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Abetract- the present study, the integrated boundary-layer equations are solved to calculate the 
development of the diffusion (or thermal) boundary layer from the forward stagnation point of a sphere 
up to the point of separation, for various values of the Schmidt (or Prandtl) number. The Pohlhausen 
polynomial profiles are used to describe the shapes of the transfer layem in the Laminar region. 

A method of “dry spraying” of napthalcne was used to d&ermine the local Sherwood number experi- 
mentally for Reynolds numbers between 3199 and 25 350. 

The experimental results for the laminar region are compated with those mrding to the theory. 
For the wake, a study of the experimuttal data shows that it is possible to specify three scparatc regimes 
corresponding to different Reynolds nwber ranges. 

The DrCSCIIt results are combined with those of other cxnerimenters in heat and mass transfer to obtain 
‘an overall transfer coefficient from a sphere for a keynolds number range of 200-200000. 

NOMENCLATURE Nu, Nusselt number ( = M/k) ; 
concentration difference of species 1 PI, Prandtl number ( = y/k) ; 

(=w1 - WI,); Re, Reynolds number ( = U,d/v) ; 
specific heat at constant pressure ; Sk Sherwood number ( = h&D); 
diffusion coefficient ; 
diameter ; 

SC, Schmidt number ( = v/D) ; 

, .f*, g*, functions as defined in text ; 
heat-transfer coefficient ; Greek svmbols 
mass-transfer coefftcient ; 
thermal conductivity ; 
radius ; 
radius of transverse cross section of 
body of revolution ; 
temperature ; 
velocity at edge of boundary layer ; 
velocity in x direction; 
mass fraction ; 
distance along (and normal to) sur- 
face ; 
dimensionless distance ( = y/d) ; 
dimensionless parameter ( = U ,S2/ 
Rv) ; 

a, 
b 

6, 
A, 

1, 

8, 
8’, 

I4 
v, 
P, 
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thermal ditfusivity ( = k/cp) ; 
dimensionless concentration differ- 
ence parameter (= b/b,); 
thickness of velocity boundary layer; 
thickness of diffusion or thermal 
boundary layer ; 
form parameter_ of velocity profile 
[ =S’(dU/dx)/v] ; 
temperature difference (= t - t,); 
dimensional temperature difference 
parameter ( = e/e,) ; 
dynamic viscosity ; 
kinematic viscosity ( = p/p) ; 
density ; 
thickness ratio of transfer and velocity 
boundary layers ( = A/6); 
angle from forward stagnation point. 
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Subscripts 

W 

=4 

theo., 

fi 
r, 
wake, 

6 
t, 

value at stagnation point ; 
value in stream outside the boundary 
layer ; 
value at the surface ; 
free stream condition far removed 
from surface ; 
theoretical ; 
front half of sphere, (b = O-90”; 
rear half of sphere, b, = 90”-180” ; 

wake of sphere ; 
boundary-layer region ; 
pertaining to total surface of sphere. 

Barred quantities refer to average values. 

1. INTRODUCTION 

Co~s~Dwm attention has already been given 
to the experimental and theoretical determina- 
tion of heat or mass transfer from bodies of 
spherical shape. Many practical engineering 
situations are readily called to mind. For 
example, heat transfer from the forward half of 
a sphere is of direct interest to the aerodynami- 
cist [ 11, while a knowledge of the distribution 
of local transfer rates around a sphere is 
required in spherical fuel element applications 
in nuclear reactor engineering [2,3,4]. 

