, s refers to the sensor temperature
and e refers to the environment. The ratio,
Ry/Rc. is known as the “‘overheat ratio”. For
platinum films, « is usually 0:002-0-003/°C. In
liquids, Ry/R usually does not exceed 1-1.

The proximity of the sensor to a surface can
markedly influence the heat transfer from the
sensor. Piercy, Richardson and Winney [24],
Wills [25] and Richardson [26] have investi-
gated this problem. It is more of a problem in
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gases than in liquids, since the heat transfer
coefficient in gases is about two orders of
magnitude lower. Estimations using the above
works showed the problem to be small except
at very close distances.

EXPERIMENTAL EQUIPMENT

Four sphere sizes were used in the experi-
mental investigations, with nominal diameters
of 1, 2. 3 and 4 in. The electrically heated
spherical heat transfer elements were composed
of the following parts: (a) copper hemispheres,
(b) core, (c) nichrome winding, (d) support
tube, and (e) thermocouples (see Fig. 1). See
[27] for a more detailed description.

Phenolic tube

Heating wires

- Ceramic core

Thermocouples (5)
Cu-Con #40

FiG. 1. Sphere construction.

The copper hemispheres enclosed the core on
which the nichrome wire was wound. The copper
wall was approximately # in. thick. The two
hemispheres fit snugly together by means of
mating grooves in each hemisphere.

The core was formed by casting two separate
hemispheres of Vel-Mix Stone precision molding
compound in the respective copper hemisphere
and then joining them together so as to form
a perfectly fitting spherical core. Circular hori-
zontal grooves were cut at a 4 in. spacing on the
surface of the core in order to allow for the
nichrome winding. The core was then heated
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for 24 hours at 150°C in order to drive off the
water of hydration.

The winding was formed of either 24, 29 or
30 gauge nichrome wire depending on the resist-
ance desired in order to achieve a certain power
level. The wire was bonded to the core in the
grooves and insulated using a rubber compound.

The support tube was used to suspend the
sphere vertically in the water and also to feed
the power leads and thermocouple wires into
the sphere. The support tubes were made of a
linen grade phenolic. Since there were micro-
scopic pinholes in this material, the tubes were
coated with six coats of spar varnish to insure
waterproofing. The support tube was screwed
into the upper copper hemisphere and sealed
with an epoxy resin.

Five copper-constantan thermocouples of
40 B and S gauge wire were embedded in the
copper walls inside the sphere. They were posi-
tioned in a vertical diametral plane, one at the
stagnation point, two at the 45° positions, and
two at the 135° positions. Calibrations were
performed at two fixed points, viz. 50°C and
100°C according to procedures recommended
in [28].

The mating surface of the two hemispheres
was sealed with a thin layer of silicone rubber
to prevent leakage of water into the sphere. The
spheres were cleaned and polished before each
set of runs so that a clean mirror-like surface
was obtained.

All the heat transfer experiments were con-
ducted in a rectangular, plexiglas tank 30 in. x
20in. x 30 in. and of about 75 gallon capacity.
The transparent nature of the tank was invalu-
able in the microscopic studies using the thermo-
couple and hot-film anemometer probes. The
tank was mounted such that vibrations were
minimized.

The power supply for the heating elements
utilized 110 V a.c. which was regulated to 01
per cent by a voltage regulator and could be
continuously varied using autotransformers. An
additional transformer in the system enabled the
effective voltage range to be extended to 280 V.
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Power to the spheres was measured by three
precision wattmeters capable of 4 per cent
accuracy over arange of several watts to 1000 W.
Provision was also made to accurately measure
voltage and amperage.

The traversing mechanism enabled three-
dimensional movement of the thermocouple
and hot-film anemometer probes. This device
was capable of accurate measurements to less
than 0001 in. It was constructed of three
mutually orthogonal “Unislides”. Scales were
added so that readings in thousandths of an
inch could be noted directly. The traversing
mechanism was secured to a 3 in. thick by
2 ft long aluminium bed which was bolted to the
top edge of the plexiglas tank, thereby yielding
a stable configuration. Specific adapter rods
were designed to best handle the particular
probe in question.

q

____Stainless
support shaft

\?— Connecting lugs
S
(

Plexiglas block

Capillary tubing 9 cm - .
X -5 mm /

0-:002in. copper—
constantan wire

FiG. 2. Thermocouple probe construction.

The thermocouple probe was constructed of
0002 in. copper—constantan wire. It is shown in
Fig. 2. The probe was calibrated over a range of
20-60°C with six points using a difference curve
calibration [28].

