Mass Transfer in a Wetted-wall Column:

Turbulent Flow

W. H. SCHWARZ and H. E. HOELSCHER

The object of this study has been the measurement of concentration profiles of water
vapor in a wetted-wall column with fully developed turbulent pipe flow of air for several
positions downstream of the inlet. The air Reynolds number was 25,000. The mathematical
formulation of this problem involves the Navier-Stokes equations and the mass transfer
equation with a boundary condition of constant concentration at the wall. No attempt has
been made toward an analytical solution of this problem, as the exact solution of the turbu-
lence problem has not been developed. Instead, values of the mass and momentum transfer
correlation, u.h and u,u,, have been computed as a function of the radius. The eddy diffus-
ivity for momentum and mass and the local mass transfer rates are shown for engineering

purposes.

In the past, investigators of the wetted-
wall column have been interested only
in the measurement of over-all mass
transfer coefficients of a liquid evaporat-
ing into the air or in its analogous
problem, a chemical contaminent being
absorbed into the liquid. These over-all
mass transfer coefficients were correlated
by the use of dimensionless groups (17).
Considerable discrepancy has been found
in the experimental results.

Obviously the measurement of the
gross properties of a system does not
give an insight into the mechanisms of
the transport of mass into a turbulent
gas stream. More meaningful information
can be obtained by the measurement of
mean concentration profiles, especially
when coupled with the detailed statistical
information of Laufer (10) on the tur-
bulent flow of air in a round duct.

From measurements of the mean
velocity and concentration profiles, dis-
tributions of momentum and mass
transport coefficients are directly cal-
culable. However, it has been found that
the mean profile is relatively insensitive
to phenomenological assumptions on the
transfer coefficient, and so direct experi-
mental determination of the local transfer
rates would be desirable and could pre-
sumably be obtained by the use of the
hot-wire anemometer, giving direct meas-
urement of statistical correlation such as
u,h ~ the concentration diffusion, con-
centration fluctuation level h/H, the
spectrum of concentration scale, and
microscale. Having these statistical prop-
erties will allow partial solution of other
types of shear flows where the properties
of the flow field are known. Although
theory has been developed for the hot-
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wire anemometer for the purpose of these
measurements (1), it has apparently
never been applied to mass transfer
problems. It is logical, therefore, that the
next step would be the development of
the hot wire for this purpose and its
application to the turbulent mass transfer
problem.

There are few experimental data in the
literature pertaining to wetted-wall col-
umns where conditions have been defined
satisfactorily and the properties measured
to ensure reproducibility of results. Most
of the difficulty stems from the lack of
the fully developed state of the flow,
the poor choice of measurement tech-
niques, and failure to consider the effect
of the development of the concentration
profile,

Probably the most reliable wetted-wall
date for evaporation of liquids into &
turbulent air stream is the work of
Gilliland and Sherwood (6). However,
only over-all measurements of the mean
outlet and inlet concentrations and
temperatures were made. No rippling
effects were noted.

Linton and Sherwood (1) noted the
effect of the length of tube-to-diameter
ratio on the mass transfer coefficient. An
excellent review of the methods of cor-
relation and a listing of other references
are found in an article by Sherwood and
Pigford (17). Mixing-length tkeories are
discussed in several articles (6, 13, 15).

The information gained from this
problem is fundamental in many appli-
cations to reactors, absorption towers,
and numerous other unit operations
involving the transfer of material. They
are all concerned with the basic mass
transfer differential equation. From the
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concentration profiles, transport coeffi-
cients may be measured which, combined
with the mixing-length theory, offer
engineering solutions to other problems
where the flow conditions are similar.

DESCRIPTION OF EQUIPMENT
Operational Equipment

The wetted-wall column was constructed
from a standard Pyrex-glass tube (3.33 in.
I.D.) 4 ft. in length. The top edge was
ground flat so that the liquid flowing over
the edge would be distributed uniformly
around the periphery, and the bottom edge
was flared into a 30° angle (about 2 in. long)
so that the liquid might be removed from
the column. The liquid was fed into the
upper calming section of the column from a
5-gal. constant-head tank. This tank was
connected into a recycling system. A con-
stant liquid-supply temperaturec was main-
tained by regulating the current on a heater
in the constant-head tank. The water fed
into the calming section was metered by a
calibrated Fischer and Porter rotameter.
This liquid was introduced into the calming
section through a length of 34-in. copper
tubing. Holes of varying size and spacing
were drilled in the tubing in order to achieve
a uniform distribution in the upper section.
A schematic diagram of the apparatus is
shown in Figure 1.

