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THERMAL AND MATERIAL TRANSFER FROM SPHERES 
PREDICTION OF LOCAL TRANSPORT 
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Abstract-From a review of the available experimental data upon local thermal and material transport 
from spheres, expressions were developed to permit the prediction of such transport as a function of 
Reynolds number, intensity of turbulence, and polar angle. It was found that the effect of Reynolds 
number was more pronounced in the separated flow found in the aft hemisphere than in the boundary 
flows of the forward hemisphere. On the other hand, the intensity of turbulence exerted a much more 
profound effect on the local transport in the forward hemisohere than in the aft hemisnhere. The results 

are presented in terms of the Fksling number. 
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NOMJZNCLATURE 

area [ft “I; 
coefficients ; 
specific gas constant [lb/in’ 
ft 3/lb OR] ; 
isobaric heat capacity [Btu/lb 

‘=F] ; 
Chapman--Cowling diffusion co- 
efficient [ft2/s] ; 
Maxwell diffusion coefficient 

[lb/s] ; 
diameter [in or ft] ; 
Friissling number, (Nu - 2)/Re* 
Pr;), or (Sh - 2)/Ref SC: ; 
fugacity [lb/ft2 J ; 
heat-transfer coefficient [Btu/s 
ftzoF] ; 
mass-transfer coefficient [ft/s] ; 
thermal conductivity [Btu/s ft 
OFI ; 
evaporation rate [lb/s ft”] ; 
number of constants ; 
number of data points ; 
local Nusselt number, hd/k ; 
macroscopic Nusselt number, 
Qd/‘Ak(ti - t,); 
mole fraction ; 
pressure [lb/in’ abs. or lb/f@ 
abs.] ; 

Pr, 
a 
Re, 
SC, 

Sh, 

5 

T, 
4 
u rn, 
U. 
-, 
U 

2.1, 

2 

Prandtl number, K/V ; 
total thermal flux [Btu/s] ; 
Reynolds number, d U/v ; 
Schmidt number, v/Dck, = Pv,l 

D ; 
~~rwood number, kd~D~~j, = 

~~b~~/D~~Z(~~/P~ ln (aj, i/Gj. a); 
average deviation, fraction (de- 
fined in Table 2) ; 
absolute temperature PR] ; 
temperature [“F] ; 
free-stream velocity [ft/s] ; 
local velocity [ft/s] ; 

time average longitudinal fluctu- 
ating velocity [ft/s] ; 
weighting factor, l/( 100 6); 
compressibility factor. 

Greek symbols 

% apparent level of turbulence, 
fraction, [(Ei, ,)“]flUa, ; 

K, thermometric conductivity 

Cft2/sl ; 
V. kinematic viscosity [ft”/s] ; 

fJ> specific weight [lb/ft3] ; 

a, standard deviation, fraction, (de- 
fined in Table 2) ; 

JI. angle from stagnation [degrees]. 
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Subscripts 

c, 
e, 
i, 

A 
k, 
4 
a, 

calculated ; 
experimental ; 
evaluated for interface condi- 
tions ; 
component j; 
component k; 
molecular property ; 
evaluated for free-stream condi- 
tions. 

Superscripts 
m, n, 
* 

0: 

exponents ; 
macroscopic ; 
pure component. 

INTRODUCTION 

A KNOWLEDGE of the local transport from 
spheres and cylinders significantly enhances the 
understanding of flow and transport dynamics 
associated with blunt bodies. One of the earliest 
analyses of local transport from spheres was the 
work of FrSsshng Cl]. In addition to a rather 
complete theoretical analysis, as well as some 
experimental work involving macroscopic trans- 
port to an air stream from drops of different 
hydrocarbons, the local transport from a naph- 
thalene sphere subliming into an air stream by 
forced convection was measured. Friissling 
verified experimentally the predicted Sherwood 
number at stagnation. Friissling’s data for 
Reynolds numbers up to 100 show the locus of 
separation and the strong effect of Reynolds 
number upon transport in the wake. 

