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Abstract—From a review of the available information concerning the effect of the molecular properties
of the fluid, conditions of flow, and level of turbulence, a correlation of the Frdssling number for the
macroscopic or space average transport from spheres has been prepared. The effect of level of turbulence is
most marked at a Reynolds number of 40000, and becomes relatively unimportant at Reynolds numbers
above 250000. Analytical expressions, empirical in nature, were developed to describe the influence in
Reynolds number, levels of turbulence, and the molecular properties of the fluid upon the Frossling
number. The accuracy of prediction of the Frossling number is probably comparable to the accuracy
of the experimental data. The ratio of the kinematic viscosity of the free stream to that at the interface
raised to a power has been found a useful, although empirical, method of correcting for the changes in
the molecular properties throughout the boundary flows. The results are presented in graphical and
tabular form.

NOMENCLATURE

coefficients;

specific gas constant
[psi ft3/Ib °R];
isobaric heat capacity
[Btu/lb °F];
Chapman—Cowling
coefficient [ft?/s];
Maxwell diffusion coefficient
(1b/s];

diameter [in or ft];

Frossling number, (Nu — 2) or
(Sh — 2)/Re*Pr} or Sc};
fugacity [1b/ft?];

heat-transfer coefficient [Btu/s
ft2 °F];

mass-transfer coefficient [ft/s];
thermal conductivity

[Btu/s ft °F];

natural logarithm;

diffusion
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evaporation rate [Ib/s ft?];
number of constants;

number of data points;
Nusselt number (hd/k);

mole fraction ;

pressure [Ib/in? abs. or lb/ft?
abs.];

Prandtl number (x/v);
Reynolds number (dU/v);
Schmidt number, v/Dg, =
Pv/Dygy;

Sherwood number, kd/Dg, =
b T /Dy Z(f°/P) In (/,..);
average deviation, fraction (de-
fined in Tables 2 and 3);
absolute temperature [°R];
free-stream velocity [ft/s];
local velocity [ft/s];

mean longitudinal fluctuating
velocity [ft/s];

weighting factor, 1/1000;
compressibility factor.
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Greek symbols
, apparent level of turbulence,
fraction, [(a,,)*]}/U ,;

K, thermometric conductivity
[ft*/s];

v, kinematic viscosity [{t?/s];

z, summation operator ;

o, specific weight [1b/ft*];

o, standard deviation, fraction (de-
fined in Tables 2 and 3);

v, angle from stagnation.

Subscripts

c, calculated;

e, experimental ;

i evaluated for interface condi-
tions;

Js component j;

k, component k ;

m, molecular property;

oc, evaluated for free stream con-
ditions.

Superscripts

m, n, exponents;

* macroscopic or surface average ;

0, pure component.
INTRODUCTION

DURING the past decade there has been marked
increase in interest in the local transport from
spheres and cylinders to turbulent streams.
The more recent experimental work has revealed
the complicated nature of such transport pheno-
mena. A review and limited analysis of the
development in this field stressing the more
recent literature is available [1]. The early work
of Morse [2], Langmuir [3], Fuchs [4], and
Frossling [5], as well as that of Ranz and
Marshall [6] and others [7-10], gives indication
of the background available. A few authors
treated the effects of free-stream turbulence
[11-16], and others the regions of supercritical
flow [17-21]. The effects of the Prandtl and
Schmidt numbers, free convection, variable
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molecular properties of the fluid, turbulence
level, and behavior in the wake were considered
[22-62], but few definite conclusions were
drawn. There resulted a collection of experi-
mental data which was extensive and, in some
cases, repetitive but often conflicting.

