Mass Transfer from Spheroids

to an Air Stream

In recent years several investigators
have studied heat and mass transfer
rates from spheres, hemispheres, cylin-
ders, slabs, cubes, and disks (I, 5, 6,
7, 18, 19, 20, 21, 24, 27). Very little
effort however has been directed to-
wards the study of transfer processes
from other shapes such as spheroids. A
literature survey shows that the sphe-
roid may be regarded as an idealized
shape in many mass transfer operations
when one phase is dispersed in the
other (8, 15, 16, 17, 18).

In liquid-liquid extraction for ex-
ample droplets of the disperse phase
may approximate internally stagnant,
nonoscillating oblate spheroids, due to
a particular combination of physical
properties or to the presence of trace
quantities of surface active impurities
(9, 11, 12).

At a given Reynolds number sphe-
roids of different major to minor axis
ratios (eccentricities) are subject to
drag forces of different magnitudes
(15, 22, 25). This may be regarded
as a qualitative indication that mass
transfer rates in the continuous phase
are also substantially dependent upon
eccentricity. In the present work this
question has been explored by suspend-
ing oblate naphthalene spheroids in an
air stream over a Reynolds number range
of 130 to 6,000; eccentricities varied
from 1:1 to 3:1.

These findings should contribute to-
wards the ultimate objective of the
design of extraction columns from rate
relationships, without the need for ex-
perimentally determined efficiencies.
The detailed procedure is to be pub-
lished later.

THEORETICAL CONSIDERATIONS

Frossling (7) showed theoretically
that for nonangular bodies of revolu-
tion with their axes parallel to the di-
rection of flow the local values of the
Sherwood number are proportional to
the square root of the Reynolds num-
ber; this result was demonstrated theo-
retically for the region between the
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front stagnation point and the separa-
tion point. Theoretical predictions are
lacking beyond the separation point.
Frossling also showed that for the
limiting case of very large Schmidt
numbers the Sherwood number is ex-
actly proportional to the cube root of
the Schmidt number. For other ranges
of the Schmidt number he was able
to show theoretically that the quantity
Nn/ (Nzo)*(Ng,)”* remains approxi-
mately constant.

Further evidence for anticipating
that Ng, will be related to (Nz.)** and
to (Ns.)*" in forced convection is pro-
vided by other experimental work on a
wide variety of shapes (1, 6, 13, 20,
24, 27).

Several workers have correlated N
by direct addition of terms represent-
ing transfer by purely molecular diffu-
sion and by forced convection (6, 13,
27, 28). A similar number of workers
have omitted the term for transfer by
purely molecular diffusion from the
correlation (5, 19, 20, 21, 31). Be-
cause the direct additivity of these
two effects is open to question, corre-
lations of the present data were ob-
tained with and without the term for
transfer by purely molecular diffusion,
and the results were compared in an
attempt to resolve this issue.

At low values of Nz, free convection
also contributes to the rate of mass
transfer. Garner and Keey (10) showed
that for spheres free convection effects
are negligible when the Reynolds num-
ber exceeds the limiting value

Ngzi > 0.4 (N's,)™”* (Nge)™ (1)

For the l-in. spheres in the present
work Equation (1) indicates that
natural convection effects are negligible
at Nz, > 15.

Fig. 1. Samples of the spheroids and molds
used in this work.
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Various workers (2, 21) have found
that the intensity of turbulence of the
continuous phase can substantially in-
crease the rates of transfer. Turbulence
measurements with a hot-wire ane-
mometer showed that, according to the
findings of Brown, Sato, and Sage (2),
the rates of transfer in the present work
were not increased because of turbu-
lence by more than about 2%.

It is expected from the above con-
siderations that the data will be corre-
lated by one of the following relation-
ships:

1. Without the term for transfer by
purely molecular diffusion:

Ng = Ci(Nxz)™ (N&o)™  (2)

2. With the term for transfer by
purely molecular diffusion:

Ns» = Nsu, + Cs(Nre)™ (Nse)* (3)

m, and m, are expected to be approxi-
mately 1%. Ns, is the Sherwood num-
ber when molecular diffusion is the
only transfer mechanism.