Gamer et al. [2-4] carried out measurements 
of local transport, using solid spheres of 
benzoic and adipic acids in a water tunnel. In 
addition to local material transport, Garner 
studied the effect of Reynolds number on the 
locus of separation from the aft stagnation 
point to a position 104” from the forward 
stagnation at a Reynolds number of 500. The 
magnitude of the Sherwood numbers reported 
by Garner appears to be about 40 per cent 
higher than many other values, such behavior 
possibly being attributed to elevated free- 

stream turbulence in Garner’s water tunnel. 
Linton and Sutherland [IS] extended local 
material transport studies in a water tunnel up 
to a Reynolds number of 7580, and found good 
agreement with the earlier work of Friissling [ 11. 
Linton [S] also indicated the possibility of 
effects of free-stream turbulence on material 
transport. 

Effects of free-stream turbulence intensity on 
the locai thermal transport were first syste- 
matically investigated with cylinders by Giedt 
[6] and later by Seban [7], revealing a modest 
increase in thermal transfer in the forward area 
with small increases in free-stream turbulence. 
Such measurements were extended to spheres 
by Wadsworth [S]. The latter measurements 
indicated the complicated behavior in the wake, 
and the displacement of the region of separation 
with increases in free-stream turbulence. How- 
ever, no increase in the thermal transfer near 
stagnation was found with increase in free- 
stream turbulence since the scale of turbulence 
was much smaller than the diameter of the 
sphere. Other investigators [P-12] have meas- 
ured local transport employing spheres, and of 
these the work of Xenakis et al. [IO] is worthy 
of note. His work involved measurements well 
into the supercritical region at Reynolds num- 
bers as high as 1.6 x 106. The effect of free- 
stream turbulence was neglected in the measure- 
ments of Xenakis. 

Local thermal transfer from spheres with 
artificially increased free-stream turbulence was 
studied by Venezian et al. [13], using a silver 
sphere 1.0 in. in diameter. The ex~rimental 
measurements were made in a rectangular air 
jet 3 by 12 in. The local heat-transfer coefficient 
was established from the measured interfacial 
temperature gradient in the boundary flow 
normal to the surface. By use of a perforated 
plate, the free-stream longitudinal turbulence 
was varied from 0.05 to 0.15. The longitudinal 
turbulence without a perforated plate was 0.013. 
Similar studies were reported by Short et al. [14] 
and Brown and Sage [15] for a @5-in sphere. 
Recently, Brown et al. [16] measured the local 
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heat-transfer coefficients from a 15-in sphere 
in a water tunnel. They varied the Prandtl 
number from 2.2 to 68 for Reynolds numbers 
varying from 500 to 480000. Their results 
demonstrated the marked effect of Reynolds 
number upon transport in the wake region, as 
well as the influence of variable properties of 
the fluid in the boundary flow. 

Earlier theoretical work was initiated by 
Langmuir [17], using the data of Morse [18]. 
Langmuir showed that the limiting value of 
what is now known as the Sherwood number 
was two at zero Reynolds number with no 
turbulence. Such results confirmed the early 
experiments of Morse [18], while Fuchs [19] 
and Friissling [20] predicted the effects of 
forced convection near stagnation. Several more 
attempts to obtain an analytical solution have 
been made and were reviewed by Korobkin 
[21] and others [22,23]. 

A quantitative description of the flow aft of 
separation has not been realized. Qualitative 
aspects of such flow have been described by 
Torobin and Gauvin [24), and Lee and Barrow 
[25]. Richardson [26, 271 sought to describe 
empirically separated flows as characterized by 
the Reynolds number to the two-thirds power. 
In this paper, some aspects of the influence of 
free-stream turbulence on local thermal and 
material transport from spheres will be des- 
cribed. 

DISCUSSION 

The Nusselt and Sherwood numbers at 
stagnation were predicted theoretically and 
verified experimentally [17-201, and may be 
described by the following expressions for 
thermal and material transfer : 

Nu = 2 + 1.31 Ref Pr;) (1) 

Sh = 2 + 1.31 Re* SC*. m (2) 

Theoretical studies indicate that the coefficient 
of the Reynolds number should vary with angle 
from stagnation. 