The available experimental data have been
incorporated into a method of prediction
wherein the transport is considered to be a
function of the Reynolds number, the Prandtl
or Schmidt number, and the level and scale of
turbulence. The results are presented in analyti-
cal form, and statistical measures of the deviation
from the experimental information available are
presented in appropriate tabulations. The avail-
able experimental data for 05 and 1-0-in
spheres involving only air [13-15, 24, 25] do
not permit the consideration of the variation
of Prandtl and Schmidt numbers on the local
boundary flows. Insufficient experimental data
appear to be available for fluids other than air to
permit quantitative evaluation of the effect of
the Prandtl and Schmidt numbers. The small
amount of data available indicates that the
Pr¥ and Sc! are suitable semiquantitative
means of evaluating the influence of the molecular
properties of the free stream. Throughout this
discussion, the authors have used the phrase
“macroscopic” transport as equivalent to the
surface average value,

ANALYSIS

As a first-order approximation, it may be
assumed that the macroscopic Nusselt number
for forced convection may be related to the
Reynolds number by the following quasi-
theoretical expression first developed by Fross-
ling [5]:

Nu* >~ 2 4+ 0552 Ret Prd. (1)

At low Reynolds numbers, the data indicate
the limiting value of the Nusselt number to be
substantially 2 as shown by the early measure-
ments of Morse [2] and set forth theoretically
by Langmuir [3]. Equation (1) is based on
solutions of equations of motion describing the
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flow in the vicinity of the stagnation point.
Transport from a sphere involving laminar
boundary flows at low free-stream turbulence
levels is described satisfactorily by this relation
[5]. Quantitative theoretical calculations at the
stagnation point can be made, using both exact
solutions for potential flow distributions and
approximate integral solutions for various flow
distributions established by experiment. Korob-
kin [63] reviewed these techniques, and the
pertinent expression for the local thermal trans-
port at the stagnation point was:

Nu =2 + 131 Ret Pr. Q)

As the flow proceeds around the sphere,
separation of the boundary layer occurs, re-
sulting in a gross alteration of the mechanism
of thermal and material transport. Richardson
[50, 51] suggested that this region of flow be
considered of such characteristic that the trans-
port is dependent to a greater extent upon the
Reynolds number than in laminar boundary
flows. This dependence on Reynolds number is
reflected in the experimental data from a number
of studies [8, 17, 18, 20, 34, 46, 52, 57, 64].

Many efforts have been made to represent the
macroscopic or surface average subcritical
transport from spheres by the following em-
pirical expressions:

Nu* = ARe™ Pr", (3)

Sh* = ARe™ S )

Several authors [28, 29, 33, 35, 58] have re-
viewed the trends in the coefficients in such
empirical expressions. Such relations are not
satisfactory since the exponents are not single-
valued. As a result of this deficiency, it was
desirable to investigate the causes for failure of
relations of the form of equation (1) to describe
the transport from spheres.
The quantity

Nu -2

Fs=—%_~
S= Re* Pt

©)
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will be referred to as the Frossling number, Fs,
for spheres following the recent proposal for
flat plates [41]. The Frossling number defined
by equation (5) is a useful parameter to describe
the behavior in the boundary flows as a result
of variations in the level of turbulence, together
with the inception of separation. For material
transport the analogous number becomes :

_ Sh-2

Fs=——.
S = Retsc?

(6)
Actually, the Frossling number of equation (5)
and the number defined by equation (6) are
not identical. However, within the uncertainties
of the measurements available, they appear
numerically equal, and they have been given
the same symbol in all subsequent equations.
The defects in such an analogy are discussed
later.

In arriving at a more satisfactory relation
to describe macroscopic transport, the factors
influencing the local transport will be considered
first. These local effects are then combined into
a single expression for the macroscopic or
surface average transport. There are several
physical factors which result in a variation of the
Frossling number with conditions of flow. The
more important of these factors appear to
be the greater dependence of the transport upon
the Reynolds number in the region of separated
flow, free-stream turbulent perturbation of the
laminar boundary flows, migration of the locus
of separation, influence of the integral scale of the
free-stream turbulence, and the transition to a
turbulent boundary layer upstream of the point
of separation which is encountered in super-
critical flows. The transition of the laminar
boundary flow to turbulent motion upstream
of separation is commonly called ‘“‘super-
critical flow” [47, 65].