Many more examples are to be found par- 
ticularly in the field of chemical engineering 

[%6]. 
The theoretical analysis of the transport pro- 

cesses from a sphere which is immersed in a 
fluid stream is based on the solution of the 
momentum, energy and mass conservation 
equations in axisymmetric flow. Frijssling [7] 
made a theoretical study of the rotationally 
symmetrical laminar boundary-layer flow and 
obtained an exact solution. The local Nusselt 
number on the surface of a sphere was calculated 
by Merk [S] using the “wedge type flow” 
method, while Sibulkin [9] gave an exact 
treatment of heat transfer near the front stag- 
nation point, the latter being a special case of 
the results by F&sling [7]. The von Urm&n-- 
Pohlhausen integral method for the solution of 

boundary-layer flows has been employed by 
FrBssling [7] and Spalding [lo] to calculate the 
Nusselt number. A similar method was adopted 
by Brown et al. [4] in their study of heat transfer 
from the front half of a sphere with constant 
heat flux, fourth and third order polynomials 
being employed for the velocity and temperature 
distributions respectively. 

In the present investi~tion, integrated 
boundary-layer equations are solved using 
“quartics” for the velocity, temperature and 
concentration profiles from the forward stag- 
nation up to the point of separation. In this way, 
the development of the diffusion (or thermal) 
boundary layer is calculated for an “isothermal” 
sphere for various values of the Schmidt (or 
Prandtl) number. 

The experimental work is described in a later 
section. It suffices here to say that a method 
“dry-spraying” of napthalene was employed to 
measure directly the local mass-transfer rates 
around the sphere. This technique is used in 
studies in fluid mechanics to visualize boundary- 
layer transition. 

2. BASIC EQUATIONS AND 
THEOREI’KAL CONSIDERATIONS 

The appropriate integrated boundary-layer 
equations for axisymmetric flow (see e.g. [7] and 
[ 121) may be expressed in dimensionless form as 

and 

Because equations (1) and (2) are similar, a 
calculation need only be made for one or other 
of the potentials, and in this case, equation (2) 
which pertains to mass transfer has been chosen. 
In order to solve this equation, it is generally 
assumed that the potential profiles in laminar 
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flow are simple functions of wall distance [4, 7, 
12, 131 and in the present work fourth order 
polynomials (following Tomotika [13]) have 
been selected for the velocity and concentration 
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distributions. The procedure for the solution of 
the equation for the particular boundary con- 
ditions is. familiar and only a brief outline is 
considered to be necessary here. 

3. FORMATION OF EQUATIONS 

(a) Case 1: hydrodynamic boundary-layer thickness, 6 > transjii boundary-layer thickness, A 
On introducing the appropriate expressions for the velocity u/U, and concentration, b, profiles 

and with 6 > A, equation (2) may be written as 

(3) 

where 

Further manipulation of this equation results in 

where 

J-m = &j - & + g) - & 
and the parameter Z [ 131 is given by 

Z = &J2/Rv. 

In his study of the laminar boundary layer on a sphere, Tomotika [13] used the momentum 
integral equation to calculate 6 from the following differential equation 

5 = J$ ..f(A) - $.&-&.f*(n) + z2. & $$*(A,. 
m 

(5) 

(For expressions for f(A), f*(A), and g*(A) see [13].) In the present study, equations (4) and (5) 
were solved simultaneously using the velocity distribution U/U, [13] which was based on Fage’s 
[ 141 experimental pressure distribution. 

In the vicinity of the stagnation point, i.e. t#~ + 0 the following simplified equation is obtained 

fi(5 4) 1. r = WC (6) 
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which, with I = 4.71601 at I#J = 0, L-131, may be solved by iteration. 

(b) Case 2: hydrodynamic boundary-layer thickness, 6 < trans$m boundary-layer thickness, A 

After similar steps are taken as outlined in case 1, the following result for r with 6 < A is obtained 

-( U’ dZ 
-Z-s fs(C) 

U,%j+U,d+’ > 1 (7) 

where 

m~=~+(&--$J-;(gj-~)+gj&&.j)-;(&-&j) 
&(A, 5) 20 r 360 ‘““(L_L) -;(&&) +$(&-A) 

f,(f) = &j - & + j&z - &. 
Equation (7) was also solved with equation (5) by numerical methods to obtain the relative mag- 
nitudes of the boundary-layer thicknesses. 