The Reynolds and Sherwood num-
bers both contain a characteristic di-
mension representing the geometry of
the body; correct definition of this di-
mension may render C, and C. inde-
pendent of eccentricity. Some of the
characteristic dimensions (D.) which
have previously been used with suc-
cess are as follows:

1. The diameter of a sphere of the
same volume as the body (D).

2. The length of the minor axis of
the body (D,).

3. The total surface area of the body
divided by the perimeter normal to
flow (D).

4. The diameter of a sphere of the
same surface area as the body (D).

5. The average of the axes parallel
and normal to flow (Ds).

6. The sphericity multiplied by the
diameter of a sphere of the same vol-
ume as the body (D).

7. The axis normal to flow (D).

To facilitate correlation Equations
(2) and (8) were rearranged as fol-
lows:

, N
P (N (N

Naw— Na,

o = e = Ca(Na)™ (5)
(Nﬂe) (NSc)

where the left-hand sides of Equations

(4) and (5) are independent of the

= Ci(Nz.)™ (4)
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Fig. 2. Diagram of wind tunnel.

characteristic dimension, provided that
k. is based on the actual surface areas
of the bodies.

A further form of correlation was
examined, with the use of D, and with
k. based on the area of a sphere with
the same volume as the body. The cor-
responding left-hand sides of Equa-
tions (4) and (5) were in this case
denoted by jos and 'ns, respectively.

For a mechanism of purely molecu-
lar diffusion from oblate spheroids the
following relationship has been de-
rived (32):
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slowly from the bottom upwards, so
that the molten naphthalene in the
reservoir could flow down into the cav-
ity., (The 3%-in. diameter hole in the
upper plate, Figure 1, constituted this
reservoir. )

The molds were placed on a cool
metal plate to promote solidification in
the cavity, while a hot metal plate just
above the molds delayed solidification
in the reservoir. For the spheroids to
separate cleanly from the molds it was
essential for the solidification and sub-
sequent cooling process to near room

ke Nisno temperature to be carried out slowly
D, D, T (over a period of at least 3 hr.). By
< c ) [4 (d2 fz)uz]
a(d®—

(Cx)x.m (6)

@ f o\- fd d+(d—F)"

=t ()] [ o ]
[2 an dz—f d + (d2_f2)1/gln d_(dz_f)uz j

For a sphere this reduces to the
well-known expression

[4

(03)1.m (7)

and for a disk, where D. is the disk
diameter, one obtains

Na, =2

8 c
N‘s"oz';' (CB)I.m (8)

APPARATUS AND TECHNIQUES
Spheroids

Oblate naphthalene spheroids of ec-
centricities 1:1 (sphere), 5:4, 5:3, 2:1,
5:2, and 3:1, each having a major axis
length of 1 in., were made by casting
reagent-grade naphthalene in brass
molds. Representative samples of the
spheroids and molds are shown in Fig-
ure 1. The supports were of stainless
steel, 1/16 in. in diameter and 4 in.
long. To make the spheroids molten
naphthalene at 90°C. was injected into
the preheated molds with a hypodermic
syringe, the needle of which extended
tc the bottom of the cavity. To prevent
voids forming within the spheroids dur-
ing cooling the molds were cooled
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this procedure the contaminating effects
associated with the use of mold release
agents were avoided.

Wind Tunnel

The spheroids were suspended in the
test section of the closed-circuit, in-
sulated, wind tunnel shown diagram-
matically in Figure 2. The tunnel was
about 15 ft. in overall length, with a
horizontal test section 15 in. in diame-
ter and 30 in. in length. The test sec-
tion was situated at the outlet from 2
contraction section (contraction ratio
= 4.25:1) which provided a flat veloc-
ity profile, as shown by velocity tra-
verses. Hot-wire anemometer measure-
ments showed that screens of 28-mesh
wire cloth at the entrance to the con-
traction section reduced turbulence to
a low level. The difference between the
static pressure in the tunnel and atmos-
pheric pressure was less than 0.05
mm. Hg in all cases. The air tempera-
ture in the tunnel was maintained con-
stant in each run, at a magnitude near
50°C. Temperatures were measured at
intervals during the runs by three ther-
mocouples located 2 in. from the spher-
oids and in the same vertical plane.
Velocities were measured before and
after each run with a hot-wire anemom-
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eter. The point of measurement was
that occupied by the spheroid during
the run; velocities ranged from 0.5 to
14.1 ft./sec. The spheroids. were sus-
pended in the wind tunnel by the sup-
port shown in Figure 3. This support
was in turn suspended from the knife
edge of the balance arm of a continuous
weighing device (23). Interpretation
of the charts produced by this device
showed that the rate of mass transfer
remained constant throughout each
run. The precise amount transferred in
each run was therefore determined by
initial and final weighings.
Measurements of enlarged shadow
photographs taken of the spheroids
before and after each run showed that
the average change in eccentricities
was 2.5% and the average change in
the major axes was 1.3%. The average
loss in mass of the spheroids was 8.6%.