The hot-film anemometry equipment was
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procured from Thermo-Systems, Inc., St. Paul,
Minnesota. It is a constant-temperature hot-
film anemometer and designated as a 1010A
unit by Thermo-Systems, Inc. The probes used
in this investigation were hot-film types, quartz-
coated in order to be usable in a conducting
fluid such as water. The probe used in the velocity
measurement determinations was a 1212-10W,
i.e. a probe with a 0001 in. quartz-coated hot-
film sensor.

Calibration of the probe over ranges of tem-
perature and velocity was effected by means of
two-tanks especially constructed for this pur-
pose. Two were built: for horizontal and
vertical tows. Essentially, they consisted of a
probe-holder block which could run on rails by
being dragged through the solution. The tanks
had a traverse of about 15 in which is suitable
for low velocity measurcinents. The power for
towing was supplied by the chart drive of a
recorder by means of a gearing arrangement
designed for the purpose. The tanks were
insulated and had a capacity of about 2 gallons.

A directional mounting device was con-
structed for use with a cantilever type hot-film
probe. This type of probe registers a maximum
when the flow is normal to the cylindrical
element and a minimum when the flow is
axial. A device capable of positioning the probe
properly must have these requirements : it must
be able to maintain the sensor at a fixed point
in space while simultaneously allowing for
angular variation of the sensor direction with
eventual knowledge of the angle relative to some
base line. The device consists of a probe holder
mounted on a support arm which can be
directly attached to the traversing mechanism.
The probe holder is manipulated with another
extension arm such that the sensor is the center
of a circle and the holder is the radius arm which
moves in a vertical circular motion. The angular
position is indicated on a scale marked directly
in degrees by a pointer attached to the extension
arm. The device was constructed of aluminum
shafts and plexiglas scale and had an overall
length of 28 in.

EXPERIMENTAL PROCEDURE

The experimental runs were conducted in
distilled water because it would retain ifs
clarity for a longer period and also because it
contained less dissolved air. Some low-end data
were obtained in air and are shown in the results.

An experimental heat transfer run consisted
in placing the sphere supported by the support
tube in a rigid assembly, into the center of the
tank. Power was then turned on and a steady-
state was attained as noted by the e.m.f. measure-

'ments of the sphere thermocouples by the

potentiometer. Steady-state was assumed when
the e.m.f. reading differed by less than 2uV over
a 15 min period. The tank bulk temperature
was measured with a thermometer and a
thermocouple at different positions. They
agreed closely with each other. Another run was
obtained by increasing the voltage. This pro-
cedure continued until the power level for the
particular sphere would be excessive under the
operating conditions.

The temperature and velocity profile measure-
ments required much initial calibration work.
The temperature probe was calibrated, as stated
above, and was considered to be accurate to
better than 0'1°C. The temperature coefficient
of resistance of the hot-film probe was deter-
mined by cold resistance measurements in a con-
stant temperature bath. With this information,
one could then select a sensor operating tempera-
ture from the overheat ratio. Two overheat ratios
were chosen: 1-05and 1-10. There must bea choice
between response and bubble formation on the
probe, that is to say, that a high overheat ratio
gives better response and sensitivity, but it also
means a higher temperature which is bounded
by the boiling point of the liquid and even more
so by the evolution of air bubbles on the sensor.
Thus, fresh distilled water was a must. Next, a
double calibration was performed by measuring
the bridge voltage response at a given tempera-
ture for varying velocities of tow, at each over-
heat ratio. The tank temperatures used with the
110 overheat ratio were 227, 270, 30:0, 350,
400 and 450°C. The velocity ranged from



332

3 x 107 2¢m/sto 14 cmys. The tank temperatures
used with the 1'05 overheat ratio were 227,
27-0 and 30-0°C with the velocities covering
the same range as above. Based on an evaluation
of this data, it was decided to run at 1'10
overheat for all velocity measurements because
of the loss of sensitivity at the 105 overheat
ratio.

With the hot-film probe fully calibrated, one
next proceeds to measure the temperature field
at some position normal to the surface of the
sphere using the traversing mechanism in con-
junction with a cathetometer. Conduction effects
along the thermocouple probe were investigated
using previously developed analyses [29, 30].
The velocity field at this same position is
measured with the hot-film probe, again using
the traversing mechanism. We now have bridge
voltage and temperature data as a function of
distance. Therefore, we can now use the double
calibration curves to find the velocities which
correspond to the particular distance measure-
ments. Thus, we can fully delineate the velocity
profile. The measurements of temperature and
velocity fields were confined to the three-inch
sphere only and the measurements normal to
the sphere surface were taken at the stagnation
point, the 45° position, 90° position, and 135°
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position. A horizontal traverse was taken at the
top of the sphere, i.e. cutting across the plume.