(c) Case 3 : hydrodynamic boundary-layer thickness, 6 g transfer boundary-layer thi&es, A 

For this condition, it is readily shown that 

K+__ 1 dZ 1 U’ dZ 

2 +2U 42 d#+P’-‘- 180$,(J) U, d4 

z U” 

+18of,o-u, >I 
r3 (8) 

where 

f&u = ( ) TTj+&. 
At r#~ = 0 the following simplified expression results 

r 
1 

= 0.9568 &SC’ 
(9) 

Following the usual procedure, equation (8) was solved simultaneously with equation (5). 

4. BESULTS OF THE -CAL values of the Schmidt (or Prandtl) number, are 
SOLUTION presented in Fig 1. Values of < were determined 

The results of the calculation of the thickness from equations (4), (7) and (9) corresponding to 
ratio at the forward stagnation point for various the cases 6 > A, 6 < A and 6 % A as 4 + 0. 
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The Schmidt number for which to becomes 
unity is calculated as 1.583 and it can be seen 
that the assumption that the thickness ratio is a 
function of (SC’*~~) appears to be a fairly good 
approximation for values of SC > 10. 

100 
6-0 i 

I 
/ 

j 

S~LI-+----w- 
IO I 

O-I I IO loo 

co 
FIG. 1. Boundary-layer thickness ratio at the forward stag- 

nation point. 

The numerical values of < were normalized 
using the value at the forward stagnation point 
with the result shown in Fig. 2 where the ratio 
(r/to) is plotted versus the angular position for 
various values of Schmidt (or Prandtl) number. 
This plot suggests that the local transfer co- 
efficient is a function of the Schmidt (or Prandtl) 
number in addition to the Reynolds number. 

The local Sherwood number, Sh, may be 
defined as 

Sh = !!d = ab 
D 0 ay, w’ 

Angk fmn ferwerd sfqnetien point. degrees 

FIG. 2. Variation of boundary-layer thickness ratio with 
angular position. 

Equation (10) can be developed further to 
obtain 

However, with the expression for Z equation 
(11) becomes 

Sh 2.8284 
Re0’5’=‘F (12) 

When 6 9 A from equations (11) and (9) the 
Sherwood number becomes a function of SC”~~ 
as 

Sh 2.7062 
&O’S sco.33 =F (13) 

The local Sherwood number was calculated 
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from equation (12) and the results are given in 
Fig. 3 with the angle C#J as a parameter. The local 
Nusselt number for a sphere was determined by 
Merk [8] using the wedge solution method and 
his results are compared with the present 
findings in Fig. 4. The agreement is remarkably 
good in the range 4 = 0 -+ about 70”. 

O.OOlU 
01 

*A@) or WIP 
) 

I.5 I 

Equation (131 

FIG. 3. Variation of local Sherwood (Nusselt) number 
against Schmidt (Prandtl) number. 2 

T 
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an 
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Anqlc from forward stognotiin point. degrees 

FIG. 4. The local Sherwood (or Nusselt) number for spheres 

5. EXPERIMFZ4T.U APPARATUS 
AND P#mcEDuRE 

The experimental apparatus consisted of a 
napthalene coated sphere located in near uni- 
form velocity air stream which was produced by 
flow near the inlet of a 5.6 in I.D. perspex tube. 
The effect of finite duct size on the local stream 
velocity was accounted for in the evaluation of 

The distribution of the local Sherwood 5 
number for the case 6 % A, when equation (13) 
pertains, was compared with Merks [8] result 3 b 
as shown in Fig. 5. Again Merk’s results follow 
closely the present prediction up to a value of 4 

*$o.s 

equal to about 70”. 
Finally, the normalized Sherwood numbers 

were plotted as indicated in Fig. 6. As mentioned 
earlier, the dependency of the local transfer 

0 PO 40 60 80 

Angle from forward stoqnotiin pomt. degaes 

coefficient on Schmidt (or Prandtl) number is 
readily apparent. 