Experimental Procedure

Before each run the spheroids were
photographed and weighed and re-
placed in the molds; the reservoir and
feed channel were then filled with pow-
dered naphthalene to avoid premature
sublimation losses. This assembly was
then preheated in a controlled oven to
a temperature 2 deg. below that of the
air stream. The maximum loss of naph-
thalene incurred in this procedure was
found from thirteen runs to be 0.0029
g A 2.2°C. difference between the air
and spheroid temperatures was the
average difference found in eight runs
in which thermocouples were embed-
ded at various positions in the spheroids.

The preheated spheroid was removed
from the mold inside the test section
and attached to the support while
shielded from the air stream. The run
was started on removal of the shield.

At the end of each run the spheroid
was removed from the air stream and
weighed at recorded intervals. The
mass of the spheroid on removal from
the test section was then obtained by
extrapolation of these weighings. The
spheroid was photographed at the end
of these final weighings.

Physical Properties
Air densities were calculated in
accordance with the ideal gas law;
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Fig. 4. Plot of jp vs. Nr,,.

viscosities of air were calculated by
means of Sutherland’s formula (26).
In the absence of experimental data
the diffusion coefficient for naptha-
lene vapor diffusing through air was
calculated with Gilliland’s semiem-
pirical correlation (14).

The vapor pressure of naphthalene
was calculated from the expression
presented by Uno (29):

3,857
logs, P* = 1184528 ———— (9)

P* is in mm. Hg, and T is in °K.
Densities, viscosities, and diffusivi-
ties were calculated at the mean film
temperature and saturation vapor pres-
sures at the estimated surface tempera-
ture {air temperature minus 2.2°C.}.

Calculation of k.

The mass transfer coefficient k.
was calculated for each run from the
expression

ko ..
=== (P'=P)A  (10)

To maintain P, at a low level
throughout each run part of the air
stream was removed from the tunnel
at a measured rate at the outlet vent
shown in Figure 2. This was replaced
by fresh air entering at the inlet vent
and by naphthalene subliming at the
measured rate from the spheroid. A
naphthalene balance on these streams
showed that P, was always less than

REYNOLDS NUMBER : N,

Fig. 6. Comparison of the dota obtained for spheres with cor-

0.004P* and therefore was regarded
as zero. In Equation (10) T is the
absolute mean film temperature.

In accordance with the definitions
of fo, and §». given above

fos = jp— (11)

i’D‘ ::7"1)— (].2)

Results

Plots on logarithmic co-ordinates
were made of jp and §» vs. Nze to
Nre,, where Nrey to Nre; are Reyn-
olds numbers calculated with D, to
D., respectively. Further plots were
made of jp, and b, vs. Nze,.

Inspection of these plots revealed
that the best correlations were clearly
those of j» and {'» vs. Naze, so statisti-
cal treatment was restricted to these
two forms. [Nze is based on D, the
characteristic dimension proposed by
Pasternak and Gauvin (24).]

The data were fitted by means of
a generalized linear/nonlinear least
squares procedure programmed for an
IBM-650 digital computer by Buka-
cek (3, 4). In the first instance the
data were fitted so as to minimize the
sums of the squares of the deviations
between calculated and measured
values (absolute errors).

These sums were then converted
to estimates of variance by dividing

relations obtained by other workers.

by the number of degrees of freedom,
in this case 100. The estimates of
variance are

for jb vs. Nze, : 0.41 X 107
for j'o vs. Nres : 0.51 X 10°°
At the 909% probability level the

confidence ranges of these variances
were as follows (30):

for jp vs. Nze : 0.33 X 107 to
0.53 X 10~

for i'» vs. Nzey : 0.41 X 10 to
0.66 x 10

The value of 0.51 X 107 for o vs.
Nze, lies within the confidence range
of jo vs. Nz, so neither correlation is
a significantly better fit of the data
even at the 909 probability level.

In view of this inability to distin-
guish statistically between these two
forms of correlation attention will be
focused on jo vs. Nz« because of its
greater simplicity; that is, it does not
require knowledge of Nax,.

