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Abstract-Results are given for the numerical integration of the laminar boundary-layer equations for 
a sphere, up to the separation point, and for experiments on a constant temperature sphere at a low 
Reynolds number in water. Both experimental and numerical results show that increasing the sphere 
temperature above that of the surrounding water shifts the laminar separation point slightly to the rear. 
The effect of buoyancy is very small. The influence of heating on velocity and temperature profiles 
is presented. 

The results are compared with results obtained by others for a two-dimensional cylinder. The 
dimensionless heat transfer and skin friction as functions of’the dimensionless distance along the wall to 
separation are found to be similar to those obtained for the cylinder. Correlations as a function of free 
stream and wall Prandtl number ratio are obtained both for potential ffow about the sphere and for an 
experimental velocity distribution which reflects the effect of separation. These are compared with the 

correlation for a circular cylinder. 

NOMENCLATURE 

P/Pm; 

skin friction coefficient, 
tw 

WP, Ue’(O ; 

specific heat [crn’/s’ deg]; 
dimensionless temperature, 

(T- r,)/(T, - L); 
generalized non-dimensionalizing length 

[Cm]; 

Nusselt number, ~~~~~ ; 
m w’ 

E due 

Ue d5 ’ 

fluid Prandtl number, CT ; 

5 dro. 

TO dt ’ 
Reynolds number, pm ~~(~)~/~~ ; 
temperature [deg Cl ; 
velocity component in the x direction 

external to the boundary layer [cm/s]; 
velocity at infinity [cm/s] ; 
sphere radius [cm]; 
dimensionless stream function (equation 12); 
dimensionless temperature T/Tm ; 

acceleration of gravity in the x direction 

[cm/s’]; 
fluid thermal conductivity [gcm/s3 deg]; 

m, exponent for velocity distribution; 

P* fluid pressure [g/cm s*] ; 
r, distance from the axis of symmetry [cm]; 
r0, distance from the axis of symmetry to the 

wall of the sphere; 
u. L’, velocity components in the boundary layer 

parallel and normal to the wall [cm/s]; 
4 y, coordinates along and normal to the wall 

do [cm% 
, temperature difference between sphere wall 

and fluid at infinity. 

Greek symbols 

angle from forward stagnation point [deg]; 
coefficient of fluid expansion [ l/deg C] ; 
boundary-layer thickness [cm]; 
fluid viscosity [g/cm s]; 
dimensionless coordinates (equation 11); 
fluid density [g/cm3]; 
shear stress at the wall [g/cm s’]. 

Subscripts 

&4, 
external to boundary layer; 
at the wall: 

.K separation point; 
KI, m, fluid at infinity; 
0, at { = 0; 

<, varying with <; 
Q reference diameter; 

7-7 temperature; 
K velocity. 
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lNTRO5UCTION 

THE LAMINAR boundary layer can sustain only a small 
adverse pressure gradient without separating from a 
solid surface. It is desirable in many instances to prevent 
such a separation; thus, many studies have been made 
to determine the effect on separation of blowing, suet ion 
and the pressure gradient. Since the governing fluid 
properties in the laminar. incompressible boundary 
layer are the fluid viscosity, thermal conductivity and 
density, their variation also can be expected to affect 
separation. As these properties are temperature depen- 
dent, variations are most easily accomplished in the 
boundary layer by maintaining a temperature differ- 
ence between the solid wall and the fluid. This dis- 
cussion is concerned with the effect of this temperature 
difference in the specific instance of water flowing 
around a sphere. 

The effect on laminar separation of heat transfer from 
gases to the boundary has been studied by Morducho~v 
[ 1 J, Stewartson [2] and Iliingworth E3], among others, 
with the general conclusion that cooling the gas tends 
to “delay” separation, Equivalently, a larger adverse 
pressure gradient is required to maintain the same 
separation point when the gas is cooled. it is noted 
that most of these studies are restricted to the similarity 
solutions where U$J X, - x”‘. Further studies by Itling- 
worth [3], Gadd [4], Curie [5] and Poots [6] for 
U,/U r, = 1 -x have confirmed the result that cooling 
of the gas delays separation, and, in addition, studies 
by Baxter and Fliigge-Lotz [7] and Fannelop and 
Fliigge-Lotz [s] of the effect of heating the gas show 
the opposite effect on separation. 