FIG. 5. The local Sherwood (or Nusselt) number for spheres 
when 6 % A. 
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0.31 I I I I I 

0’ 
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Angle from faword stagnation pamt. dagre6s 

FIG. 6. Relative local Sherwood (or Nussclt) number. 

the results. The test spheres, which were made 
from &in dia. and &in dia. ball bearings 
mounted on small diameter spindles, were 
located 14 in from the bell mouth entry to the 
tube. The spindle supporting the test sphere 
was perpendicular to the air flow in all tests. 

The napthalene coating was produced by a 
“dry-spraying” technique. With the correct 
solution and spraying distance, napthalene can 
be deposited uniformly on the surface of the 
sphere in a dry state. The spraying solution in 
the present experimental work was produced by 
dissolving 2 g of “organic analytical standard” 
napthalene in 100 ml acetone. With suitable 
spraying conditions, the deposited napthalene 
had a density of approximately one half that of 
solid napthalene. 

After spraying, the diameter of the equator of 
the sphere in the plane perpendicular to the 
spindle was measured in a “matrix floating 
carriage diameter measuring machine”. The 
sphere was then located in the duct so that the 

point where the change in thickness of the 
coating was to be measured was at the required 
angular position relative to the flow direction. 
Exposure times to air flow varied from 20 to 
40 min for each measurement. After exposure, 
the diameter was measured again to determine 
the change in thickness of the napthalene 
deposit. The surface of the sphere at a point 
diametrically opposite to that being studied was 
cleaned to facilitate the thickness measurements. 
The range of Reynolds number studied was 
3199-25350, five to twenty-six mass-transfer 
measurements being correlated to represent an 
experimental Sherwood number for each angu- 
lar position. 

The experimental values of the local Sher- 
wood number have been plotted vs. the angle 
from the forward stagnation point in Fig. 7. The 
distribution of mass-transfer rate is similar to 
that which ‘has been observed by the present 
authors [15] in some earlier experiments using 
chemical methods to visualize the phenomenon. 

Sh 

Angk from fwward stagnation point, degrues 

FIG. 7. Experimental local Sherwood number around a 
sphere. 
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The significant reduction in mass-transfer rate The comparison made in Fig. 9, however, 
in the region 4 = 70 + 140” is clearly seen in pertains to gas flows, so that the theoretical 
Fig. 7. result for the case of Pr very large is not relevant. 

The experimental results for the front half of 
the sphere are compared with the prediction of 
the laminar boundary-layer analysis in Fig. 8. 
Although the scatter of the data is noticeable, 
the agreement between theory and experiment 
is fairly good. The theoretical local Nusselt 
number for Pr = 0.7 is compared with the 
experimental data of Short et al. [ 161, Hsu et al. 
[ 171 and Xenakis et al. [ 181 with the result 
shown in Fig. 9. The measurements made by 
Xenakis et al. [18] are in good agreement with 
the theoretical prediction for the case of very 
large Prandtl (or Schmidt) number. 

The results of the present experimental study 
show a point of separation at or around 90” 
whereas the point of separation according to the 
theory using the velocity equation obtained by 
Tomotika [13] is at about 82”. It might be that 
the semi-theoretical equation for the velocity 
distribution does not describe exactly the 
velocity distribution in the present tests. 

7. AVERAGE SHERWOOD NUMRER 
OVER THE FRONT HALF OF THE SPHERE 

The experimental local Sherwood number 
was integrated graphically over the front half of 
the sphere to obtain an average Sherwood 
number weighted for area. The experimental 
values which were obtained by Friissling [19] 
from experiments with napthalene balls for 
Re = 136-1060 were also averaged by graphical 
methods. The two sets of results are shown in 
Fig. 10. The average Sherwood number was then 

I 

00 I I 
0 20 4c so 80 

Angle from forward stagnation point. deqnes 

FIG. 8. Comparison of theoretical and experimental local 
Sherwood number in boundary-layer flow. 