In Fig. 1 the data indicate the limitation of
the following empirical expression for local
transport, which is based in part on equation (1)
for macroscopic transport from spheres:

Nu =2 + C(y) Re™ Pr". )]
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The marked variation with polar angle in the
exponent, m, of the Reynolds number is evident.

The effects of variations in the free-stream
turbulence level have been shown [66] to
increase the transport through the laminar
boundary layer in the forward hemisphere. The
influence of the level of turbulence apparently
decreases with an increase in thickness of the
boundary flows. There is a decrease in the
absolute influence of the turbulence level with
the increase in the polar angle from stagnation
[13]. However, the relative effect of turbulence
increases with an increase in the polar angle.
The summation is illustrated in Fig. 2 for
macroscopic or surface average thermal trans-
port [13-16, 24, 25].

Utilizing the random eddy penetration model
[40] for the interaction of turbulent perturba-
tions with the laminar boundary flow, the
variation of the Frossling number may be
described by the following expression for the
forward hemisphere and laminar portions of
the wake:

Fs, = A+ Bafa, + C)Re¥, Pr .. (8)

This relation was obtained by ascribing a local
velocity and temperature perturbation to the
eddy conductivity or diffusivity. Equation (8)
yields an augmentation of the transport in the
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FIG. 2. Macroscopic Frossling number for several levels of
turbulence.

laminar region. Such behavior also was pre-
dicted qualitatively by Harriott [40] using a
stochastic approach to the eddy penetration
theory.

In the turbulent, separated-flow region of
the wake, the local Fréssling number can be
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characterized as independent of the level of
free-stream turbulence and may be described by :

Fs, = E + FRet Prn _. ©)

Two distinct mechanisms of transport were
recognized in the wake, that characterized by a
laminar and that associated with a turbulent
boundary flow. Near 108° from stagnation the
laminar layer separated, and the region down-
stream was treated as turbulent. In the turbulent
wake, vortex formation may result in the creation
of a laminar back flow. Thus some laminar
regions in the wake may be described by equa-
tion (8), while the turbulent portions are
represented by equation (9).

When the effects of the wake and the free-
stream turbulence are treated as being inde-
pendent, equations (8) and (9) can be combined in
the following form to describe the effect of
Reynolds number on the macroscopic or space
average transport from the sphere in the sub-
critical regions:

Fs* = A* + [B*a o, + C*) + D*] Ret Pr] .
(10)

The following analogous expression for material
transport results and the coefficients are numeri-
cally equal to those in equation (10):

Fs* = A* + [B*a(a, + C*) + D*]Ret S .
(11)

The asterisk was chosen to denote the surface
average of the local transport over the surface
of the sphere.

Equations (10) and (11), with appropriate
numerical coefficients for the subcritical region
of flow, are compared with the experimental
data available [7, 11, 18, 21, 27, 30, 31, 35, 46, 57,
58] for thermal and material transfer from
spheres in Fig. 3. The upper diagram shows the
abundance of data at low Reynolds numbers
while the rather complicated behavior in the
transition region is depicted in the lower part
of Fig. 3.

The effects of scale of turbulence are shown
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in Fig. 4. It can be seen from the trends depicted
that although Maisel and Sherwood [11] did
vary the integral scale of turbulence, the maxi-
mum scale was smaller than the diameter of
the sphere. Figure 4 includes data [ 13-15, 24, 25]
involving an integral scale of turbulence com-
parable to the diameter of the sphere employed.
Some trends for flow about a cylinder reported
by Van der Hegge Zijnen [59] are included for
comparison in Fig. 4.