Some limited directional measurements were
made with the probe located at the 90° position
and at various distances from the surface in
the horizontal direction. Readings were not
taken very close to the surface as was done in
the velocity measurements, due to the different
probe geometry and angular motion required,
together with the very fragile nature of the
probe.

RESULTS AND DISCUSSION

Heat transfer experiments

Figure 3 shows the experimental data obtained
for laminar free convection heat transfer from
isothermal spheres in water. The correlating
line was found by the method of least squares
to be

Nu =2 + C(Gr. Pr)* (14)

where C = 0500 + 0009 and with a mean
deviation of less than 11 per cent. The ranges of
the variables are: 10 < Nu < 90; 3 (10%) <
Gr.Pr < 8 (10%).

The air data was not included in the correla-
tion, but is included on the graph for compari-

lin. water
2in. water
3in water
4in. water
lin. air

Xx 0ODb + o

sl i) Lol

107 108 10°
Gr -Pr

|0|0

FiG. 3. Experimental data for free convection heat transfer
from isothermal spheres in water (based on diameter).
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son’s sake. Notice that it lies slightly lower than
the water data. It is also to be noted that this air
data compares very favorably with that of
Yuge [1]. Also, only water data up to 8 x 108
is included in this laminar free convection
correlation, since turbulence begins shortly
thereafter. The value of the constant, namely,
0-500 is lower than the value of 0'59 obtained by
Kranse and Schenk [5] in their dissolution
studies. Schenkels and Schenk [7] similarly
obtain a value of about 0-59. but they note that
their data, which have very high Schmidt
numbers, seem to be Schmidt number dependent.
The work of Jakob and Linke [21] yields a
value of 0-555 for the constant, but this constant
represents a number of body shapes. Boberg
and Starrett [9] obtain the value of 0-51 for this
constant which is in close agreement with the
value obtained in this work. Vanier [ 8] obtained
052 in his studies of melting ice spheres in water.
Merk and Prins [17] theoretical value of 0-558
as with Acrivos’ value of 0583 compare reason-
ably well when the different forms of the
equations are considered. The average deviation
over the range of Ra from 10° to 10® for these
theoretical equations when compared to equa-
tion (14) is about 6 per cent. This “‘constant’ is a
function of Prandtl number and the analyses of
Merk and Prins [17] and Acrivos [18] are both
based on limiting Prandt] number behavior,
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i.e. for Pr —» oo. Table 1 shows a comparison of
various correlations for free convection heat and
mass transfer.

Temperature pr UJue Fesiilts

The 3 in. sphere was used exclusively for the
profile measurement data. Two sets of tempera-
ture profile data were obtained. The first set
was obtained at a power level of 28 W and the
second, at a power level of 112 W. Figures 4 and
5 illustrate the data, with five traverses : stagna-
tion point, 45°, 90°, 135°, and horizontal
traverse across the plume at 180°. The tempera-
ture layer is thickening slightly on its way up
the sphere. The horizontal traverse shows that
the temperature distribution is moving into the
“plume region™ where one would expect a
“bell-shaped” distribution. aside from the dis-
turbing aspects of the tube. The stagnation
point profile illustrates the finite boundary
layer thickness at this position.

The 112 W profiles are shown in Figs. 6 and 7.
No stagnation profile was obtained for this run.
The horizontal traverse shows the sign of
increased activity in the wake region at the
higher heat flux. Figure 8 shows the theoretical
0 vs. n curve obtained from the solution of
equations (8)«10). compared with the experi-
mental 112 W data. The agreement is seen to be
quite good.

Table 1. Comparison of experimental investigations of free convection heat and mass transfer (all based on