correlated by the equation 

SC; J = 1.02 Re”‘5 SC”~~ (14) 

over the range of Re = 136-25 350. 
The theoretical local Sherwood number for 

napthalene, which was originally calculated up 
to 4 = 82”, was extrapolated to encompass the 

A Short , rx&ment [Iti I 

o-o I I I 
0 20 40 60 80 

Angle from forword stagnation point, degrees 

FIG. 9. Local heat-transfer coefficient in laminar flow (Pr = 07). 
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whole of the front half of the sphere and graphi- by 
cal integration resulted in 

= 0.976 Re”‘5 SC”~~. 
SK, = OG447 ReO”* SC’.~~. (16) 

a f, the.3 (15) A further comparison is made in Fig. 11 where 
Clearly there is excellent agreement between the ratio %,/%i, has been plotted-versus the 
theory and experiment. Further evidence of the Reynolds number. The correlation 
accuracy of the experimental correlation, equa- 
tion (14), and its supporting theoretical predic- 

%,/3%, = 22.8 Re-0’28 (17) 

tion, equation (15), is the good agreement of is good and can be seen to tit the present data, 
Xenakis’s [ 1 S] heat-transfer results at the upper that of Friissling [ 191 and the heat-transfer 
end of the Reynolds number range. results of Xenakis et al. [ 183 satisfactorily. It is 

1000 

z) Present experiment SC rZ*4 

FIG. 10. Average Sherwood (Nusselt) number for the front (0-90’) and the 
rear (90-180”) of a sphere. 

8. SEPARATED FLOW RFiGION 

(a) Average transfer rates over the rear halfof the 
sphere 

The average experimental mass-transfer rates 
over the rear half of the sphere (4 = 90-180”) 
were obtained by graphical integration. These 
have been p!otted, along with the corresponding 
results of Friissling [19], in Fig. 10 for com- 
parison with the data for the front half of the 
sphere. The whole of the data are well correlated 

surprising that a single correlation for the trans- 
fer rate over the rear half of the sphere is 
possible over the Reynolds number range 
2 x 10’ + 2 x 10’. However, the results pre- 
sented in both Figs. 10 and 11 have to be 
considered in two separate parts according to 
the value of the Reynolds number. For Re > 
2Ofl0, the experimental results of this study 
indicate boundary-layer separation at about 90” 
from the forward stagnation point, so that 
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A Xwmkis [IS]. Pr= 0.7 

FIG. 11. Sherwood (or NusseIt) number ratio for front (0-90”) and rear (90480”) of 
a sphere. 

nV = sWh, and equation (16) may be written Xenakis et al. [18]. This plot is not to be con- 
ar fused with that of Fig 10 where the average 

%A = O-0447 Re0’78 Sco033 flsj Sherwood numbers were considered for the 
front and rear halves of the sphere separately. 

for 2000 c Re < 20000. In Fig. 13 the average Sherwood numbers for 

For lower Reynolds numbers, the point of 
the b&mdary-layer region (variable area) and 

separation depends on the Reynolds number as 
the wake region (variable area) are given. It is 

shown in Fig. 12. Therefore, the average Sher- 
to be noted at this point that when Re > about 

wood numbers for the rear half (i.e. # = 90-I 80”) 
2000, Figs. 10 and 13 become identical because 

given by equation (16) includes both the contri- 
the wake area is essentially constant. Several 

butions of the wake and the boundary-layer 
flow between 90” and the point of separation. 
Because of the change of the wake area, it is 
difficult to estimate the separation effect of the 
wake directly from equation (16). 

(b) Transfer processes in the wake region 
The position of boundary-layer separation 

moves upstream I with increase in Reynolds 
number in the lower Reynolds number range. 
From the present experiments with the mass 
transfer of napthalene and with the data of 
Frossling [ 191, the angular position of the point 
of separation is approximately a function of 
(Revom’) according to Fig 12. In Fig. 13 the 
average Sherwood numbers which have been 
obtained in the present investigation for the 

0 Pfewni experiment 
x Fr&siinq [IS] 

boundary-layer and wake regions are presented 
along with the results of Frbssling [19] and 

FIG. 12. Position of separation with naphthalene experi- 
ments. 
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interesting features are to be observed from 
Fig. f3. 