The transition of the laminar boundary flow
into a turbulent regime before separation is
shown by the simple dependence of the Frossling
number upon the Reynolds number, as depicted
in Fig. 3 for the higher Reynolds number. The
influence of turbulence intensity on the transition
Reynolds number for transport was estimated
from the available data for thermal transport and
is depicted in Fig. 5. For comparison, the transi-
tion Reynolds number obtained from the drag
measurements of Dryden [67] is included.
An empirical representation of the Frossling
numbers in supercritical flow at Reynolds
numbers above 360000 results:

Fs* = G* + H*Ret, Pr" .. (12)

The variation of physical properties through
the boundary layer should be accounted for by
using only molecular properties. A form of
solution for subcritical flow allowing for variable
molecular properties might utilize the ratio of
kinematic viscosities of the free stream and at
interfacial conditions,

Fs* = A* Vo "
® v

+ [B*x, (a, + C*) + D*] Re}, Prn , (13)

with all other molecular and flow properties
evaluated at the state of the free stream. The
validity of this approach can be seen in Fig. 6
for some recent experimental data [ 13-15,24, 25]
utilizing air and the data of Vliet [30] for water.
The value of the exponent, n, of 0-16 was estab-
lished from all of the data for air [13-15, 24, 25]
and water [30]. Such a procedure, when data
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F1G. 3. Macroscopic Frissling number from several investigators.

at all Reynolds numbers and levels of turbulence
are considered in a regression analysis, yields a
flat minimum at a value of the exponent of 0:16.
The full curves are based on equation (13) while
the points are experimental values. The data for
water are higher, owing to the increased non-

linear wake effect encountered at the higher
molecular Prandtl numbers. Without a detailed
knowledge of the variation of the properties
throughout the boundary layer, the use of
effective molecular properties is, at best, only
a fair approximation.
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For Reynolds numbers greater than 400,
natural convective transport is usually negligible
compared to forced convection. The magnitude
of natural convection becomes more pronounced
for large temperature or concentration gradients.
At Reynolds numbers well below 400, the
combined interaction of free and forced con-
vection has been shown by Klyachko [22]
and Yuge [23] to result in a minimum in the
Nusselt number. It is desirable to recognize
effects of local surface temperature variation in
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evaluating the effective driving force. An often
neglected effect is a finite momentum velocity
normal to the interface associated with material
transport. The “blowing velocity” yields smaller
temperature and concentration gradients by
increasing the boundary flow thickness, thus
decreasing the thermal or material transfer
coefficient. Such effects for spheres have been
estimated by analytical methods [60, 61].
Taking into account the error in an earlier
paper [60], the effect of the “blowing boundary
layer” on material transport [13, 15, 24, 25]
would decrease the Frossling number by 7 per
cent as shown in Fig 7 for a “blowing para-
meter”, M, of approximately 0-1. The single
experimental point represents the average of
data obtained by the authors for 0-5- and 1-0-in
silver and porous spheres [13, 15, 24, 25].
An effect of this magnitude has also occurred in
the work of other investigators [7, 11, 28, 29,
3140, 48, 49].

Several investigations involving transport
from spheres have been carried out in wind
tunnels [17-21]. When the area of the sphere
cross section is comparable to the area of the
tunnel working section, the average velocity
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Table 1. Range of