diameter)
Investigator Equation Conditions
Yuge [1] Nu =2 + 0428(Ra)* Heat transfer-air
Kyte, Madden and Piret [10] Nu =2 + 0399¢( Ra) Heat transfer-air
Ranz and Marshall [11] Nu =2 + 06 PrisRat Evaporation-drops
Kranse and Schenk [5] Nu =2+ 059 (Ru)‘ Melting-benzene
Schenkels and Schenk [7] Nu =2 + 059 (Ra)* Melting-organic spheres
Garner and Keey [3] Nu =23 4 0:585 (Ra) Mass transfer
Garner and Hoffman [12] Nu = 54 + 0-44( Ra) Mass transfer
Van der Burgh [13] Nu = 0525 (Ra)‘ Melting-benzene
Schenk and Schenkels [6] Nu = 0-56 (Ra)* Melting-ice spheres
Jakob and Linke [31] Nu = 0-555(Ra)* Heat transfer-various body shapes
Vanier [8] Nu =2+ 052 (Ra)* Melting-ice spheres
Bobergand Starrett [9] Nu = 0-51(Ra)? Heat transfer-transient method
Schiitz [4] Nu =2 + 0:59(Ra)? Mass transfer-electrochemical
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-0 )
%} Horizontal traverse
180°
L lo
| ©o
r |
| Distance from o
18| K8 os,fube axis | %o
|
N I
@ L
i ! °o
I
| [}
L 1 L | It L L Q5
o] 500 1000
Horizontal distance, in. x10°

Fi1G. 7. Temperature profile: 112 W, 3 in. sphere, Ra =
1:70(108), water ; 180° position-horizontal traverse.

ro 2 w

o 45°
P Watero 90°
[oX:] & 135°

o6f-

(g

04}

o2

Ao 1 ]
[¢] 10 20 30 40 50

Fi1G. 8. Dimensionless temperature profile. 6 vs. 5.

Local heat transfer from a sphere in water

Figure 9 shows the variation in the local heat
transfer as a function of the angular distance
from the stagnation point compared with the
predictions of Acrivos’ theory [18]. It can be
seen that almost two-thirds of the heat transfer
takes place from the bottom half of the sphere.

In order to calculate the local values of heat
transfer, it was necessary to least squares fit
the profile data at 0°, 45°, 90° and 135° in order
to obtain accurate and consistent values of
—8(0). The first ten points in the profile were
fit to a linear equation according to the following
rationale: If the energy equation for heat
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transfer by free convection is evaluated at the
wall, it is immediately true that §%6/0y?|,-,
equals zero. If the temperature function is
expanded in a Taylor series about the point
y = 0, then it is seen that the use of a linear

09+ D0 28 Wdata

osl o112 W-dutu
Acrivos' theory

o7} — =t

Nu/(Gr-Pr)’4

1

I
135°

1
[¢] 45° 90°
Angulor distance from stagnation point, ¢

180°

FIG. 9. Variation in local heat transfer rate along sphere in
water-based on diameter.

equation is already accurate to terms of 0(y?).
An even better fit would be achieved by using a
cubic without the quadratic term, but the
additional refinement is probably not warranted.

Thermal boundary-layer thickness

Figure 10 shows a plot of a dimensionless
boundary-layer thickness vs. dimensionless
distance from the stagnation point for the 28 W
and 112 W data. The “scaling factor” is the
Rayleigh number (average) based on the sphere
diameter. The local Rayleigh number was tried
as ascaling factor. but the results were not better
and it was decided to use the simpler average
value.

If one examines the temperature profile
curves and the velocity profile curves with
respect to boundary-layer thicknesses, the
following details are worth noting: (a) There
is a finite temperature layer at the stagnation
point; (b) The temperature layer appears to be
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F1G. 10. Dimensionless thermal boundary thickness vs.
dimensionless distance from stagnation point for a sphere
in water.
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FiG. 11. Velocity profiles: water. 3 in. spherc, 112 W,

Ra = 1"70(10%):

slightly thinner than the velocity layer at the
45° position, and grows much more slowly
than the velocity layer ; (c) After separation has
occurred and the flow is moving into the plume,
the two layers seem to be approaching equal
thicknesses.

Velocity profile results

Figures 11 and 12 show the velocity data
obtained with the hot-film anemometry equip-
ment. The resolution is seen to be very good as is
the sensitivity. The velocity boundary layer
thickens quite rapidly on its way up the sphere.
The maximum velocity in the layer was readily
discernible and can be seen to be increasing in
magnitude in its climb to the plume region.

If use is made of equations (8)}~(10), one can
estimate the velocities within the thermal bound-
ary layer and compare them against the experi-
mental values. This comparison is shown in

| 8
Q
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Table 2. Comparison of free convection velocities inside the thermal boundary layer from Acrivos’
[18] solution with experimental data

Upreq €Quation(8) Uy
n ' (cm/s) (cm/s) % diff.
x, = m/4
0-261 0-250 0183 0-342 46'5
0-404 0392 0312 0-352 11-4
0-523 0-450 0-358 0-372 38
x, =n/2
0-203 0-210 0-324 0-69 530
0-325 0-310 0478 0-81 409
0-528 0-455 0-702 0-91 229
0-609 0-503 0776 1-19 34-8
0-812 0-600 0-926 1-29 282
x; = 3n/4
0-434 0-390 0902 0-92 20
0512 0-440 1-02 1-04 21
0-590 0-500 1-15 1-17 12
0-668 0-540 1-25 1-29 33
0-749 0575 1-33 1-31 —15
0-827 0-610 1-41 1-40 —-07
0-905 0636 1-47 1-52 33
0986 0-665 154 1-57 20
1-064 0-692 1-60 1-64 24
Table 2 and indicates that the predictive CONCLUSIONS

qualities of the equation for the velocity are
fairly good with an average error of 15 per cent
for this set of values.

