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Abstract—The thermal and material transport from spheres in turbulent air streams have been reduced
to analytical expressions taking into account the Reynolds number of the flow, the level of turbulence of
the air stream, and the diameter of the sphere. The coefficients for these expressions are based upon
experimental work ranging from drops to spheres of about 1 ft in diameter. The range of Reynolds
numbers involved extends from 2 to 1:33 x 10°. The standard error of estimate for all the experi-
mental measurements was about 15 per cent, while the standard error of estimate for measurements
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for a much smaller range of sphere diameters was approximately 4 per cent.

apparent level of turbulence,
fraction;

normalized transport;
thermometric conductivity,
ft¥/s;

kinematic viscosity, ft¥/s;
standard error of estimate.

calculated;

experimental;

condition at interface;
material transfer;

thermal transfer;
simultaneous thermal and
material transfer;

longitudinal direction of flow;
stream condition.

limiting value.

INTRODUCTION

ManNY investigations have been made of thermal
and material transport from spheres located in
turbulently flowing gas streams. In most
instances, however, the experimental information
did not include the level or the scale of the
turbulence in the gas stream, and the behavior
was correlated on the basis of linear theory.

A few investigators [1-4] observed a nonlinear
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relationship between the Nusselt or the Sherwood
number and the square root of the Reynolds
number, and attempted to take such behavior
into account by increasing the exponent of the
Reynolds number above 0-5. The results, based
upon the assumption that the Nusselt number
was a single-valued function of the square root
of the Reynolds number, were not entirely
satisfactory, as illustrated in Fig. 1. Average
deviations of 60 per cent from the correlation
shown in the figure were encountered. For this
reason a systematic program of measurement
was carried out for thermal and material
transfer from small spheres in flowing air
streams of varying levels of turbulence [3, 5-11].
Recently Kinard, Manning and Manning [12]
prepared a correlation of the material transfer
from spheres taking into account separately the
effects of transport front and aft of the zone of
boundary-layer separation. The behavior with
respect to the several variables was similar to that
found in the present review, except that no regard
was taken by Kinard and co-workers of the level
of turbulence or of other than the first order
effects of diameter.

The purpose of this review is to present the
available experimental data in a form useful
to the engineer for the prediction of transport
behavior. In this work the influence of Reynolds
number, size of sphere, and level of turbulence
has been taken into consideration. The effect
of the scale of turbulence has not been included,
since the experimental data contained little in-
formation about this variable.

ANALYTICAL CONSIDERATIONS

It is beyond the scope of this paper to review
the details of the radial conduction and radial
diffusion, in connexion with boundary layer
theory, which form the basis of much of the
theoretical treatment of thermal and material
transfer from spheres. For thermal transport
the limiting value of the Nusselt number for
radial conduction is given by:

(NU{)Reo = Gr =0 = 2. (M

A similar analysis for the limiting value of
material transport involving only radial diffusion
results in:

(SA) Re, =Gr-0 = 2. @

T. R. GALLOWAY and B. H. SAGE

The details of this development are described
by Frossling [13] and Langmuir [14]. Most of
the more recent work in this field [1, 3, 4, 15] has
verified the theoretical limit which is shown in
Fig. 1.
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Fic. 1. Conventional presentation of convective thermal
transport from spheres.

root Reynolds number,

Frossling [13] carried out a satisfactory
analysis of the convective macroscopic transfer
from spheres, and predicted that at zero level
of turbulence the Nusselt number would be a
single-valued function of the Reynolds and
Prandtl numbers. The results of his analysis
are as follows:

Nuj = 2-00 4 0-552 Rel/? Pr!}>. (3)

A similar line of reasoning leads to the following
relationship for the Sherwood number:

Sht =2:00 + 0-552 Rel2 Scii'.  (4)

1t should be mnoted that this expression does
not take into account the effect of the level of
turbulence.