Firstly, it was shown in [20] that the assump- 
tion of a “wake boundary layer” for very small 
Reynolds numbers is justified in the immediate 
neighbourhood of tbe rear stagnation point. In 
other words, for small values of Re, the transfer 
coefficient may be expressed as a function of 
ReoSS. Returning to our considerations of Fig. 13 
it is to be observed that when Re < 500 the 
average Sherwood number for the wake is well 
represented as a function of Re“’ as 

Kke = 0.175 Re"'S SCONCE (19) 

for 100 < Re < 500. 

Secondly, as earlier observations [20] indi- 
cate, the decrease in the stability of the “wake 
boundary layer” with increase in Reynolds 
number promotes the transfer rate in the wake. 
Figure 13 is in accordance with this idea in 
that the average Sherwood number is a function 
of Re0’78 when Re exceeds about 2000. 

FIG. 1 3. Average Sherwood (NIB&) number for iaainar 
and wake regions of a sphere. 

Finally, for Re < 2000, the area encompassing 
the boundary layer increases with decrease in 
R~and yet the average value of Sh remains a 
function of ReoSs as shown in Fig. 13. However, 
because of the increase of the surface area in the 
vicinity of smaller local Sherwood number, the 
average value is reduced below that given in 
Fig. 10 for constant wake area and the following 
equation represents X% for the laminar region 
over the range 100 < Re < 2000. 

?%, = 0.7 Re0’5 SC~‘~‘. (20) 

(c} The nature of the wake 

The nature of the wake in regard to transfer 
processes may best be represented by three 
distinct regimes according to the hydrodynamic 
conditions near the surface in the wake. This 
conclusion has been reached as a result of the 
earlier observations of the present writers [ZO] 
and the present napthalene experiments. The 
three regimes are described as follows : 

(i) The “wake boundary layer” flow regime 

&, = f(Re0’5), 100 < Re c 500. 

(ii) The “intermediate” flow regime 

sli mke = f (Re’), 500 < Re c 2000 

where i increases with increase in Re (0.5 6 
i < O-78). 

(iii) The “fmal” flow regime 

sli Wte = f (ReO”% 2000 < Re c 200000. 

The above classification gives a clearer picture 
of the ~n~bution of the wake flow to the 
overall transfer rate. In a review of heat-transfer 
results in separated flows by Hanson and 
Richardson [21), reference was made to an 
earlier conclusion made by the second author. 
We concluded that heat and mass transfer in a 
separated flow was proportional to the Reynolds 
number to the two-thirds power, which is about 
the average of the range of the exponent of Re 
given in (i), (ii) and (iii) previously. Any difference 
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between the exponent of the Reynolds number 
given here and those of other studies at a 
particular value of Re is possibly due to the 
intensity of turbulence in the free stream in the 
experimental work. 

In the past, there have been considerable 
differences of opinion concerning the exponents 
of the Reynolds numbers in overall heat- and 
mass-transfer correlations. For example, Yuge 
[22] gave 0.5 for the exponent for 10 < Re < 
I.8 x IO3 and 05664 for 1.8 x lo3 < Re -c 1.5 
X lo5 in his equations for the Nusselt number. 
Brown et al. (4) recommended 06 for 5000 c Re 
< 480000 while Fr&ssling [19] and Ranz and 
h&shall [23] proposed an exponent of 0.5 for 
small Reynolds numbers. At lower Reynolds 
numbers, the contributions of the wake is small 
and most of the transfer occurs in the boundary- 
layer flow, when the overall Sherwood number 
may well be expressed as a function of Re0’5. 
This is true for most of the overall heat- and 
mass-transfer correlations at small Reynolds 
numbers. With increasing values of Re, however, 
the transfer rate in the wake becomes more 
significant and this is reflected in an increase in 
the exponent of Re as indicated under (i-iii) 
above. The general trend of the suggested cor- 
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relations for the wake region are therefore 
compatible with the observations on overall 
transfer coefficients. 