A dimensionless group called the “F&sling 
number” [28] may be defined by equations (1) 

and (2) which indicate the variations of the 
local transport from that at stagnation. In the 
case of thermal transfer, it assumes the form : 

Fs = N” - 2 
Re” Pr;), 

Correspondingly, for material transfer : 

Fs = Sh - 2 
Re* SC: 

The measured variation of the Friissling number 
with polar angle by several investigators [8, 10, 
13-15) is shown in Fig. 1 for longitudinal levels 
of turbulence below 0.05. A more complicated 
behavior in the wake at Reynolds numbers 
above 2 x 10’ is characteristic of nearly all 
measurements. Transition to supercritical flow 
alters the flow in the wake, as is indicated 
qualitatively in Fig. 1. 

Angle from sWgnation, dw 

FIG. 1. Effect of polar angle upon local Frijssling number. 

The available experimental data for local 
transfer [13-151 corrected for radiant transport 
were subjected to an integral restraint applied 
graphically to insure consistency with the 
measured macroscopic transport. The macro- 
scopic measurements involving the direct deter- 
mination of the total transport under the same 
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Table 1. Summary of experimental 

Description of sphere Number Turbulence level Prandtl number Schmidt number 
material diameter4 of points min. max. min. max. min. max. 

porous ceramic 
silver 

silver 
naphthalene 
benzoic acid 
benzoic acid 
copper 

copper 
copper 
copper 
copper 
benzoic acid 
benzoic and 
adipic acids 

0.5 99 0.013 0.15 - 1.2 
0.5 99 0.013 0.15 0.1 - 

1.0 132 0.013 0.15 0.7 
0.02 66 0.6 2.8 
0.38 11 low 1210 
0.75 18 high 1210 
1 30 001 2.2 6.8 - 

4 340 0.02 0.07 0.7 
6 88 0.02 0.7 
9 88 0.02 0.7 
12 
0.5 

“II 0.02 0.7 
high 819 1389 

0.384.75 -II high 1340 1525 

t Nomenclature for definition of terms. 
$ Kinematic ratio defined as Y&. 
5 Sphere diameter expressed in inches. 
11 Data not used in evaluation of coefficients. 

conditions of flow were of greater precision and 
accuracy than the local values. The local values 
of Nusselt number were constrained in the 
graphical analysis to satisfy the following 
integral expression involving the macroscopic 
data : 

180” 

[ (Nu/Nu*) sin tj d$ = 2. (5) 

Transport rates at even values of the cosine of 
the polar angle were determined. The detailed 
local results together with the integral macro- 
scopic values, as well as the average and 
standard deviations of the experimental data 
[13-l 51 from the smoothed curves. are available 
[29]. The sources of the experimental data are 
set forth in Table 1. 

At levels of turbulence below O-02, the 
following empirical relation [4] has been used 
in the past to approximate the behavior for 
local thermal transfer: 

Nu = 2 + C($) Rem Pr$. (6) 

functions of polar angle, $. To illustrate the 
inadequacies of equation (6) the variation of the 
empirical exponent m with polar angle is shown 
in Fig. 2. The information obtained from 
equation (6) is primarily qualitative in nature 
since the value of the exponent is also a function 
of Reynolds number in the region near separa- 
tion. 

The effects of free-stream turbulence are of 
importance. The experimental data for spheres 
[13-151 indicate an effect similar to that 
obtained for cylinders by Giedt [6] and Seban 
[7]. Figure 3 depicts the local F&sling number 
for thermal and thermal with simultaneous 
material transfer as a function of the “apparent” 
level of longitudinal turbulence [30, 311 for 
several Reynolds numbers and polar angles for 
0.5 and l.O-in spheres [13-151. The term 
“apparent” has been used to indicate that 
turbulence levels in the flowing air stream 
downstream of a grid were obtained from the 
detailed measurements of Davis [30, 311. A 

The coefficient C and the exponent m are similar configuration of the grid was used in the 
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onditions for data employed? 

Range of data 

Viscosity ratiot 
min. max. 