In the present development the Reynolds,
Prandtl, and Schmidt numbers were defined in
the following way:

Re, =dU,[lv, &)
Pr,, = vy /K, (6
SCOO == PVQO/DMIC- (7)

The Nusselt number corresponding to the space
average properties at the interface was evaluated
from:

Nuf == hy dlki. @&
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The Sherwood number was defined in terms of
the space average properties at the interface
in the following way:

Sh} = hanid/k;. ®

For present purposes the longitudinal level of
turbulence was defined by:

ar = agg = (23U, (10)

In most of the experimental work the level
of turbulence was varied by changing the axial
position of the sphere in the wake of a grid or a
perforated plate. For the recent investigations
with small spheres [6, 7, 8, 10, 11], the detailed
experimental measurements of Davis [16, 17]
were employed to relate the longitudinal level
of turbulence to the position in the wake of an
identical perforated plate. The work of Davis
can be used to establish the level of turbulence
in an apparatus of similar geometry from a
knowledge of the grid mesh size and the distance
downstream to the sphere. Where there is a
turbulence-inducing grid, predictions of the
level of turbulence can be made in a manner
similar to that shown in Fig. 2. Wadsworth [18]
measured the level of longitudinal turbulence
with a hot-wire anemometer.

Since it is difficult to determine the level of
turbulence experimentally, the level of turbu-
lence established in these investigations is
subject to some uncertainty. It might therefore
be preferable to define this quantity in terms of

&y

\\‘\

‘?o>‘>\/o £r »

o
rs

o
o

Q

[«]

[+
i
i

@
I"Se

(o]
(o4
@
W
(o]
\

(4

Level of turbulence 2, fraction
I
S
s A
‘«..

=

2 4 S 8 10 2 14

Distance from grid, in

FiG. 2. Effect of position in wake of grid upon longi-
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the sphere diameter, the mesh size, and the
longitudinal sphere position in the wake of the
perforated plate. However, in the interest of
simplicity in interpreting the results, the term
“apparent level of turbulence”, designated as
as, will be employed. The results indicate good
agreement with measurements of the level of
turbulence reported by different investigators.
Such agreement confirms the fact that the
position in the wake of the perforated plate is a
satisfactory indication of the local level of
turbulence.

In the present development the primary
variables were defined as

Br = (Nuj — 2:000)/(Re}2 Prif3)  (11)
for thermal transfer, and
Bar = (Shi — 2:000)/(Rell2Scl3)  (12)

for material transport. These dependent variables
are designated as Br and By, respectively,
throughout the following discussion. Simple
boundary layer theory with no turbulence
indicated that these quantities should be
invariant with respect to Reynolds number and
sphere diameter. In the limit, as the Reynolds
number approaches zero the values 87 and By
become indeterminate. The experimental data
may be extrapolated to zero Reynolds number,
and the limiting values of these quantities may
then be established with some certainty.

The effect of the apparent level of turbulence
and the sphere diameter on the thermal transport
variable By was approximated in the following
way:

Br = Ay + Ay d"® 4 Bag(a; + C)Rel2  (13)

From equation (13) it is evident that at zero
Reynolds number this quantity would be a
function of the sphere diameter alome. An
analogous expression with constants having
different values, was employed for material
transport. Earlier experimental work [5, 6, 10,
11] indicated that the value of the Nusselt
number for thermal transfer was not equal to
the value of the Nusselt number for simultaneous
thermal and material transport at the same
Reynolds number and molecular Prandt] number.

A summary of the experimental data utilized
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Table 1. Summary of experimental conditions for data employedt

Range of Conditions

Description of sphere Number of Apparent Nusselt or
data level of Reynolds Sherwood Reference
points turbulence} number number
Thermal and simultaneous thermal and material transport
05 in porous sphere 95 0-013-0-15 820-7250 1849 {6, 101
10 in porous sphere 21 0-013-0-15 1820-7300 27-59 [11]
0-5 in silver sphere 40 0-013-0-15 900-7260 16-48 [7, 8}
1-0 in silver sphere 14 0-013-0-15 1800-7500 22-48 [11]
0-07 in n-heptane drops 32 0-013 66-319 6-13 I3}
60 in copper sphere 7 002 1760001330000 420-1418 211
9-0 in copper sphere 7 0-008 263000975000 513-987 [21]
12:0 in copper sphere 12 0-01 177000-1330000 420-1418 [21]
5:0 in Armco-iron sphere 5 001 44000150000 107-206 221
0-02 in water drops 6 001 48-1040 7-32 {13}
0-279 in steel sphere 7 001 190-1460 12-26 2]
0-496 in steel sphere 4 0-01 5402100 17-30 2]
0787 in steel sphere 5 001 210-1340 12-24 2
9-0 in copper sphere 8 0-02 129600-1020000 628-2010 [19]
0-0375 in water drops 18 0-01 2-195 3-10 [15]
4-0 in copper sphere 30 0-0-066 22600-246000 148-540 [18]
6-0 in copper sphere 8 0:02 87000-667000 301-927 {20]
9-0 in copper sphere 8 0-008 130000-975000 374-1217 [20]
12-0 in copper sphere 8 0-01 177000--1330000 480-1418 [20]
Material transport
0-5 in porous sphere 95 0-013-0-15 820-7250 21-78 [6, 10}
0-07 in n-heptane drops 32 0-013 66-319 7-13 3]
0-02 in water drops 6 0-01 48-1040 7-32 {13}
0-0375 in water drops 18 0-01 2-195 39 [15]