The liquid was drawn from the column at
the flared end of the tube into a removal
section, where it was returned to the recy-
cling system. A swing arm was built into
the return line in order to maintain a con-
stant level of liquid in the removal section.

The air was supplied by a 1-hp. centrifugal
fan the speed of which was controlled by &
rheostat. The fan had a 10~ by 10-in. outlet
leading into a tunnel which had 16-mesh
screens properly spaced to reduce velocity
fluctuations {rom the blower. It was neces-
sary, owing to insufficient head room, to



have the blower and tunnel on a horizontal
plane and, therefore, to provide a right angle
in the system. In order to minimize deleteri-
ous velocity perturbations and vortexes cre-
ated by a right angle, a vane cascade was
built. The vanes were constructed from
sheet metal and were built in the shape of s
single quadrant of a circle with two tan-
gential pieces in the manner suggested by
Pankhurst (14). The gap to chord ratio was
0.25; the chord was 3.17 in. radius 2.24 in.;
the ratio of the radius to trailing edge was
6.32; and fifteen vanes were used in the
cascade.

After the right-angled bend the air passed
through a screen into a contraction which
had a twofold purpose; it acted both as a
contraction and as a section going from a
square to a circular eross seetion. The con-
traction was made from plaster-of-Paris—
impregnated gauze, reinforcing wire, and
plaster of Paris. It was cast on a form con-
structed from sheet metal and a block of
wood which was turned down on a lathe

shape. The inside of the contraction was
sanded smooth and lacquered. The contrac-
tion area ratio was 10 to 1.

The contraction was coupled to a brass
pipe, approximately 8 ft. in length, in which
fine sand was glued to a 7-in. length of the
walls at the entrance section to hasten tran-
sition from laminar to turbulent flow and to
increase the rate of growth of the boundary
layer. The brass pipe was beveled on the
outer surface of the top to a 60° angle, in
order to ensure a smooth fit with the tapered
glass section.

The whole system was carcfully aligned
in the vertical direction by means of a car-
penter’s level and plumb bob. This was very
important in obtaining smooth flow of liquid
down the walls of the tube.

Measuring Equipment

The air flowing up through the column
was sampled in ten places simultaneously
over the cross section by means of multiple

into the wide-bottomed-bell contraction probe. This probe was constructed of a
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Fig. 1. Apparatus: 1, blower; 2, constant-head tank; 3, heater; 4, rotameter; 5, wetted-

wall column glass section; 6, calming section (copper tube); 7, vanes; 8, screens, 9, contrac-
tion section; 10, recycle pump; 11, swing arm.

TaBLE 1. VELICITY DISTRIBUTION
Run 1 Run 2 Short tube
y/a C/U e U/Upar y/a U/Umas
1 1 1 r1 1
0.8619 0.9894 0.9930 0.887 0.9973
0.7022 0.9763 0.951 " 0.768 0.9834
0.6027 0.9409 0.954 0.649 0.9504
0.5063 0.9022 0.9229 0.530 0.9166
0.375 0.8484 0.8576 0.411 0.8609
0.2724 0.8149 0.8032 0.292 0.8200
0.1989 0.7539 0.7764 0.1732 0.7599
0.1235 0.7171 0.6973 0.0541 0.6448
0.0603 0.6371 0.6526
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4-ft. length of 34-in. brass tubing through
which were inserted ten sections of 18/8-16
gauge stainless steel hypodermic tubing. At
the outlet end of the brass tube each piece of
hypodermic tubing was bent through two
right angles so as to orient each sampling
tube along the axis of the support tube but
displaced from it by a predetermined
amount. In cross section the probe assembly
resembled a pitchfork, but the prongs, being
the hypodermic sampling tubes, were lo-
cated in two dimensions instead of one and
were spaced over the cross scetion of the
column so that relatively more samples
were taken near the wall than in the center.

The 34-iu. brass tube containing the hypo-
dermic sampling tubes was mounted in a
traversing gear movable in three directions.
The sampling probe was carefully aligned in
the column by use of the two horizontal
adjustments on the traversing gear and was
thence raised or lowered vertically by means
of the third adjustment to any desired meas-
urement point.