Since the viscosity of liquids is reduced by heating, 
opposite to the effect in gases, it would be expected 
that heating liquids would delay separation. Studies by 
Schuh [a], Hanna and Myers [IO], and Johnson [ 111 
have shown that heating reduces skin friction. The 
study by Schuh [9] contains the conclusion that 
heating will delay separation although no quantitative 
results are given. One experimental study by Brown 
[12] has shown that a heated sphere in a liquid flow 
will experience a shift in the separation point from 
about X4” from the forward stagnation point with no 
heating to about loo‘ with heating. As this result was 
incidental to the main purpose of the study, details are 
not given. 

In this study the sphere laminar boundary layer is 
treated numerically and experimentally to more fully 
determine the effect on separation of t~m~rature 
difYerence between the boundary and the liquid. The 
numerical results naturally include details concerning 
the temperature and velocity profiles in the boundary 
layer. Flat plate results were obtained as a partial check 
on the numerical calculations; they coincide with those 
reported by Poots and Raggett [13] and are not 
included herein. 

MATHEMATICAL FORMULATION 

Axisymmetricsteady flow about a body of revolution 
is considered, the flow past a flat plate being obtained 
by letting the body radius go to a large constant. The 

conservation laws for energy, momentum and mass are 
used for this configuration, and, in addition, the depen- 
dence of fluid viscosity, density, and Prandtl number 
on temperature are specified. The explicit dependence 
of thermal conductivity on temperature is not used, as 
the variation is only about 1.5 per cent compared with 
a 400 per cent variation in viscosity and an even 
greater variation in Prandtl number over the range of 
temperature herein considered. Buoyancy, or the effect 
of gravity, is included even though its influence may be 
expected to be small: the density is much less sensitive 
to temperature than is the viscosity. 

As a result of axisymmetry only x, 4’ coordinates and 
II, 1’ velocity components need be considered. The 
equations to be used have been developed by Millikan 
[ 141 and are given for convenient reference as 

(1) 

Fluid properties k and C, are considered constant. 
Viscous dissipation, compression effects, and trans- 

verse curvature terms are neglected in obtaining 
equations (l)-(3). These latter terms do not exist for 
the flat pIate and are known to be negligible for the 
sphere. For a thin boundary layer, r can be replaced 
by r&) in equation (1) and the equations become 

The boundary conditions are 

(7) 

The stream function $ can be defined by 

(8) 

This eliminates the need for the continuity equation. 
The momentum equation then becomes 

ay axay a~ ay2 r. ax dy2 

= 
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wherein Euler’s equation has been used as 

dp 
z+Pm ue~+gxpm = 0 (10) 

as has the approximation p = pm [ 1 - fi( T- T’)]. 

The modified Howarth-Dorotnitsyn transformation 

is convenient to use. Thus, introducing 

“2y 

and the dimensionless stream function f 

(11) 

(12) 

the momentum and energy equations may be obtained 
in dimensionless form. Using the definitions for C, P, 
R, Pr, and g, the dimensionless momentum and energy 

equations become 

= e(/$$$) (13) 

&-&(g’)+(y+R)fb.= +$-g’$) (14) 
cc 

with boundary conditions 

‘I = 0, f’=f=O 

g = LIT, 
r/-+cc, f’=l (15) 

g= 1. 

These equations have been used previously by Clutter 
and Smith [15]. The variations of p, Pr and p with 
temperature have been taken from [ 151 and are: 

; = l&3516 - 106.98( T/T,) + 107.77( T/T)’ 

- 40.6( T/7J3 + 5.64( 7-/7J4] 

p = 0~8039+0~4615(T/T,)-0~2869(T/T,)2 

PI + 0.0235( T,‘7J3 (16) 

; = lJ73.38 -208.75(T/T,) + 197,76(T/T,)’ 
I 

- 68*86( T/T,)3 + 7.48( T/7J4] 

where the subscript r implies reference values taken at 
32°F (491.69”R in equation (16)) for the water 
properties. 

Solution of these equations is obtained by combining 
the differential-difference equations technique of 
Hartree and Womersley [16] with finite difference 
formulas in two directions. The wall boundary con- 
ditions are varied in an initial value solution to meet 
the required flow conditions for large q. This method 
circumvents the need to define “large q”, but requires 
a trial and error variation on the wall value with a 
judgment in matching large q values. 