Although correlations obtained by
minimizing the sums of the squares
of the absolute errors can be readily
compared, In many applications a
more useful correlation can be ob-
tained by minimizing the sums of the
squares of the relative errors. Figure
4 indicates that the relative errors,
and presumably their variance, are
independent of Nz

A least-squares correlation was ob-
tained for jo vs. Nzes by minimizing
the sum of the squares of the relative
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Fig. 5. Comparison of the data obtained for spheres with cor-

relations obtained by other workers.
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Fig. 7. Plot jo, vs. Nx,,.
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The result is

A
jo = 0.7408 (Nas)™™  (13)

The maximum deviation from Equa-
tion (13) is 5.99 .The estimated
standard deviation of the data about
this equation is 1.9%. The confidence
limits for the constants at the 95%
probability level are as follows:

for C,: 0.7408 = 0.0196
forn, : — 0.501 = 0.004

It is of interest to note that the
theoretical value for n, of —0.5 is in-
cluded in the confidence range.

The errors involved in estimating
physical properties probably preclude
the use of constants with three or
four significant figures. The constants
were therefore rounded off within the
confidence limits given above to give
the expression

A
fn = 0.74 (NBeg) o8 (14)

The line representing this equation
is plotted in Figure 4. The maximum
deviation from Equation (14) is 6.4%,
and the estimated standard deviation
is 2.19%.

The present data obtained for the
special case of spheres (eccentricity
1:1) can be compared with that
found by other workers (I, 5, 6, 13,
20, 27), as shown in Figures 5 and 6.
The agreement suggests that no large
systematic errors were involved in the
present techniques.

It is of interest to compare the
data with that of Pasternak and
Gauvin (24), obtained from spheres,
hemispheres, cubes, prisms, and cyl-
inders, the latter oriented both normal
and parallel to flow. The intensity of
turbulence in their work was about
10%. Their comprehensive correlation
for all these shapes is

T = 0.692 (Nxw)***  (15)

This equation is also plotted on Fig-
ure 4. The maximum deviation of the
present data from Equation (15) is
9.6%.

In view of the common use of D,
with a form of k. based on the area
of a sphere of the same volume as the
body it is of interest to note the level
of error which this may entail in the
case of spheroids, as shown by the
plot of jo, vs. Nze, in Figure 7.

ACKNOWLEDGMENT

The financial support of the Shell Com-
panies Foundation in the form of a Fellow-
ship granted to A. R. H. Cornish is
gratefully acknowledged.

Page 76

NOTATION

A = surface area of spheroid

c = total concentration {ci + c5)

€4, €3 = concentrations of components
A and B

Chrm = log mean of the concentra-

tions of B at the surface and
at a point remote from the
surface

Ci, C.= coefficients in Equations (2),
(8), (4), and (5)

d  =length of semimajor axis of
an oblate spheroid

D. = characteristic dimension rep-
resenting the geometry of a
body

D, = molecular diffusivity

D, to D, = characteristic dimensions
defined in text (specific forms
of D.)

= length of semiminor axis of
an oblate spheroid
g = acceleration due to gravity

A
i», fo = experimental and calculated
i factors for mass transfer,
Nsu/ (Ng.) (Ng,)™®

f» = modified j factor for mass
transfer, (Nsv — Nsno)/ (Nze)
(Z\]Sc)ll3

frss f2. = § factors using k. based on

the area of the sphere of the
same volume as the spheroid
k. = individual continuous phase
mass transfer coefficient
™My, m, = exponents in Equations (2)

and (3)

ni, N, = exponents in FEquations (4)
and (5)

N’g, = Grashoff number for mass
transfer, D.°g(p. — p.)/+"p.

Nz, = Reynolds number, D, u. p/n

Nzeito Nee; = Reynolds  numbers
where D, is replaced by D,
to Ds, respectively

Ns. = Schmidt number, u/p D.

Ny, = Sherwood number, k.D./D,

Ns, = Sherwood number for trans-
fer by purely molecular dif-
fusion, k.D./D,
N = overall rate of mass transfer
P* = saturation vapor pressure of
transferring component
P, = partial pressure of transferring
component in bulk of con-
tinuous phase

R = gas constant

T = absolute temperature

%, = linear velocity

Greek Letters

I’ = viscosity

v = kinematic viscosity

P = density

ps» po = continuous phase density at
the body surface and in the
bulk

¢ = sphericity, defined as surface

area of a sphere having the
same volume as the body
divided by the surface area
of the body
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