Reynolds number Nusselt or Sherwood number 
min. max. min. max. Source Remarks 

1.36 1.38 800 
0.67 0.84 900 
0.835 O-837 1800 

1.0 50 
490 

- 100 
1.0 2.7 5 

0.94 1800 
87000 

130000 
- 177000 

20 

7300 16 67 
7300 18 41 
7500 24 64 
1000 7 30 
7500 150 430 

800 80 300 
480000 0 1500 
200000 90 700 
667000 300 800 

10@0000 314 1000 
12OOtxIO 800 1500 

800 71 232 

100 700 70 320 [31 water tunnel 

measurements on spheres [13-151 as employed 
by Davis. The experimental data for the 0.5 and 
la in spheres [I3--151 are ~dist~guishable in 
the presentation of Fig. 3. The standard error of 
estimate in the Frossling number for the 
experimental data used to establish the full 
curves of Fig. 3 is indicated in the figure. The 
data [ 13-151 upon which Fig. 3 was based are 
shown as a function of the square root of the 
Reynolds number in Fig. 4. Within the un- 
certainty of measurement, the F&sling number 
is a linear function of the square root of the 
Reynolds number. The standard deviation of 
the experimental data from the curves of Fig. 4 
is given in the lower part of Table 2 as a 
function of polar angle. 

In the region of separated flow, which is 
encountered primarily in the aft hemisphere, 
the nature of the transport is different from that 
in the forward hemisphere. Figure 5 shows 
results in the aft hemisphere for thermal 
transport obtained from 0.5~in and l-O-in silver 
spheres [13-143 and thermal with simultaneous 

Cl51 
[I41 
t131 

Cl1 

;:I 
Cl61 

C81 
[lOI 
Cl01 
El01 

E21 

air jet 
air jet 
air jet 
jet 
water tunnel 
water tunnel 
water tunnel 
wind tunnel 
wind tunnel 
wind tunnel 
wind tunnel 
water tunnel 

material transport from a 0.5-in porous sphere 
[15]. No large effect from the level of turbulence 
was observed. 

The data for local transport [13-151, together 
with those available from others [I 4. 5, 8, 10, 
161, are shown for thermal and for material 
transport with level of turbulence as a parameter 
in Figs. 6 and 7 for selected angles. The increases 
in Friissling number with increasing free-stream 
turbulence are strongest near stagnation and 
decrease continuously up to separation. The 
marked effect of polar angle upon the behavior 
is evident. The effects of transition begin to 
appear at a polar angle of about 70”. Instabilities 
in the flow appear as the Reynolds number is 
increased up to the critical value, above which 
the instabilities disappear. In the transition 
region, the characteristic instabilities become 
greater as the polar angle is increased. Much of 
the scatter of the experimental data may well 
result from the fluctuation in the position of the 
locus of separation. The absence of the effect of 
level of turbulence upon the local Frijssling 
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c’ 0.7 

B 

lz 0.6 

Angle from stagnation. dq 

FIG. 2. Variation of exponent of equation (6) with polar 
angle. 

0.5 

0.4 
0 0.02 0.04 0.06 008 0.10 0.12 0.14 0.16 

Appamt turbulerm lml, at 

FIG. 3. Effect of level of turbulence upon local Friissling 
number. 

__ 

IO 20 30 40 50 60 70 60 90 

Square root Reyndds number, ReE2 

FIG. 4. Variation of local Frijssling number with Reynolds 
number. 

number is evident in Figs. 6 and 7 for the 
region aft of separation. 

The effect of the scale of turbulence has not 
been investigated in detail. Maisel and Sherwood 
[32, 331 studied the effects of the intensity and 
of the scale of turbulence on the macroscopic 
thermal transport from spheres. The foregoing 
measurements indicated no effect of the scale of 
turbulence on the macroscopic thermal trans- 
port. The negative result may have been due to 
the fact that the integral scale of turbulence was 
only a fraction of the diameter of the spheres 
investigated. Van der Hegge Zijnen [34] carried 
out a similar experimental investigation in- 
volving cylinders and the scale of turbulence 
was varied over a wide range. These studies 
suggest that the effects of turbulence on the 
Friissling number are largest when the scale of 
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Table 2. Empirical coe~cients for equa~jons (7) and (8)t 
~-. -._._ ___ ._.-.____ - 