The solution method requires a first estimate on the 
velocity and temperature profiles at the first x-station. 
The momentum equation is then satisfied and the 
solution is used to find the new temperature profile 

from the energy equation. This process is repeated 
until convergence occurs. Details of the solution 

method vary little from those described in [15]. Con- 
ventional integration schemes are used with variable 
step size in both 4 and 5. 

EXPERIMENTS 

The experiments were conducted to provide an 

estimate of the effect on the separation point of heating 

a sphere. A brass sphere was placed in a square 
horizontal test section of a loop designed to circulate 

water. The sphere was heated electrically by means of 
a heating element placed inside the hollow brass sphere. 

The temperature difference between the water upstream 
from the sphere and the wall of the sphere was 
measured with the use of thermocouples. Hydrogen 
bubbles generated by a fine wire placed on the surface 

of the sphere were used to visualize the flow around 
the unheated sphere, while the shadowgraph method 
was employed when the sphere was heated. 

Heated sphere 
The 7.61 cm (k 0.01) (3 in) external diameter hollow 

brass sphere consisted of two hemispheres joined 
together. The wall of the sphere was 0.633 cm (0.25 in) 

thick resulting in a constant temperature sphere. The 
heating element consisted of 6.4m of Nichrome wire 
with asbestos insulation. 

Four, 30-gauge iron-constantin thermocouples were 

soft-soldered into the inside wall of the sphere; No. 1 
at 70”, No. 2 at 45”, No. 3 at O”, No. 4 at 315” (all angles 
measured clockwise from the forward stagnation point). 
The thermocouples, when imbedded into the wall, were 
0.159cm from the outside surface. Since the tem- 

perature difference between the upstream water and the 
wall of the sphere is required, a thermocouple was 

placed upstream of the sphere and used as the reference 
junction. The heating element lead wires and the 
thermocouple wires passed through the Plexiglas 

support tube at the rear. 
The brass sphere was marked at 2” intervals between 

80” and loo” measured from the forward stagnation 
point and was covered with a thin coat of varnish, 
which insulated the sphere from the fine wire which 

generated the hydrogen bubbles. The hollow sphere 
was filled with water before it was placed into the test 
section. The water served to improve the heat transfer 
to the interior walls of the sphere. 

Water.flow system 
The water flow loop consisted of a variable flow 

rate pump, two tanks and a 254cm square Plexiglas 
test section. Water was circulated by a centrifugal 
pump. The walls of the upstream and downstream 
tanks were lined with stainless steel sheets. The up- 
stream tank contained three straightening sections. The 
first of these contained glass marbles sandwiched 
between two stainless steel screens; the second, a fine 
mesh stainless steel screen; and the third, a honeycomb 
constructed by placing 7.6-cm long, 0.5-cm dia plastic 
soda straws between two stainless steel screens. The 



honeycomb was placed at the inlet of the square test 
section, so as to insure uniform velocity profiles in the 
test section. No measurement was made of the low 

free stream fluctuation level. However, hydrogen 
bubble traces showed no observable fuctuations. The 
piping used to transport water from the downstream 

tank to the upstream tank through the pump was made 
of polyvinyl chloride, a plastic material. 

Care was taken to maintain the water as free from 
impurities as possible. Before any tests were made, the 

water in the test loop was passed through a water filter 
at low speeds for at least 12 h. 

The two visualization techniques, the hydrogen 

bubble method and the shadowgraph method, used in 
the present work will not be discussed at any length 
because they have been used in the past by many 

researchers. Some comments will be made. however, of 
the techniques used in the present study. 

The hydrogen bubble method consists of using a fine 
wire as one end of a DC circuit to electrolyze the water. 
The tiny bubbles thus formed are visualized by means 
of an appropriate light source placed outside the test 
section. A 09025 cm platinum wire was used to generate 
the hydrogen bubbles. A spectra-Physics laser beam 
passed through a cylindrical lens was used as a light 

source. The platinum wire was stretched across the 
top half of the meridian plane. Thus, the hydrogen 
bubbles were generated next to the surface of the sphere, 

in the boundary layer and the wake region. 
The shadowgraph method is based on the phenom- 

enon that light passing through a density gradient in 

a fluid is deflected. It measures the second derivative, 
therefore allowing visualization of only those parts of 
the flow where the density gradient change is sufficiently 

large. The shadowgraph system consists of a bright light 
source, a colliminating lens, and a viewing screen. 