Each of the sampling tubes was connected
through o separate capillary flow meter to a
drying tube containing commercial Dricrite.
A vacuum pump and a control needle valve
permitted the sampling rate to be adjusted
so that the veloeity through the sampling
tube equaled the air veloeity at the corre-
sponding sampling point in the column. A
by-pass connection around each drying tube
permitted adjustment of the flows prior to
actual measurement.

A by-pass 7 was located in each sampling
line near the probe inlet and was connected
to a Meriam micromanometer. This manom-
eter could be reagd to approximately 0.0001
in. of water. In this manner the velocity dis-
tribution in the column was obtained from
the total head reading.

Each of the ten capillary flow meters was
calibrated by means of a wet-test meter
whose calibration was checked by a water-
displacement method.

The temperatures of the inlet and outlet
water and air streams were measured by
copper-constantan thermocouples and a
Rubicon potentiometer accurate to 2 uv.
The temperatures were correct to +0.2°F.

The drying tubes were weighed on a
Becker chainomatic balance which read to
0.1 mg. To compensate for external addition
or subtraction of weight by surface moisture,
the U tubes were counterbalanced by a
similar U tube during the weighing opera-
tion.

EXPERIMENTAL PROCEDURE

Water was added to the circulating sys-
tem and bhrought to temperature. To this
was added sufficient detergent (commercial
Alconox) to make a 0.39 (weight) solution.
The blower was turned on and adjusted to
provide a flow of air equivalent to a Rey-
nolds number of 25,000. All U tubes were
weighed and mounted in place. The velocity
head in the center of the tube was deter-
mined by the micromanometer and, from
this [/,.., was calculated. From Figure 2, the
velocity at the positions of the various
sampling tubes was calculated. This velocity
coupled with the area of the hypodermic
tubing and specific volume of air per pound
of dry air gave the flow rate in pounds per
second to be drawn through each sampling
tube. The capillary-flow-meter calibration
charts gave the propér sampling flow rate at
each point. All the needle valves were ad-
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justed and the flow was switched from the
by-pass to the U tubes. The air-flow rate
was maintained at the desired level during
the run. After a run of 2 hr. the tubes were
reweighed to determine the moisture pickup.

EXPERIMENTAL MEASUREMENTS AND
CORRECTIONS

In mass transfer operations a careful
knowledge of the transfer surface is
necessary. One of the inherent problems
of the wetted-wall column is the difficulty
of obtaining a smooth film. Rippling is
always present, causing uncertainty in
the measurement of the interfacial area.
By the addition of small amounts of
detergent to the water, rippling is
eliminated. The water film was virtually
undetectable upon visual observation. It
was found that the optimum concentra-
tion of wetting agent (commercial Al-
conox) was 0.39; for the best smoothness
at the operating range used. This result
agrees closely with the work of Fmmert
and Pigford (3).

The air Reynolds number was fixed
at 25,000 in order that the velocity be
sufficiently high to give measurable total
head readings, but low enough to have
negligible effect upon the liquid surface.
The liquid flow rate was set to obtain the
smoothest film. Too low a liquid flow
rate produced low-frequency and high-
amplitude waves; whereas high flow
rates gave high-frequency, low-amplitude
waves.

The presence of the wetting agent on
the evaporation of the liquid suggested
that an equilibrium interfacial condition
might not exist. Emmert and Pigford (3)
determined that the wetting agent. has
little effect upon the assumed boundary
condition at the interface, that of equi-
librium with the film. Also, from the
caleulations of Schrage (16) using the
data of Gilliland, it is shown that the
interfacial resistance for this operation
is negligible. Therefore, in a study of

evaporation from a wetted-wall column
of this type, the boundary condition of
saturated water vapor at the wall seems
justifiable.

The total head readings were all cor-
rected for the velocity gradient by use of
the method of Young and Maas (19).
The empirical formula £ = 0.13le: +
0.082¢; was used to find the displacement
of the probe to obtain its relative position
in the tube. It was found on computation
of the Reynolds number, based on the
diameter of the probe, that the correction
for viscous effects on the total head
reading was negligible (7, 12).

The velocity traverse was taken by
the probe used in sampling the air. The
static pressure was measured by a small
tap in the brass pipe slightly below the
glass section. The static pressure at the
probe was calculated from the linearity
of the pressure drop with distance down
the column. From these readings the
velocity head was determined.