9.THEovERALL TRANSFER COEFFICIENT 

The average Sherwood numbers for the 
boundary layer and wake regions may be com- 
bined to obtain an overall mass-transfer co- 
efficient for the sphere. The average Sherwood 
number for the front according to equation (14) 
was combined with that for the rear according 
to equation (16) to give the following empirical 
relation over the Reynolds number range 
200 + 200000 

?% * . SC-‘.~~ = 0.51 Re”‘5 + 0.02235 Re0’78. 

(21) 

Equation (21) is shown in Fig. 14 together with 
various other recommended correlations and 
experimental data. It is seen that the experi- 
mental data of Xenakis et al. [ 181 is in excellent 
agreement as mentioned earlier. The equation 
for heat transfer to water from an isothermal 
sphere due to Vliet and Leppert [3] agrees very 
well with the present equation for Re between 
1000 and 20000. The correlation proposed by 

FIG. 14. Overall heat- and mass-transfer coeffkient from a sphere. 
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Williams [24] for heat transfer to air lies above 
equation (21) with a larger slope, and that of 
Yuge [22] lies below with a smaller slope. In 
either case, the agreement with the present 
correlation is good at small Reynolds numbers. 
Several other heat-transfer results fall, in general, 
between the recommendations of [22] and [24]. 
The experiments of Gamer and Suckling [SJ, 
and Steele and Geankoplis [25] were conducted 
using values of SC equal to 1000 and above ; it is 
interesting to note that their recommendations 
are noticeably in excess of those of the other 
investigators and the result given here. It might 
be that the present result is least accurate at very 
large values of the Schmidt number and some 
correction needs to be made to equation (21) to 
meet this case. 

10. CONCLUSION 

An investigation of local and average transfer 
rates from the surface of a sphere has been 
made. New experimental data on local mass 
transfer for Reynolds numbers varying from 
3199 to 25350 have been obtained from experi- 
ments with the sublimation of napthalene from 
the surface. 

The experimental data for the laminar 
boundary-layer region have been compared 
with the results of a theoretical analysis which 
uses the integral method. Both local and aver- 
aged mass-transfer coefficients are predicted 
well by the theory; the average mass-transfer 
coefficient, which is weighted for area, is within 
4j per cent of the corresponding experimental 
value. 

In the separated flow region, the exponent of 
the Reynolds number in the Sherwood number, 
Schmidt number-Reynolds number relationship 
for the average mass-transfer coefficient is found 
to be dependent on the Reynolds number. The 
wake region study is therefore considered in 
three parts according to Reynolds number 
ranges which are identified with particular 
regimes of flow. The increase in the contribution 
of the wake to transfer with increasing Reynolds 
number is made manifest by an increase in the 
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power of the Reynolds number; this is com- 
patible with the increasing exponent of the 
Reynolds number in .the. correlations of other 
experimenters for overall transfer. 

The experimental boundary layer and wake 
region mass-transfer coefficients when com- 
bined yield a correlation for the overall average 
Sherwood number which is in good agreement 
with other recommendations with the exception 
of some which pertain to very large values of the 
Schmidt number. The final correlation is ap- 
plicable over the range of Reynolds number, 
2 x lo2 + 2 x 105. 
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RQIlmc Dans I’ttude actuelle, les equations intcgrales de la couche limite sont resolues pour calculer 
le developpement de la couche limite de diffusion (ou thermique) A partir du point d’arret amont d’une 
sphere jusqu’au point de d&ollement, pour di&ents nombres de Schmidt (ou de Prandtl). Les protils 
polynomiaux de Pohlhausen sont employ& pour d6crire lee formes des couches de transport dam la 
region laminaire. 

Une methode de “vaporisation a set” de naphtalti a 6te employ&e pour determiner expirimentalement 
le nombre local de Sherwood pour des nombres de Reynolds tmtre 3 199 et 23 350. 