Description Number .Turbulence level Prandtl number ‘Schmidt number
of points min. max. min. max. min. max.
n-heptane drops 33 0013 2-130
0-5 in porous sphere 65 0013 0-151 0-7045 0-7048 2-129 2:130
1-0 in porous sphere 20 0013 0-149 0-7045 07047 2:129 2:130
0-02 in napthalene drops 99 — 06 22
0-38 in benzoic acid spheres 14 low 1210
0-50 in benzoic acid spheres 13 high 1210
0-75 in benzoic acid spheres 15 high 1210
05 in benzoic, cinnamic acid
and 2-napthol spheres 13 low 1200
0-04 in water drops 78 002 12
1-0 in napthalene spheroids 16 low 10126 25
1-0-1-4 in porous spheres 56 003 023 06 17
0-8-6-1 in porous spheres 37 high 06
0-2-0-5 in celite spheres 16 010
1-4-2-0 in celite spheres low
05 in benzoic acid, napthalene
and copper spheres 171 low 07 73 2-5 2100
0-5 in silver sphere 29 0013 0-151 0-7045 07047
1-0 in silver sphere 14 0013 0151 0-7046 0-7047
0-87 in copper sphere 62 low 25 7
4:0 in copper sphere 30 002 012 07
1-5 in copper sphere 4 1 22 68
60 in copper sphere 8 002 07
9-0 in copper sphere 8 002 07
12-0 in copper sphere 8 002 07
0-28-0-50 in steel spheres 79 07 380
0-125-0-625 in spheres § — — 07
2-8-59 in nickel plated
copper spheres § 0004 0028 07
9-0 in copper sphere § 002 07
50 in iron sphere § 07 - —
0-38-2-5 in steel and brass
spheres § — - 07 — -
0-02-0-06 in spheres § — — — — 127 1400
0-271 in sphere § low — 05 27

t See nomenclature for definition of terms.
1 Viscosity ratio defined as v /v;.
§ Data not used in evaluation of coefficients.
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experimental conditionst

Range of data
Viscosity ratio} Reynolds number Nusselt or Sherwood number
min. max. min. max. min. max. Source Remarks
134 1:36 66 322 6 14 (16] airjet
900 7200 15 73 [15,24]  air jet
18 7300 24 67 [25] airjet
10 50 1000 17 30 [5] airjet
490 7500 150 430 f29]  water tunnel
100 800 80 300 [35]  water tunnei
100 700 70 320 [37]  water tunnel
600 140000 36 360 [57]  water tunnel
10 0 200 2 9 [6] airjet
10 200 6000 5 70 [48]  wind tunnel
1157 3000 4000 40 400 [11]  wind tunnei
10 0 5000 0 50 [7]  wind tunnel
1000 4000 30 60 [27]  wind tunnel
08 1000 50000 20 400 [29]  water tunnel
10 10 10000 9 265 [58]  water trough and tunnel
900 7300 18 62 [13,14,25]  air jet
1800 7500 24 64 [25]  airjet
10 27 1000 50000 20 400 [30]  water tunnel
0936 1800 200000 90 700 [21]  wind tunnel
10 27 5 480000 0 1500 [46] water tunnel
87000 667000 300 800 (18]  wind tunnel
130000 1000000 314 1000 [18]  wind tunnel
177000 1200000 800 1500 (18]  wind tunnel
— — 50 3000 4 18 [91  slass tube
— — 30000 300000 145 610 [12] wind tunnel
— — 130000 1000000 630 2000 [17] wind tunnel
— — 44000 150000 150 300 [20] fan
— — 10 100000 3 700 [23]  wind tunnel
— — 4 100 4 57 [28]  water tunnel
07 10 800 5700 19 40 [10] jet
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past the sphere is increased by the amount of
reduction in tunnel area or “solid blockage”.
A first-order linear correction can be made,
such as was carried out by Brown et al. [46].
Wake blockage effects were also brought out
by Maskell [62]. In addition, there exists a
slight alteration of the velocity profile as the
free-stream turbulence is varied, emphasizing
that corrections for local velocity can be made
accurately only from a detailed knowledge of
the actual velocity profile prevailing at the
time of measurement.

RESULTS

Each of the numerous complicating and
secondary factors discussed above contributes
to the variation of the Frossling number. An
expression that may be suitable for macroscopic
thermal, thermal with simultaneous material,
and material transport can be written for
subcritical flow as:

.16
Fst = a=(*=)"

+ [B*afx, + C*) + D*] Ret Pri (14)

and similarly for material transport, replacing
the Prandtl number, Pr, with the Schmidt
number, Sc. The range of conditions involved
in the data used to determine the coefficients
of equation (14) is presented in Table 1. A
sample of the data employed constitutes Table 2.
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The entire background of the experimental
information employed is available [1]. The
expressions were utilized in describing the
data of Sage and coworkers [13-15, 24, 25],
and the coefficients are recorded in Table 3.
The recommended coefficients and associated
statistics and applicable conditions for the
other data are indicated in Table 4. The values
of the coefficients recorded in Tables 3 and 4
were obtained by conventional linear regression
analysis.