The velocity distribution measured
with liquid flowing down the walls was
not different from the distribution
determined with a dry column within
the limits of experimental error. In order
to determine the effect of the joint
between the brass pipe and glass tube, a
small glass section 5 in. long was made
and assembled into place. A velocity
traverse across the open end was not
discernibly different from that further
downstream. The veloeity profile across
the open end of the brass pipe was also
measured. Again the results were the
same. Rotation of the probe gave a
velocity traverse which was the same
within experimental error. Thus the
existence of fully developed turbulent
flow was assured. It also showed that,
although the interface velocity was not
zero (see below), it was small enough to
have negligible effect on the gas-flow field.

The velocity profile plotted as U/ U .
vs. r/a is shown in Figure 2 and compared

with the data of Laufer (10) for a
Reynolds number of 50,000.

When the concentration profile was
measured, no correction was used to
determine a relative position of the probe,
as was used to map the velocity ficld,
since there is a reversal of signs of the
velocity gradient (d{°/dr) and concen-
tration gradient (dif/dr). Thus the
portion of the probe receiving the higher
velocity was receiving a lower concen-
tration and the part of the probe receiving
a lower velocity was receiving a higher
concentration of water vapor. The two
effects will tend to cancel each other and
the relative position probably matched
the actual position very closely.

The velocity of the sample being
sucked through the tubing was adjusted
to the velocity of the air at the point of
location. Corrsin (2), by an approximate
analysis, has shown the error to be as high
as 89 by letting only the head pressure of
the air do the work in ohtaining a sample
and applyving no suction.

An estimate of the liquid velocity was
experimentally determined by spreading

~a powder on the liquid film and timing

/its movement over & measured distance.
The maximum speed at the interface
from many runs for the system used was
0.963 ft./sec. This allowed calculation
of the liquid film thickness, which was
0.0050 in. It was assumed that the air
velocity did not appreciably affect the
film thickness, and a parabolic velocity
distribution existed. With these assump-
tions, the ratio of average velocity to
surface velocity is two thirds. A caleula-
tion of the film thickness, by the formula
shown in Fallah, Hunter, and Nash (4),
gave the same result. The Revnolds

number of the liquid film showed
the film to be in the laminar state
(Re, = 167). The critical Reynolds

number is about 1,200 for this system.
To show that the U drying tubes picked
up all the moisture possible, air was drawn
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Fig. 2.
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Mean-velocity distribution.
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Fig. 3.

Mean-concentration profiles.
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TaBLE 6

r/a w,u, €m
0.05 0.04245 0.0209
0.10 0.0846 0.01442
0.15 0.1265 0.01078
0.20 0.1690 0.00973
0.25 0.2105 0.00957
0.30 0.2525 0.00956
0.35 0.2945 0.00982
0.40 0.3367 0.01004
0.45 0.3793 0.01032
0.50 0.4194 0.01053
0.55 0.4635 0.01072
0.60 0. 5059 0.01085
0.65 0.5483 0.01092
0.70 0.5903 0.01097
0.75 0.6323 0.01062
0.80 0.6737 0.00966
0.85 0.008005 0.008005
0.90 0.00627 0.00627
0.95 0.004192 0.004192
1.00

through two U tubes in series at an air-
flow rate corresponding to the maximum
air-sampling rate used. There was no
measurable weight increase of the second »
U tube.

RESULTS

The velocity distribution in the column
as determined by the total head tube,
which is shown in Figure 2, is compared
with the results of Laufer (10). The data
are tabulated in Table 1. The results
have been put in the dimensionless form
U/U,z vs. 1/a.

The concentration profiles are plotted
as (H — H;,)/(H, — H.,) vs. r/a and
shown in Figure 3 and tabulated in

uh X 1073
H, — Hy e X 1072 P
0.7650 2.35 8.89
1.6446 2.915 4.946
2.725 3.351 3.217
4.2010 4.007 2.428
6.013 5.089 1.881
8.0971 6.398 1,494
10.39 7.605 1.291
12.574 8.368 1.199
14.498 8.717 1.183
16.30 8.467 1.243
18.237 8.062 1.329
20.251 7.843 1.384
22.29 7.324 1.490
24.379 6.577 1.667
26.448 5.88 1.806
28.425 5.088 1.898
30.699 4.566 1.753
32.998 4.183 1.4989
30.736 1.633 2.567