1 All transport to air.
1 Apparent turbulence level defined by equation (10).

in this review, covering the range of conditions,
is set forth in Table 1.

In order to illustrate the nature of the behavior,
there is shown in Fig. 3 the effect of the Rey-
nolds number upon the Nusselt number
associated with thermal transfer from a 10
in silver sphere {11], and upon the Nusselt
number associated with simultaneous thermal
and material transport from a 0-5 in [6, 10]
and a 1-0 in porous sphere [11]. Fig. 4 shows the
effect of the apparent level of turbulence directly
for a series of Reynolds numbers for these same
data. Results for material transfer from the
0-5 in porous sphere appear in Fig. 5, which
depicts the effect of the square root of the

Reynolds number and the apparent level of
turbulence upon the Sherwood number. The
trends visible in these figures were also found by
Wadsworth [18], Powell [1], and others.

RESULTS

In order to show the behavior reported by the
several investigators, the results for thermal
transfer and for combined thermal and material
transfer are depicted in Fig. 6. The marked
influence of the apparent level of turbulence
upon the variation in the parameter 8 with
Reynolds number is evident. Similar information
for the Sherwood number associated with
material transport is given in Fig. 7.
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The information presented in Figs. 6 and 7
serves to illustrate the range of conditions
covered. These data indicate a much more
rapid change in the values of B with Reynolds
number at the higher apparent levels of turbu-
lence. Insofar as could be ascertained by a
careful evaluation of the experimental data, the
variations in these values were linear with
respect to the square root of the Reynolds
number, as was indicated in equation (13).
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Selected experimental data [3, 6, 7, 8, 10, 11,
18] were reduced to the values of 8 as functions
of the three independent variables: Reynolds
number, sphere diameter, and apparent level of

T. R. GALLOWAY and B. H.
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turbulence. Each set of data was subjected to a
linear regression analysis of conventional least
squares approach with respect to the three
independent variables. The coefficients for
equations resulting from these calculations are
set forth in Table 2, which also records the
number of experimental points in each data set,
the average deviation, and the standard error of
estimate, These data follow experimental con-
ditions as given for each set of data in Table 1.
The detailed experimental data obtained by the
authors and employed in this review are
available.}

It is apparent that the recent measurements
with 0-5 in and 1-0 in spheres [6, 7, 8, 10, 11]
yield relatively small standard errors of estimate
from the relationship described by equation (13).
Slightly larger standard errors of estimate were

t Tabular material has been deposited as Documents
No. 5600, No. 7159 and No. 6682 with the American
Documentation Institute, Photoduplication Service,
Library of Congress, Washington 25, D.C.

Table 2. Coefficients for equationst

Number of Average Standard
Description of data points Coefficients deviation§  error of
sphere {per cent)  estimate(]
used rejected} A B C (per cent
Thermal and simultaneous thermal and material transport
03 in porous sphere 87 8 0-530 0-0271 —0-0321 0-38 2:1
1:0 in porous sphere 20 1 0-603 00134 0-0349 —1-30 32
0-5 in silver sphere 36 4 0453 0:567 0-0210 003 4-0
140 in silver sphere 14 0 0448 00119 0-0405 041 41
4-0 in copper sphere 28 2 0727 0-0194 0-0001 —1-35 117
Material transport
0-5 in porous sphere 86 9 0717 0-01201 0-0345 0-80 37

t Coeflicients for equations as foliows:

(Nug* — 2D/Re }® or (Shi* — 2)/Re,¥'® = A -+ Bas{(as + C) Re /%
Data based on measurements in air stream only, where Pr,/? = 0-8926 and Sc,,,*/* = 1-281.
+ Statistically rejected when deviation exceeds x(o), where x = 2.