Polar angle 
Number of Coefficient 
data points 

Deviation, fraction -~ 
deg. cos J, used rejectedt A B C D 

average$ standard\/ 

0 1.0 58 3 1.1849 
36.9 0.8 59 2 1.1425 
53.1 0.6 58 1 lQ143 
66,4 0.4 63 i 0.8964 
785 0.2 59 2 0.735 1 
90.0 0.0 54 5 @SO10 

101.5 -0.2 55 3 0.2123 
113.6 -0.4 56 5 0*02280 
126.9 -0.6 61 4 01162 
143.1 -0.8 60 5 0.1882 
18OQ -1.0 61 2 0.2733 

0 1.0 42 1 1.4155 
36.9 0.8 44 0 1.3463 
53.1 0.6 26 0 I.3427 
66.4 0.4 38 0 1.0616 
78.5 0.2 42 1 09264 
90.0 00 29 I 0.4163 

fOl?l -0.2 45 0 0.9220 
ii36 -0.4 38 2 0.8437 
126.9 -0.6 39 0 I.3385 
143.1 -0.8 39 0 I.1039 
180.0 -1.0 31 0 0.09682 

0 1-O 28 2 
36.9 0.8 29 1 
53.1 @6 28 2 
66,4 0.4 27 3 
18.5 0.2 26 4 
90.0 0.0 26 4 

101.5 -0.2 27 3 
113.6 -0.4 30 0 
1269 -0.6 26 4 
143.1 -0.8 24 6 
180.0 - I.0 26 4 

Sage 

1.0339 
10X1 
0.9402 
0.1726 
0.6288 
0,4372 
0.1940 
0.08346 
0.1711 
Q-2353 
0.2632 

Subcritical flow 

0.2122 -0.1072 
0.3001 - 0.09403 
0.3436 - @09264 
0.2859 -@08356 
0@9O17 --o-o06822 

-0.03257 -04449 
0.5087 -0.08828 
03618 -0@3168 
0.235 1 -0.06142 
0.1734 - 0.07295 
0.2333 - 0.2001 

Supercritical flow 

-0G9410 -0.9114 
-0.01841 -0.1244 
- OGO6833 - 04064 

0.07020 -0.06481 
0.1043 - 0.06476 
0.06141 - OGO4980 
0,4920 - OG8459 
0.7592 - 0.08504 

-0.2332 -0.1029 
-0.2108 -0.02139 

0.9612 -0.06214 

et al.. combined [13-151 

04447 -0.05925 
02912 -0@4042 
0.2284 -0~02158 
0.2376 - 0.03904 
0.2964 -0.08141 
0.2554 - 0.08688 
0.1618 - 0.08770 
0.01362 0.09413 
0.06447 -0.02732 
o.t543 -0055f3 
0.1691 - 0134860 

oQO1317 0.00172 OQ453 
oQo1199 oQO209 09493 
OGO1466 000277 0,0556 
O-623 OGoO229 0.0498 
0~2934 oQO477 0.0748 

-0GOO2787 0@@#618 O-0933 
0@31968 0.00214 @180 
0.003743 0.0229 0.219 
0.003598 0.0344 0,182 
0.003797 0.0162 0.112 
OW5223 WI510 0.243 

- o+)cOO39oo oGoO571 0.0243 
-oG?Oo5591 0000432 0.0206 
- OWI2765 oQoo445 0.0216 

OQOO1322 oQOo973 0.0318 
o*oo@Xo54 OQOO724 0.0294 
OGCO5782 OGO325 0.0633 

- 0.~77 1 0.0661 0.249 
oQOO8995 0.0842 0,377 
oGO1379 0.0106 0.109 
0.0005497 O+IO480 0‘0748 
0@03739 0.~374 0‘07~ 

0003302 oGc!O592 
WO3246 O@Oo268 
OGO2463 oGO139 
0002429 oGO19o 
OQO1782 oQoo119 
oGOO974o OQOO312 
OGO1196 0.00287 
0GO1591 0.00481 
OGO1687 0.~293 
O+?O1?51 O-ooo865 
OGO i 588 0~00151 