Photographs were taken of the region near the 
separation point using the hydrogen bubble method 

and of the whole flow field around the sphere using 
the shadowgraph method. The laser beam used to 
visualize the hydrogen bubbles was not photographed 
directly; a video recording was made with a TV camera 
installed with a 130mm lens. The video pictures pro- 
jected on the TV screen were then photographed. The 
shadowgraph pictures were directly photographed. 

The test loop was filled with soft water and the brass 
sphere was installed in the test section. The flow of 
water through the test section was about 0.8 cm/s. The 
Reynolds number, based on the diameter of the sphere, 
was thus 7500. This low Reynolds number assured a 
laminar flow in the boundary layer prior to separation. 

Before the sphere was heated, the hydrogen bubbles 
were generated and photographs taken to insure the 
occurrence of laminar separation (about 84”). The 
power to the heating element inside the sphere was then 
adjusted to provide the desired temperature difference 
between the water upstream of the sphere and the wall 
of the sphere. The shadowgraph pictures were taken for 
various temperature differences. 

Prior to making any tests. the sphere was heated to 

check the uniformity of the temperature of the sphere 
wall. All the thermocouples (1 -4) were used to check 
that the wall temperature was essentially constant. 
When the sphere was heated, two thermocouples 
(2 and 4) were used to determine the temperature direr- 
ence between the water upstream and the wall of the 
sphere. The sphere reached a constant temperature 

within three minutes after the power was turned on. 

RESULTS 

The calculation of the separation point, by the 

technique described, involves necessarily the deter- 
mination of all the characteristics of the flow in the 

boundary layer. Some of these characteristics are noted 
and discussed, others may be found in the reference 
study by Kapur [17]. The location of the separation 

point is determined by extrapolation of the calculated 

skin friction to zero since the boundary layer equations 
used become singular at the separation point. Positions 
of the separation points are given in Table 1. All 
calculated results are given for a fluid stream tem- 

perature of 21°C (70°F). 

Table 1. Separation points for 
a sphere 

Above critical flow 

A7 I 

(‘Cl ( F) 

72.2 130 107.9 
444 80 1066 
16.5 30 105.2 

0 0 104.0 
- 44.4 -80 101.5 

Below critical flow 

72.2 130 91.0 
44.4 80 9@0 
16.5 30 X8.5 

0 0 87.0 
- 44.4 -80 85.0 

Two instances of ilow about a sphere were con- 

sidered. In one instance the potential velocity distri- 
bution was used and in the second an experimental 
distribution given by Tomotika [18], with the adverse 

pressure gradient beginning at 74%‘. These are called 
“above critical” and “below critical” flow, respectively. 
Thus, the term “above critical” refers to flow such that 
transition to turbulent flow occurs in the boundary- 
layer upstream of the separation point. The correspond- 
ing external flow is approximated by the potential 
velocity distribution and the results are appropriate to 
the laminar boundary layer proceeding transition. 

The potential flow distribution yielded a separation 
point at 104”. Using the following representation for 
an experimental velocity distribution, 

UC 
- = 1~5c’-0~3640~3+0.0246685’5, 
u, 

(17) 
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Tomotika [18] calculated the separation point to be 

at 81” using a momentum integral technique. The 

present calculations for this distribution yielded 87 

while 85” has been measured experimentally by Fage 

cw 
These calculations and the experimental result of 85” 

correspond with the experimental results obtained with 
hydrogen bubbles in this study. 

Microphotographs were taken of the boundary-layer 
flow region between 80” and loo” from the forward 
stagnation point. A graphical method for determining 
the separation point is indicated in Fig. 1. This method 

Flow 

=$+jq 

Zero-velocity line 

FIG. 1. Graphical procedure for extrapolating 
separation point from hydrogen bubble pictures. 

utilizes a tracing of the bubble pattern and an ex- 
trapolated line through the loci of points of zero 
forward velocity in the reverse flow region. This pro- 

cedure yielded the separation point of 84”. The method 
is considered accurate to within *2”. It is concluded 
that conventional laminar flow existed over the sphere 
in the unheated state and that a normal separation 
occurred, corresponding with previous experiments 
and the calculations for a laminar boundary layer. 