The applicability of this relation for sub-
critical thermal and material transport is shown
in Fig. 3, where data are given for both liquids
and gases over the range of Prandtl numbers
from 06 to 400, and Schmidt numbers from
06 to 1400. No gross deviations between the
Frossling numbers for liquids and gases or
between thermal and material transport have
been encountered. To investigate systematic
deviations from equation (14), it appears that
experimental work will be required involving
liquid metals where Lewis numbers deviate
substantially from unity. Equation (14) is applic-
able for transport from an isothermal or
isoconcentration surface, based on a local
free-stream velocity immediately upstream of
stagnation with no “blockage effects”, for
negligible “‘blowing velocity” and free convec-
tive and radiant transfer. The expression is
limited to Lewis numbers near unity, which is
typical for common fluids. The limitation in
Reynolds number of equation (14) is shown in
Fig. 3. The curves of Fig. 2 and the subcritical
portions of the curves in Fig. 3 were obtained
from equation (14).

For supercritical flows of Reynolds numbers
above 360000, the following expression is
applicable :

Fet, = G*+ H*Ret Prt . (15)

and similarly for material transport, using the
Schmidt number in place of the Prandtl number.
The data employed to establish the coefficients
of equation (15) are designated in Table 1, and
the values of the coefficients in a part of Table 4.
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Table 2. Sample of macroscopic transport from spherest
1-0-in silver sphere§
Air Interface Thermal .
oy teopers TS Rl e fw Vs
°F) F) (Btu/s)
176a 100-54 0013 1880 160-03 2337 x 1073 0-8372 242
177 100-54 0013 1884 16003 1-632 08372 240
176b 99-98 0013 3730 16003 2:337 0-8363 342
175 10002 0013 7500 16025 3336 0-8363 486
174 10002 0013 7500 16025 3318 08363 486
185 10015 0051 7480 16003 3478 0-8367 511
186 10000 0054 3715 160-25 2416 0-8359 354
184 100-13 0064 7530 160-16 3581 0-8363 525
183 99-81 0067 3740 15998 2-382 0-8358 349
181 100-09 0-086 7430 16026 3-602 0-8355 527
182 10009 0-091 3720 16017 2-466 08357 362
180 10019 0132 7490 16030 4-348 0-8364 638
179 10004 0-143 3720 16019 2858 0-8355 419
178 100-11 0-151 1880 160-02 1-856 0-8367 273

t See nomenclature for definition of terms.

1 Viscosity ratio defined as v /v;.
§ The Prandtl number used in the calculations varied between 07046 and 0-7047,

Table 3. Coefficients of equation (14) for small spheres

Number of data points Coefficients Deviation, fraction
Description
of sphere used rejectedt 4 B c D averagel standard§

thermal

05 in silver sphere 30 0 0-5445 008206 003970 0-001579 00000475 00105

1:0 in silver sphere 14 0 05270 0-1548 —002429 0001229 0000128 00173

thermal and material

0-5 in porous sphere 57 7 04748 02357 —003464 0001909  0-000295 00255

1-0 in porous sphere 20 0 0-5401 01290 0-005893 0001182 0000121 00141
material

05 in porous sphere 56 7 05037 006256 006240 00002396  0-000104 0-0188

t Point statistically rejected when deviation exceeds 5o.
1 Average deviation defined by:

L/
s = [3 (W[ (Fs, — Fst, /Fst YN,

§ Standard deviation defined by:

o = 13 (w[(Fst,.. ~ Fs, /Fss, AN, - N
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Table 4. Recommended