_.-... __~.. ..__ ~--_~__.._.I.~-~__~.-.- - 

t Coefficients for equations 

00254 
OG243 
0.0246 
0.0256 
0.0287 
0.0364 
0.0624 
0.0806 
OGWO 
0.034 1 
O*O423 

~- _I__- 

Fs, = .4(V,/Vp6 + [BaXa, + C) + Lq Ref, se;, * 
$ Statistically rejected when deviation exceeds 4~. 
5 Average deviation defined by 

/I Standard deviation defined by 
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80 90 loo 

Square root Reynolds number, &19/Z 

FIG. 5. Effect of Reynolds number in subcritical flow on 
local transport in aft hemisphere. 

turbulence is comparable to the diameter of the 
sphere. 

There are several complicating factors in the 
analysis of data for either macroscopic [35] or 
local thermal or material-transport from spheres. 
Transport studies carried out with relatively 
large temperature or concentration differences 
involve significant variations of the molecular 
properties of the fluid in the boundary flows. 
The angular variation of the surface temperature 
and of the fugacity of the material in transport 
at the interface contribute to the difficulty of 
proper evaluation of the effect of variation of 
the molecular properties with position in the 
boundary flows. The variation in the specific 
weight of the fluid leads to natural convection 
in a gravitational field. Such effects become of 
importance in forced convection transport at a 
Reynolds number markedly less than 400. When 
material transport occurs at high rates. the 

0.6 

0.2 

0 

- Regression-gores 
--- Gmphial- ases 
-- Gmphicol- F, squids / 

200 400 600 800 1000 1200 

Square rwt Reynolds number, .‘?e:’ 

FIG. 6. Effect of Reynolds number on local transport in 
forward hemisphere. 

effects of a momentum velocity normal to the 
surface alter the velocity profiles in such a way 
as to increase the thickness of the boundary 
flow. 

Another significant difficulty in the interpre- 
tation of the experimental data is the “blockage” 
of a tunnel cross section by the sphere or other 
objects under investigation [36]. The max~um 
fraction of the cross section of the flow associated 
with the object involved in the data considered 
in this review was 0.16. The greater part of the 
data reported involved a blockage factor of 
approximately 0.07. Two effects result from 
such “blockage” [36, 371. The average fluid 
velocity past the sphere is increased. and the 
wake is distorted as a result of wall constraints. 
A first-order correction employed in the current 
review involved the use of a Reynolds number, 
increased by the effect of area blockage on the 
average velocity. 
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‘;- \ 2 2.0 
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I.6 
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I.2 

O-6 

04 
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0 200 400 600 800 000 1200 

Square root Reynolds number. /?sg 

FIG. 7. Effect of Reynolds number on local transport in aft 
hemisphere. 

I 
-"'50 

I I I I I I I 
20 40 60 80 100 120 140 160 

Angle from stagnation. deg 

FIG. 8. Coefficients of equation (7) as a function of polar 
angle. 

Y 

RESULTS 

The objective of this discussion was the 
development of empirical relations which pre- 
dict local thermal and material transport as a 
function of polar angle. Reynolds number, free- 
stream turbulence, molecular properties of the 
fluid in the free stream, and the variation of such 
properties through the boundary flow. The 
following expressions were obtained, in part, by 
theoretical considerations and, in part, by 
empirical statistical treatment of the experi- 
mental data. For subcritical flow, using data 
shown in Figs. 6 and 7 as a means of establishing 
the form of the relationships, the following 
empirical expression based upon the data listed 
in Table 1 resulted for thermal transport: 

Fs,=A!” 
0 

0.16 

vi 

+ [Ba,(a, + C) + D] 

x Re;f, Pr$,,. (7) 

For material transport under the same type of 
conditions : 

Fs,=AV” 0 
0.16 

vi 

+ [Ba,(a, + C) + D] 

For supercritical flows 
lations are : 

Fs,=AV” 0 
0.16 

vi 

Fs,=A: 
0 

0.16 

I 

The angular variation 
turbulent contributions 

+ D Re;), Prk, oo. (9) 