The effect on ,fl of heating and cooling the wall 
of a sphere with a potential flow velocity distribution 
is shown in Fig. 2. It is seen that small, but finite 

FIG. 2. The effect of heating and cooling a sphere on the 
velocity gradient at the wall. “Above critical” flow. 

increases in the angle at which separation occurs are 
caused by increased sphere wall temperatures-an 
increase in angle from 102” to 108” occurring for a 
temperature increase of 72.2”C (130°F). Example tem- 
perature and velocity profiles are shown in Figs. 3 and 4. 
These boundary-layer quantities vary as would be 
expected and tend to confirm the results on separation. 
Additional profiles are given in the reference study [17]. 
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FIG. 3. Velocity profile for a heated 
sphere. “Abovecritical” flow. c( = 67.8’. 
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FIG. 4. Temperature profiles for a 
heated sphere. “Above critical” flow, 

a = 67.8”. 

If the sphere experiences the velocity distribution 
of equation (17), the results are similar to the potential 
flow case, the increase in separation angle for a wall 
temperature increase of 72.2”C being about 6” from 
86 to 92”. Additional results are given in the reference 
study [17]. 

The effect of buoyancy forces were determined from 
the computer program. Using the definitions of positive 



Negative buoyarry 
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FIG. 5. Definition of positive and negative 
buoyancy forces. 

and negative buoyancy given in Fig. 5, typical results. 
for the velocity distribution of equation (17), in this 
instance, are shown in Fig. 6. This shows relatively 
small buoyancy effects. 

0 / I I I I 
II; 
14, I 

0” 12’ & 36” 48’ 60’ 72’ 84’ 96” 108” 

a. degrees 

FIG. 6. The effect of buoyancy forces on the velocity gradient 
at the walk when the sphere is heated. “Relow critical” 

flow, AT = 44.4’C. 

Good agreement was found between calculated 
Nusselt number, Nu,, and the experimental results of 
Brown [IL!]. An example is shown in Fig. 7. 

DifficuIties in obtaining nnifo~ly small hydrogen 
bubbles with the heated sphere led to the use of a 
shadowgraph to determine the separation point ex- 
perimentally. The photographs showed several char- 
acteristics. The increase in temperature of the sphere 
wall for AT = 55.5”C (100°F) caused the wake to be- 
come asymmetric in the vertical plane, due to buoyancy 

A 78 700 
B 37 700 

21 200 

FIG. 7. Comparison of local Nusselt number with exper- 
imental results of Brown [12]. &ll = lO@‘C, T,,ter = 100°C. 

uniformly heated sphere. 

forces. Large changes in the location of the separation 
point do not occur, thus, tending to confirm small 
changes obtained in the analytical results. 

Previous numerical results obtained for a circular 
cylinder [13] with wall temperature different from the 
main stream can be compared with those shown here. 
Figs. 8 and 9 show the dimensionless skin friction and 
heat transfer in terms of the stagnation point values 
as a function of the dimensionless distance from the 
stagnation point. It is seen that the heat transfer is 
discernibly different between the cylinder and the 
sphere. A relations hip for the dimensionless separation 

o POWS and Rogget 1131 cylinder 

FIG. 8. Dimensionless skin friction coefficient for the AT’s 
of Table 1. 

xsz Poets dnd Raggett Cf31 cylrnder 

- Sohere 

FIG. 9. Dimensionless heat-transfer coefficient for the AT’s 
of Table 1. 
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point has been proposed for the circular cylinder by 
Poots and Raggett [13]. It involves the ratio of the 
Prandtl number evaluated at the main stream tem- 
perature and the wall temperature. This is 

The value n/2 is the location of the ~ginnin~ of the 
adverse pressure gradient. This correlation involving 
the location of the beginning of the adverse pressure 
gradient and the Prandtl number ratio appears to be 
quite good and perhaps applicable to bodies of many 
shapes. As seen from Fig. 10, the present study shows 
that more accurate relations may be 

0.17 

cylinder : 

sphere, above x, 
; = n/2+0-248 2 

i i 

0.17 

critical : w 

sphere, below x, 0.17 

(19) 

(20) 

(21) 

-0 4 1 1 I I 

-05 0 05 10 

log,o (Pr,/Pr, ) 

FIG. 10. Prandtl number correlation with location of the 
beginning of the adverse pressure gradient. 