§ Average deviation defined by:

s = 100 { [)E\]r (Nuge* — NN} or
9 Standard errolr of estimate defined by:

o = 100 {i‘vl [(Nuze* — Nuse*) Nug *PIN — 1)}/
Il Wadsworth [118],

N
5 =100 {[Z (Shie* —
1

Shi/N .

N
or o = 100 {Z[(Shie* — Shic*)/Shi*PHN — 1)1,
1



THERMAL AND MATERIAL TRANSFER IN TURBULENT GAS STREAMS

289

Table 3. Recommended coefficients for equationst

Average Standard

Number of data points Coefficients devia- error of
Nature of tion§ estimate
transport used rejected Ay A, B C (per cent) (per cent)
Thermal, Nu;* 121 24 0-538 0-181 0-328 0-0405 —4-7 146
Simultaneous thermal
and material, Nu* 140 1 0-562 0-181 0-0672 0-0500 —2-8 42
Material, Sh;* 132 13 0-439 0-181 0-234 0-0500 21 66

t Coefficients for equations as follows:

Nug* = 22000 + (4, + Ay d¥?) Re V2 Pr o V® + Boy (o + C) Rey, Pry,V/?
or Shi* = 2000 + (A; + A d*/H Re 12 Se M® + Bay{(a; + C) Rey, Sc.t.
% Statistically rejected when deviation exceeds x(o) where x = 2.

§ Average deviation defined by:

s = 100 {3 Ni* — NNy or 5= 100 {[Z (Shes* — Shich)/N).
1 1

* Standard error of estimate defined by:
N
o = 100 {3 [(Nuie* — Nup®)/ Nu*PIN — 1)11/2
1

found for Wadsworth’s measurements [18] while
the data of some of the earlier investigators
{2, 3, 19, 20} yielded much larger standard errors
of estimate. It should be noted that Table 2 is
based only on the detailed experimental data for
0-5 in, 1-0 in and 4-0 in spheres [6, 7, 8, 10, 11,
18] and does not represent correlations between
the several sets of data.

The final values of the constants based upon
the regression analysis of all the available
experimental data are recorded in Table 3. If
it is assumed that the effect of sphere diameter is
the same for material transport, for thermal
transport alone, and for thermal transport
associated with simultaneous material transport,
then the coefficient A, of equation (13) is the
only term associated with sphere diameter. The
following relatively simple relationship was
obtained between the diameter of the sphere and
the intercept of curves corresponding to zero
Reynolds number for thermal transport alone:

By = Lim Bz = A; + A,d'2 (14)

Reg—0
Included in the data used in the development
of Table 3 are measurements for drops [3, 13, 15],
for 0-5 in and 1-0 in silver and porous spheres
[6,7, 8,10, 11], and for larger metallic spheres
[18-22]. The actual limiting value of 8

of o= 100 (% [(Shie* — Shie®)/Shi*N — 1)
1

for the thermal transfer associated with simul-
taneous material transfer at zero Reynolds
number was dependent upon the extent of the
material transport, since a blowing boundary
layer was present. For the material transport of
n-octane and n-heptane the following relation-
ship was obtained:

By = By, — 0-024. (15)

On the basis of the limited data available, it
has been assumed in Fig. 8 that the influence
of diameter was the same for the case of simul-
taneous thermal and material transfer as for
thermal transfer alone. Higher limiting values of
8 were obtained for simultaneous thermal and
material transfer than for thermal transfer alone.
Similarly, the value B85, was smaller than the
value B7, as shown in the following expression:

B2, = By, — 0-123. (16)

It is again emphasized that insufficient data
are available to establish with certainty the
influence of size of the sphere upon the value of
B for material transfer or for the thermal transfer
associated with simultaneous material transfer.
The effect upon g7, of different absolute rates
of material transfer under comparable Reynolds
numbers is not known. However, by assuming
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that the relationships set forth in equation (13)
describe the limiting value of f, this equation
may be combined with equations (14) and (15)
to yield the following relationships:

Br,= 0-538 -+ 0-1807 d*2 + 0-328 a4

(ar + 0-0405) Rel2 (17)
Br, = 0-562 + 0-1807 d¥2 - 0-0672 a

(az + 0-0500) Rell2 (18)
Bar = 0-439 -+ 0-1807 d/2 + 0-234 o;

(a; -+ 0-0500) Rell2. (19)

These expressions, together with definitions of
B, permit the direct evaluation of the Nusselt
and Sherwood numbers from a knowledge of
the Reynolds number of the flow, the Prandtl or
Schmidt pumber of the fluid, and the diameter
of the sphere and the apparent level of turbu-
lence. These expressions yield good agreement
with Wadsworth’s measurements [18] and with
the more recent data for 0-5 in and 1-0 in
spheres [6, 7, 8, 10, 11].