Tables 2, 3, 4, and 5.* The curve shows
the growth of the concentration profile
down the tube. From these curves and
the velocity profile, the correlation
w.h/(H, — H,,) was calculated as a func-
tion of the radius and is tabulated in
Table 6. Equation (3) was used for this
calculation. A plot of € (eddy diffusivity
for mass) vs. r/a is shown in Figure 4.
The values of u,h/(H,, — H;,) and e were
calculated for level Z.. [e was calculated
from Equation (4).] The method of

*Tables 2 through 5 have boen deposited as docu-
ment 4793 with the American Documentation Insti-
tute, Photoduplication Service, Library of Congress,
Washington 25, 13, C., and may be obtained for $1.25
for photoprints or 35-mm. microfilm.

Fig. 4. Eddy diffusivity for
— mass vs. r/a.
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calculation is shown in the Appendix.
All values were computed by graphical
methods.

From the velocity distribution in the

tube, values of u,u, and e, were calcu-
lated, then tabulated and plotted in
Table 6 and Figure 5, respectively. The
ratio €./€ is shown as a function of the
radius in Figure 6. Equations (5) and (7)
were used.

The rise in diffusivity along the center
line is dictated by the fact that the
diffusivity must tend toward infinity at
the center line. In fact, the values of
eddy diffusivity for mass and momentum
have no meaning at the center-line region
of the pipe because of the manner in
which the diffusivities are defined. At
the center line the terms dH/9r and
dU/0r equal zero and the eddy diffu-
sivities have no meaning. This explains
the dashed portion of the curve on
Figures 4 and 5. Also in Figure 6 the
large rise of the curve of o vs. r/a has
little significance.

The results may be compared with the
analogous heat transfer problem of a
fluid flowing in a pipe with stepwise wall
temperature. Isakoff and Drew (8)
present data for the eddy diffusivity of
heat calculated from temperature profiles
in heating mercury flowing through a
tube. These values are of the same order
of magnitude as the values of e calculated
for mass transfer in the wetted-wall
column. Johnson (9) has computed
values of the turbulent Prandtl number
for the boundary layer of a heated flat
plate where the conditions are similar to
the flow field in the column. In the portion
of the flow of interest, he has found
values between 0.8 and 1.1 as compared
with values of ¢ between 1 and 2.

The local mass transfer was computed
at the four levels by Equations (10) and
(12). (See Appendix.) These values are
tabulated in Table 7. The value of w,
from Equation (12) is found by differen-
tiation with respect to z of the curve on
Figure 7. From this curve it may be
seen that the local mass transfer rate is
approximately constant over the range

Qlﬂ
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Fig. 7. Local mass transfer vs. column height.

measured. It can readily be seen that
the rate becomes much higher near the
inlet of the tube, where the concentration
gradients are very much steeper.

CONCLUSIONS

A wetted-wall column has been con-
structed which produces a falling film
essentially free from rippling. Special
care has been taken to produce a fully
developed turbulent profile of the air,
which was measured and compared with
the data of Laufer (10). The concentra-
tion profiles were measured at various
distances downstream of the inlet. From

these data the correlations u,u,, u,h, and
the eddy diffusivity for mass and momen-
tum and their ratio were calculated. The
local mass transfer was calculated at the
various levels.

From the concentration profiles it is
readily seen that many of the discrepan-
cies in the literature concerning mass
transfer data result from failure to con-
sider entrance effects. Previous data have
been correlated by the evaluation of the
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coefficients and exponents of a dimension-
less equation, in which an over-all
coefficient is expressed. Since the length
of the column enters as a parameter of
the problem, each system will have its
own specific constants in the dimension-
less equation, depending on the dimen-
sions of the column. From the curve in
Figure 7, it can be seen that the mass
transfer rate does not become constant
until the downstream distance has
reached about six diameters.

TaBLE 7. LocaL Mass TRANSFER RATE
CompUTED FROM EquaTIiON (10)

wz,, = (0.002562)(H ,~H;n)
wz, = (0.002450)(H ,~Ha)
wz, = (0.002733)(H ,~H.)
wz, = (0.002609) (H ,~H;y)
From the slope of the curve (shown in Fig-

ure 13), the local mass transfer ratc may be
computed by Equation (12).

w = (0.002587)(H ,~H;n)

A.l.Ch.E. Journal

NOTATION

@ = radius of tube (measured to inter-
face) (0.1383 ft.)

e&; = outside diameter of probe (0.0655
in.)

e: = inside diameter of probe (0.0451
in.)