However, it is believed that the difference in the Prandtl 
number ratio exponent of 003 is likely due to differ- 
ences between the Prandtl number function of tem- 
perature used in the two studies. It may be noted that 
the steep slope of the functions of skin friction and 
Nusselt number near x/x, equal to 1 requires an 
accurate determination of x,/c for an accurate predic- 
tion of skin friction coefficient or Nusselt number. 

The results given herein and the correlations of 
equations (19), (20), and (21) can be expected to be 
valid for liquid flows in which boiling or freezing 
(cavitation or solidification) do not occur. This gen- 
erality is due to the formulation of the equations and 
results in a dimensionless form. However, correlations 
of computed results, just like correlations of experi- 
mental results, cannot be extrapolated with complete 
confidence beyond the range of the computations 
(data). 

CONCLUSIONS 

Heating has the following significant effects : 
1. It substantially increases the u component of 

velocity in the laminar boundary layer of water flow 
past a sphere. With AT of 722°C (+ 130”F), maximum 
increases in u of 50 per cent in the boundary layer 
occur. 

2. It shifts the point of flow separation downstream 
from the stagnation point. The value is about 5 per cent 
of the distance from the forward stagnation point 
to the separation point for no heating, for AT’s on the 
order of 555°C (100°F). 

3. It decreases the displacement thickness and mo- 
mentum thickness. With a AT of 72.2”C (130°F) the 
displacement thickness decreases by 30 per cent and 
the momentum thickness by 20 per cent. 

4. The velocity boundary-layer thickness is changed 
only slightly by heating or cooling, but cooling sub- 

stantially increases the thermal boundary-layer thick- 
ness. 

5. Buoyancy has little effect in water flow past a 
sphere for AT’s on the order of 555°C (100°F). For 
the sphere this corresponds to the ratio of the Grashof 
number to the square of the Reynolds number of 
about 0.7. 

A general qualitative conclusion regarding separ- 
ation is that the powerful influence of a strong adverse 
pressure gradient in fixing the separation point cannot 
be appreciably changed by moderate heating. Thus, in 
most instances available energy should not be used for 
heating in attempts to reduce adverse effects of 
separation. 
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EFFET DE LA TEMPERATURE PARIETALE SUR LE DEVELOPPEMENT ET LA 
SEPARATION DE LA COUCHE-LIMITE LAMINAIRE SUR LINE SPHERE 

Resume--On presente les resultats de l’inttgration numerique des equations de la couche-limite laminaire 
sur une sphere jusqu’au point de separation, et les experiences effectuees sur une sphere a temperature 
constante dans I’eau B un faible nombre de Reynolds. Les resultats numeriques et expt?rimentaux 
montrent tous deux qu’une augmentation de la temperature de la sphere au dessus de celle de I’eau 
environnante dtplace le point de separation laminaire Itgerement vers l’arriere. L’elfet des forces de gravitc 
est tres faible. On traite de I’influence du chauffage sur tes profils de vitesse et de temperature. 

Les resultats sont comparcs ;I cetlx obtenus par d’autres auteurs pour un cylindre bidimensionnel. 
II est trouve que les valeurs du transfert de chaleur et du frottement par&at adimensioanels en fonction 
de la distance adimensionnelle comptce sur la paroi jusqu’au point de separation sont semblables B celles 
obtenues sur un cylindre. Pour I’ecoulement potentiel autour de la sphL:re et pour une distribution de 
vitesse experimentale, on represente I’effet de la separation par des formules incluant le rapport des nombres 
de Prandtl dans I’lcoulement libre et a la paroi. Ces correlations sont comparees Ii celles relatives h un 

cylindre circulaire. 