Les rtsultats expetimentaux pour la r&ion laminaire sont compares avec ceux en accord avec la 
theorie. Pour le sillage, une etude des donn&s exp&imentales montre qu’il est possible de remarquer 
trois regimes distincts correspondant B di&entes gammes de nombres de Reynolds. 

Les risultats actuels sont combinb avec ceux d’autres exp&imentateurs pour Ie transport de chaleur 
et de masse afm d’obtenir un coefficient de transport global a partir dune sphere pour une gamme de 

nombres de Reynolds de 2000 a 2OOoqO. 

Zmasamg-In der vorliegenden Arbeit werden die integrierten Gmezschichtgleichnngen gelost, 
um die Entwicklung der Ditfusions- (oder them&hen) Grenmchicht zu berechen vom vorderen Staupunkt 
einer Kugel bis zum Abl&ngspunkt, bei verschiedenen Wertm da Schmidt- (oder Prandtl) Zahl. Zur 
Beschreibung der Formen der Obergangsschichten im iaminarbereich wurden Pohlhausen-Polynom- 
profile verwendet. 

Eine “Trockenspriihmethode fiir Naphtalin diente zur experimentellen Bestimmung der Grtlichen 
Sherwood-ZahJ f& Reynohis-Zahlen von 3199 bis 25350. Die Ergebnisse der Versuche fur den Laminar- 
bereich werden mit jenen der Theorie verglichen. Eine Betrachtung der Versuchswerte zeigt, dass im 
NachlauE entsprechend den unterschiedlichen Reynolds-Zahlen, drei getrennte Regime unterschieden 
werden k&men. 

Die hier erhaltenen Ergcbnisse sind mit Ergebnissen anderer Experimentatoren kombiniert urn einen 
Gesamttibergangskoefent von einer Kugel im Bereich von Reynolds-Zahlen von 200 bis 200000 zu 

erhalten. 

AifHOTntpin-E RaHIiOft CTaTbe PeIIIaIOTCfl &IHTeI-paJIbHble YpaBHeHHR I'IOI-PaHWIHOI'O CJIOR 
&lIH PaNeTa ~OpMHpOBaHHfI ~Hl#IyaHOHHOrO (HJIII TeIIJIOBOI'O) IIOI'paHWHOI'O CJIOR OT 
nepenneti uparuqectioti TOuHM mapa x0 ToqHn 0Tpnsa npa paanlisnbIx 3trauetinnx uucna 
UJnsinTa (HJIM IIpanRTnn). TIpotpwsra gatorcn n sune nonnttona IIonbrayaesa z,nrr uay9eririn 
nepeHOCa B JtaMUHapHOti o6nacTlt. 

&WI 3KCnepnMeHTaJIbHOrO Onpe~eJIeHHFl .zoKanbrioro qucsta IJJepeyga B aaanaaotre 
na?seneHnR wcen PetHonbnca OT 31% a0 25350. ~pnMeHfincfI MOTOR rcyxoro pacnbrneukiri H 
tta@ranana. 

3KCIIepUMeHTaJIbHbte PeayJIbTaTbJ II0 ZlaMMHapHOMy PeHcHMy CpaBHHBaJlkICb C TeOpeTU- 
'IBCKAMM. 3KcnepnMeHT noltaaan, YTO TPH o6nacTII OTpbIBa COOTBeTCTByIOT paXIIIYHblM 
ruianaaonam 83nteriemifr queen Pelnonbnca. 

~OJIy'ieHHbE!JlaHHble CpPBHUBBiOTCRC nPYI’trMH HCCJle~OBaHHRM~ IlOTelIJIO-Ii MXCOObMeHJ' 
c qerrbm nonyreKmcpe~Her0 Koa@@5I~aeKTaTennooBMeHao~ urapaaneanaaose uanIeKemi83 

'IwceJI Re OT 200no 2~~. 