Subcritical flow}

Nature of
Thermal Thermal and material

min. max. min. max.
Applicable range
Sphere diameter (in) 025 120 002 20
Reynolds number 1-2 300000 21 119500
Turbulence level, fraction 0-005 015 001 015
Prandtl or Schmidt number 070 3800 0-697 0721
Viscosity ratio 066 27 1-00 1-36
Nusselt or Sherwood number 69 543-0 2-89 78-6
Number of data points
Used 388 143
Rejected!! 5 3
Recommended coefficients
A* equation (14) 0-5747 0-5604
B* equation (14) 0-1674 0-3988
C* equation (14) — 005628 -01110
D* equation (14) 0001449 0002073
G* equation (15)
H* equation (15)
Deviation, fraction
Average§| 000652 0-00162
Standardtt 00786 0-0543

t See nomenclature for definition of terms.
t Subcritical flow, equation (14).

Fs% = A*(v,/v)°'® + [B*x(a, + C*) + D*]Rel (Pri  orSci ).

§ Supercritical flow, equation (15)

Fs* = G* + H* Re}, Prt .
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coefficients for equation (14) or (15)t
Supercritical flow§
transport

Material Combined Thermal
min. max. min. max. min. max.
002 20 002 120 40 120
21 48 300 12 300000 250000 1330000
0-005 023 0005 023 0005 007
0-593 1210-0 0-593 1210-0 0-708
1:00 1-37 0-66 27 100
2:58 1980 289 5430 5500 14180

436 947 22

4 i1 2
0-5454 05483
008904 01212
- 00004096 ~ 004595
0001362 0001656
1171
0-000159
000693 000630 00102
0-102 0-0881 00477

| Points statistically rejected when deviation exceeds 5o.

€ Average deviation defined by:

N
s= (L wl(Fst, = FsL J/Fst, JyN,

11 Standard deviation defined by:

N
o = [{Ywl(Fst.. — Fst.J/Fst JIN, = NJJ*
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The applicability of equation (15) for super-
critical flows is shown in Fig. 3. Although this
relation is based on a much more limited range
of Prandtl and Schmidt numbers, no gross
deviations were encountered. Frossling numbers
for the water tunnel measurements of Brown
[46] appear slightly higher than those for the
wind tunnel measurements of Wadsworth [21]
involving air. Some of this behavior may be due
to the deviation of the Lewis number from unity
in the turbulent layers.

CONCLUSIONS

The intensity of free-stream turbulence
markedly influences the transfer in the forward
hemisphere and thus has a substantial effect
on the macroscopic transport which increases
with the Reynolds number, and such effects are
well represented by the use of a Frossling number.
The transport in the turbulent portion of the
wake exhibits a higher dependence on the
Reynolds number than the over-all transport,
but is nearly independent of the level of tur-
bulence. The transition Reynolds number for
thermal transfer agrees with the behavior
observed from drag measurements. Well above
the transition Reynolds number, the effects of
free-stream turbulence upon thermal transport
are negligible.

With all other fluid and flow properties
taken at free-stream conditions, the effects of
variable molecular properties for the available
data can roughly be described by a ratio of the
kinematic viscosity of the free stream to that of
the interface raised to a power. The “blowing
velocity” associated with material transfer results
in a decrease in the transfer coefficient by about
7 per cent for most measurements upon spheres.
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Résumé— Une corrélation pour le nombre de Frossling dans le cas du transport macroscopique ou moyen
dans 'espace a partir des sphéres a été préparée & partir des renseignements disponibles concernant
Peffet des propriétés moléculaires du fluide, des conditions de I’écoulement, et du niveau de turbulence.
Ce dernier est le plus important pour un nombre de Reynolds de 40000 et devient relativement négligeable
pour des nombres de Reynolds superieurs & 250000. Des expressions analytiques, de nature empirique,
ont été établies pour décrire I'influence du nombre de Reynolds, du niveau de turbulence et des propriétés
moléculaires du fluide sur le nombre de Frossling. La précision dans la prévision du nombre de Frossling
est probablement voisine de la précision des données expérimentales. On a trouvé utile 'emploi du rapport
de la viscosité cinématique de I’écoulement libre & celle & 'interface élevé 3 une certaine puissance pour
corriger les changements des propriétés moléculaires a travers la couche limite, bien que cette méthode
soit empirique. Les résultats sont présentés sous forme de courbes et de tableaux.