Merk and Prins’ [17] work will be used to
compare the values of maximum velocity
measured in the velocity traverses. Their results
are in the form of a plot of u,,, D/vGr? vs. the
angular distance from the stagnation point,
with Prandtl number as parameter. Thus, it is
quite easy to compare these values to the
maximums obtained experimentally. Table 3
illustrates the comparison. The agreement is
good. especially for velocity profile data.

Table 3. Comparison of Merk and Prins’ [17] prediction of
maximum velocity in free convection with experimental data.
Jor asphere

Umax

umax
Merk and Prins’[17]  Experimental

¢ prediction cm/s thisworkem/s < Diff.
45° 043 0375 —-146
90° 108 129 +163
135° 1-49 1-64 +91

The laminar free convection heat transfer
from isothermal spheres to water may be
characterized by

Nu =2 + C(Gr. Pr)t

where C = 0500 + 0)009 and with a mean
deviation of less than 11 per cent for 3 (10°) <
Gr.Pr < 8 (108).

The temperature and velocity fields have been
measured around a sphere and it has been
demonstrated that hot-film anemometry can be
effectively utilized in non-isothermal liquid. free
convection systems.
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TRANSFERT THERMIQUE PAR CONVECTION NATURELLE A PARTIR DE
SPHERES ISOTHERMES DANS L'EAU

Résumé-—On présente une recherche expérimentale du transfert thermique par convection naturelle entte

des sphéres chauffées et de ’eau. Les résultats expérimentaux s’étendent sur un large domaine du nombre

de Rayleigh couvrant ainsi les régimes laminaires, de transition et le régime turbulent naissant. On a

mesuré les champs de température et de vitesse autour d’une sphére isotherme chauffée, avec les profils de

vitesse déterminés par la technique de I'anémométre a film chaud. Chaque fois que possible, la comparaison
des résultats expérimentaux avec la prédiction théorique montrent un bon accord.
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FREIE KONVEKTION AN ISOTHERMEN KUGELN IN WASSER

Zusammenfassung—Es wird uber eine experimentelle Untersuchung des Warmeiibergangs durch freie

Konvektion von beheizten Kugeln an Wasser berichtet. Die experimentellen Ergebnisse erstrecken sich

iiber einen weiten Bereich der Rayleigh-Zahl und erfassen so das laminare, das Ubergangs- und den

Beginn des turbulenten Gebiets. Das Temperatur- und Geschwindigkeitsfeld um eine beheizte, isotherme

Kugel wurde gemessen. wobet zur Bestimmung der Geschwindigkeitsprofile Heissfilmanemomete

benutzt wurden. Soweit ein Vergleich der experimentellen Daten mit theoretischen Voraussagen moglict
war, zeigte sich gute Ubereinstimmung,

CBOBOJHASI KOHBEKIMA OT U30TEPMUYECKNX HATPETHLIX COEP
B BOJIE

Annoramrs—IIpencraBieHo SKCIEPUMEHTAILHOE HCCIETOBAHME TEIIIO0GMeHA IpU CBOGOIHOM

KOHBEKNMH OT HAarpeThix cdep K Bofe. JKCIEPUMEHTANbHHe NAHHEIE IPEICTABIEHBI A

IIMPOKOrO AMAaIa30Ha 3BHaYeHUH YKucIa Pesies, BKIOYaA NTaMHHAPHHIA, IePeXOIHBIN H HAYATIO

TypOyJIeHTHOTO PeKUMOB. BEIIM M3MepeHH IMOJA TEMIEPATYPH M CKOPOCTH BOKPYI M30-

TepMUYeCKH Harperoil cdeprl, MpOPUIM CKOPOCTH ONPEAEIANNCH AHEMOMETPOM C HATpeToMH

niaeHKoit. CpaBHeHHe BKCIEPHMEHTANBHHX DPE3YILTATOB ¢ TEOPETHUECKUMH IAIOT XOpolIee
corJacue.
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