EINFLUSS DER WANDTEMPERATUR AUF DAS ANWACHSEN UND DIE 
ABLijSUNG DER LAMINAREN GRENZSCHICHT UM EINE KUGEL 

Zusammenfassung - Ergebnisse werden gebracht fur die numerische Integration der laminaren Grenz- 
schichtgleichungen urn eine Kugel bis zum Ablosepunkt und fur experimentelte Untersuchungen an einer 
Kugel konstanter Temperatur in Wasser bei kleinen Reynolds-Zahlen. Sowohl die experimentellen als 
such die numerischen Ergebnisse zeigen, dag mit dem Anwachsen der Kugeltemperatur iiber die des 
umgebenden Wassers sich der laminare Ablosepunkt leicht nach riickwarts verschiebt. Der Einflul3 des 
Auftriebs ist sehr gering. Der Einflub der Beheizung auf das Geschwindigkeits- und Temperaturprofil 
wird angegeben. 

Die Ergebnisse werden verglichen mit den Ergebnissen anderer Autoren fur zweidimensionale Zylmder. 
Der dimensionslose Warmeiibergang und die Oberflachenreibung als Funktion des dimensionslosen 
Abstands entlang der Wand bis zum Abloseptmkt erweisen sich als ahntich jenen Werten. die fur Zylinder 
erhalten wurden. Sowohl fur Potentialstromung urn die Kugel als such fiir eine experimentelle 
Geschwindigkeitsverteilung, die den Einflub der Ablosung enthalt. wurden Relationen aufgestellt als 
Funktionen eines Verhlltnisses der Freistrom- und der Wand-PrandtlIZahl. Auch diese werden mit 

Korrelationen fur den Kreiszylinder verglichen. 

BnMtiHME TEMHEPATYPbI CTEHKM HA OLPA30BAHME M OTPbIB 
JIAMMHAPHOFO IIOl-PAHMYHOFO CJIO5I UIAPA 

AtIHoTBnHn- ~penCTaBneHblpe3yJlbTaTblYMCneHHOrO MHT'XpMpOBaHMR ypaBHeHM8 naMMHapHOr0 

norpasn~Hor0 cnofl LUlR luapa no TOYKM OTpblBa M 3KCIIepkiMeHTOB B Bone HauIapecn0~T0n~~0i2 

TeMneparypofi npcr Manor YMcne Petiwonbaca. KaK 3KcnepnMeHranbHble,TaK II wcneHHble pesynb- 

TaTbl nOKaSblEaWT, '(TO nOBbl"leHMe TeMIEpaTypbl LUapa BblUle TeMflepaTy,,bi BOflbl HeCKO,,bKO 

3aTI(,-MBaeT OTpblB JIaMMHapHOrO CJlOfl. 

Bnunuue BbITa,,K&4BatOLUMX CMll 09eHb He3HaYMTenbHO. npenCTaBIleHbl pe3y,,bTaTbl “0 BO3- 

J,etiCTBMIo HarpeBa Ha ITpO@WIM CKOPOCTH M TeMtIePaTypbI. Pe3yJlbTaTbl 3KCnepHMeHTOB CpaBHtr- 

BatOTCII C pe3yJl bTaTaM M , no.TyveHHblMfl npyrM~M r4ccnenosarensMn nnn cnyvan neyMepHor0 

WinMHnpa. OGHapymeHo, YTO 6e3pa3MepHblA TennOO6MeH W IlOflepXHOCTHOe TpeHMe B KaYecTEe 

f$)YHKL,Mti 6e3pa3MepHOrO PaCCTOnHMSl BnOJlb CTeHKB A0 TO’IKH OTpblBa aHaJlOrWlHbl IlOnyYeHHblM flJIR 

UkiJlLiHIIpa. Koppennuwi KaK &HKUMM OTHOUleHAIl (PYHKUMH TOKa K YHCJly npaHnT,V Ha CTeHKe 

“OJly’ieHbl KaK LIJIR CJly’laR IlOTeHUMaJlbHOrO 06TeKaHHn UIapa, TaK H LlJlR SKCI,ePMMeHTaJ,bHOTO 

paC”pene,TeHHR CKOPOCTM, qT0 nO3BOJlReT 06anCHMTb 3&$eKT OTpblBa. 3TH pe3j’J,bTaTbl CpaBH,,- 

Ratoxxc KoppennuMnMki ana Kpyrnoro uwnMHnpa. 