Zusammenfassung—Aus einer Durchsicht verfligbarer Information iiber den Einfluss molekularer Eigen-
schaften einer Fliissigkeit, des Strémungsverhaltens und des Turbulenzgrades wurde fiir den makro-
skopischen oder durchschnittlichen Raumtransport von Kugeln eine Korrelation aufgrund des Frossling-
Zahl ausgearbeitet. Der Einfluss des Turbulenzgrades ist am ausgeprigtesten bei Reynolds—Zahlen von
40000 und wird relativ unbedeutend bei Reynolds-Zahlen iiber 250000. Analytische Ausdriicke, ihrer
Natur nach aber empirische, wurden entwickelt, um den Einfluss der Reynolds-Zahl, des Turbulenzgrades
und der molekularen Eigenschaften der Fliissigkeit auf die Frossling-Zahl zu beschreiben. Die Genauigkeit
der Bestimmung der Frossling-Zahl ist wahrscheinlich vergleichbar mit jener der Versuchsdaten. Die
Verwendung des Verhiltnisses der kinematischen Zihigkeit des Freistromes zu jener der Zwischenschicht,
erhoben in eine Potenz, zeigte sich als eine niitzliche, wenn auch empirische Methode, Anderungen in
den Molekulareigenschaften innerhalb der Grenzstrémungen zu korrigieren. Die Ergebnisse sind in
Diagrammen und Tabellen wiedergegeben.

Amnoranua—N3 0630pa uMeEOIMXCA NAHHBEIX OTHOCHTENIBHO BIMAHNA MOJEKYJIAPHBIX
CBOMCTB KMAKOCTH, YCJIOBHH TeYeHHA M CTEINEeHM TYPOGYJIEHTHOCTH MOJYHYeHO COOTHOUIEHWE
aas yucaa OpécciamMHra IJIA MaKpOCKONMYECKOr0 MM ITPOCTPAHCTBEHHO-CPEHEro MepeHoca.
Buunanue crenenn TypOyientHocTH Gosblile BCero 3aMeTHO np# 4uciae Peftmompnca 40000
A CTAHOBHMTCA FOBOJBHO HE3HAUNTENBHHIM HpH 4duciax Peitmombaca Beime 250000. Bruam
NOJIyYeHH aHATUTHYECKHE BHIPAHEHHS, SMIMPUIECKIe IT0 CBOEMY XapaKTepy, NJf ONHCAHUA
BIMAHMA uucaa PeltHoanbca, cTeneHu TypOydeHTHOCTH M MOJEKYIAPHHX CBOUCTB MUIKOCTH
Ha uncio Opéccaunra. Tounocts pacwéra umcia OpéccamHra CpaBHEMA C TOYHOCTBHIO
HKCIEPUMEHTANLHNX JAHHEIX. YCTAHOBJIEHO, YTO OTHOLIEHME KHMHEMATHYECKON BA3KOCTU
CBOﬁO)IHOI‘O MOTOKA K KHHEMATHYeCKON BABKOCTH HA HNOBEPpXHOCTH pasfea, BO3BEJEHHOl B
CTeNeHb, ABJIAETCA IIOJE3HHM, XOTH U SMIUPUYECKHM, METOTOM YdeTa U3MeHEeHUA MOJEeKYI-
APHHX CBOMCTB B NOrpAHMYHEIX TeYeHUAX. Pe3yNbTATH NpeACTABJEHE B BUAE IPadUKOB u
Ta6IMIT.