+ D Ref, Sc$, m. (10) 

of the laminar and 
for subcritical flow is 

shown in Fig. 8. The integral restraint of equa- 
tion (5) was used to obtain agreement with the 
more accurate macroscopic measurements. In 
Table 2 the empirical coefficients have been 
tabulated for even values of the cosine of the 
polar angle together with a statistical measure 
of the agreement with the experimental data. It 
should be recognized that neither equations (7) 
and (8) nor equations (9) and (10) apply with 

x Re-f, SC& *. (8) 
the corresponding re- 
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accuracy in the region of transition between 
subcritical and supercritical boundary flows. 

CONTUSION 

Analysis of available data reveals certain 
trends which appear to be in substantial agree- 
ment with the over-all transport theory. The 
effects of free-stream turbulent perturbations on 
the laminar layer are appreciable at the stagna- 
tion point and decrease up to the point of 
separation. while aft of separation only slight 
changes in transport are realized as a result of 
changes in free-stream turbulence. The effect of 
Reynolds number upon thermal transfer is 
greater aft of separation than in the forward 
hemisphere. 

The transition and instabilities near separa- 
tion were found to be influenced appreciably by 
free-stream turbulence. The increases in trans- 
port from increases in free-stream turbulence 
appear to attenuate as the laminar boundary 
flow develops into a turbulent boundary flow. 
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R&urn&-On a Btabli des expressions, a partir d’un examen des don&es experimentales disponibles sur 
le transport thermique et de matiere local, a partir de spheres, atin de permettre la prediction de ce transport 
en fonction du nombre de Reynolds, de I’intensite de la turbulence et de I’angle polaire. On a trouve 
que I’effet du nombre de Reynolds ttait plus prononct dans I’tcoulement d&collt sur l’hbmisphbre aval 
que darts les couches limites de l’htmisphtre amont. En outre, I’intensitt de la turbulence exercait un effet 
beaucoup plus prononct sur le transport local dans I’htmisphere amont que dans I’hemisphere aval. 

Les r&hats sont p&sent& en for&ion du nombre de Friisshng. 

Zuseminenfassung-Auf Grund der verftigbaren Versuchsdaten tiber den lokalen Warme- und Stoff- 
transport von Kugeln wurden Beziehungen abgleitet, die die Berechnung des Transports als Funktion 
der Reynolds-Zahl, der Turbulenzintensitlt und des Polwinkels erlauben. Es ergab sich, dass der Einfluss 
der Reynolds-Zahl in der abgeliisten Strbmung der hinteren Halbkugel ausgeprlgter war, als in der 
Grenzschichtstriimung der vorderen Halbkugel. Andererseits hatte die Turbulenzintensitgt einen viel 
ausgepragteren Einfluss auf den lokalen Transport in der vorderen Haibkugel als in der hinteren. Die 

Ergebnisse werden in Ab~ngi~eit von der FrBssling-Zahl angegeben. 

AuHoTaQsra-Ha OCHOBe sia8ecTrrbrx ria JnITepaTypH ar-rcnepu~errranbnnrx narrrrbrx o nonaJrb- 
ri0nr TerrarO-n macconeperioce 0T Ccpep BHnep(errar aamrcnM0cTn nepenoca 0~ gacna Peftrioabnca, 
UHTeHCWBHOCTH Typ6yJreHTHOCTEI n noar~p~oro yma. Bnaanne ‘Irrcna Peftnoab~ca OKa8br- 
880TCn Bonee cyruecrsennbrm ~n8 o~phrmroro Teyenrin rra awrreff nonyc#epe, rremenw an8 
npHcTeHHnx Tesemfi wa nepefiaelt 88CTM ccipepbr. C Llpyroffr CTOPOHbl, RHTeHCHBHOCTb ~ypBy- 
JnXTHOCTU ropaano 60sbme 8nirRna ria jronasanbrft neperioe 8 nepe_zrrreff nonyctpepe. Peaynb- 

T8TbI o6o6~eH~ c nobody 8acna ~p~cc~~~~a. 