CONCLUSION

Equations (17), (18), and (19) permit a reason-
able description of the effect of flow conditions
and sphere diameter upon thermal, material,
or simultaneous thermal and material transport
over a wide range of sphere diameters, Reynolds
numbers, and levels of turbulence. Since nearly
all the data used in this discussion were taken
with respect to the flow of air at atmospheric
pressure past spheres of varying sizes, there is

no certainty that the results apply over a range
of Prandtl and Schmidt numbers. Such measure-
ments were, however, in agreement with the
earlier forms of correlation [23]. They were also
in agreement with the analysis of thermal and
material transport from spheres as developed by
Frossling [13, 24]. Additional investigations with
the liquid metals and with petroleum oils at
elevated pressures would establish with greater
certainty the generality of equations (17), (18),
and (19).

It is apparent from the present review that the
effects of level of turbulence and sphere diameter
on the parameters 8r, 8,, and Bz, are marked,
and it is most worthwhile to take these variables
into account in expressions predicting convective
thermal transport and material transport from
spheres.
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Résumé—On a mis sous la forme d’expressions analytiques les transferts de chaleur et de masse a partir
de sphéres dans des écoulements turbulents, en tenant compte du nombre de Reynolds de I’écoulement
et du niveau de turbulence, ainsi que du diamétre de la sphére. Les coefficients pour ces expressions
sont basés sur une recherche expérimentale allant de gouttes 4 des sphéres d’environ 0,30 m de diamétre;;
la gamme des nombres de Reynolds s’étend de 2 41,33 . 108, L’erreur d’estimation moyenne pour toutes
les mesures était environ de 15 pour cent tandis que P’erreur d’estimation moyenne pour des mesures
dans une gamme plus étroite de diameétres de sphéres était approximativement de 4 pour cent.

Zusammenfassung—Wirme- und Stoffiibertragung von Kugeln im turbulenten Luftstrom wurde auf

analytische Ausdriicke zuriickgefiihrt, wobei die Reynolds-Zahl, der Turbulenzgrad und der Kugel-

durchmesser beriicksichtigt wurden. Die Koeffizienten dieser Ausdriicke beruhen auf Versuchsegeb-

nissen an Tropfen und Kugeln bis zu 30 cm Durchmesser im Reynolds-Bereich von 2 bis 1,33 - 10°.

Die Standardabweichung der Schitzung fiir alle experimentelle messungen war ungefihr 15 Prozent,

wihrend in einem wesentlich kleineren Bereich von Kugeldurchmessern die geschiitzte Standardab-
weichung nur etwa 4 Prozent war.

Anrporamua—IloIydeHH aHaJIMTHYECKUWE BHPAMKEHUA, ONNCHBAKIIME IEPEHOC Temra M
BeI[ecTBa [JJA MapoB OpH o0TexaHNHM TYpGYJTEHTHHM BOBXYIIHHIM IIOTOKOM C YYeTOM 4HCIA
Petronpfca, crelenn TypGyiuaamui M guaMerpa mapa. BriGop koaddummenros mnsa sTux
BRIDaKEHWit OCHOBAH HA BHCIEPMMEATAX HAJ YACTUIAMU PasMepoM OT KaIlld A0 Imapa aua-
merpom oko:ro 1 gr. Juanason uncesn Peitnonbaca ot 2 10 1,33 x 10%. O6K4HAA NOTPEIIHOCTE
B OIleHKe JJIA BCeX SKCIIePHMEHTAJbHHX MBMepeHHH cocraBiser 15 mpomeHTOB, TOrma KAk
O0HYHAA NOTPEIUHOCTs B HBMEPEHMAX [JIA ropasfo MEHBUIEro ANANA30HA AMAMETPOB IIAPOB
COCTaBIAET NpUMEpPHO 4 HpOIeHTA.