E = displacement of probe toward re-
gion of higher velocity

= humidity fluctuation—defined by

the equation H' = H - h; Note:
h{mean value of A) = 0

H = mean humidity, 1b. H;O/1b. dry
air

Subscripts

in = inlet humidity of air

w humidity of air at the wall in
equilibrium with the water on the
wall

instantaneous humidity

pressure, lb./sq. ft.

= pressure drop along axis of tube
[mean value 0.02898 1b./(sq. ft.)
(ft.)]

r = distance from center line, ft.
Reynolds number = 2U,,., a/v
Reynolds number = 4T/u

time, sec.

temperature, °K.

velocity fluctuation—defined by
the equation U’ = U + u; Note:
(= mean value of u) = 0
(Reynolds restriction)

mean velocity, ft./sec.

HI
P
dP/dZ

|

o
(1 | I T

U =

Subscripts

6 azimuthal direction

Z along center line of tube

r in radial direction

mazr = maximum velocity—corre-
sponds to center-line velocity
(mean value 15.6 ft./sec.)

liquid veloeity

instantaneous velocity

loeal mass transfer rate, Ib. H.Q/

(sq. ft.)(sec.)

mass flow rate, Ib. dry air/sec.

distance along axis of tube from

inlet of wetted section

L
UI
w

w
Z

Subscripts

00 = 8.56 in. from inlet (5.6 diam.)
0 = 20.56 in. from inlet (12.39 diam.}
1 = 32.56 in. from inlet (19.62 diam.)
2 = 4231 in. from inlet (25.50 diam.)
D = molecular diffusivity = sq. ft./
sec. (1.626 X 10—+ sq. ft./sec.)
eddy diffusivity of mass, defined
by Ilquation (4)
eddy diffusivity of momentum,
defined by Equation (5)
azimuthal coordinate
viscosity of fluid, 1b./(ft.)(sec.)
for air, mean value 1.226 X 10-%
kinematic viscosity of the air, sq.
ft./sec. (1.626 X 10~ sq. ft./sec.)
flow rate of liquid = 1b./(sec.)(ft.}
of wetted perimeter
density of air, 1b. dry air/cu. ft. of
air
defined as en/€

- r @ 5" [,
I Il I I

=
It
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APPENDIX

The general mass transfer equation for
axisymmetric flow, based on Reynolds
restrictions, the assumption of steady
state, and constant physical properties,
is given in reference 6 as

oH
F oz

- 1-3—7{( —uh) + D—] ()

r ar

Integrating this equation with respect to
r and using the boundary conditions that

u,h = 0 and oH =0
ar
at r = 0, one obtaing
— oH
wh =D *—w[ v 4 @
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where
o oH L
/; rU, 7 dr =

LG E=EMG)
0 a Uma:v 0z Hw - Hin a

[Hw - Hin] Uma:t:a2

and
oH (H,—H,) & /H—Hin>
or a o(r/a)\H, — H,,

Equation (2) thus may be written

u,h
- H‘bﬂ]
Umuz

[Hw
_@ a(H—mq_
" \a 8¢/a) \H, — H,, (T/d)a

TR A

A “transport coefficient” e may be deﬁned.

by €(@H/dr) = —u,h. Thus
- Twh
©T
ar 4)
_ —u,h
H, —H.,) 3 <H—Hin>
a ar/a)y \H,, — H,,

A “momentum transport coefficient”
¢, may be defined as

= U
Uy = € ar
Thus
_ Tuu,
1
or
— U0

(5)

) {a@a/a) <UU>}U

Finally, by definition, ¢ = €,/¢e = a
“turbulent Schmidt number.”

From the Navier-Stokes equation one
may obtain

= rI: —uu, + v ﬂ:l + constant (6)

When the boundary-conditions

au,

=0 and m=0
ar

at r = 0 are utilized, the constant is seen
to be zero.
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" _:ﬂéf_’<)
u"—2p a9z

+ 2 Ve 5075 >< U) )

The local mass transfer rate may be
written as follows:

_ P [y oH
w_aforUzazdr )

This has been shown equal to p[D(6H /dr)
— u,h] and values of N, may be found
by graphical integration. In terms of
dimensionless ratios,

U r H _ H in
U , E/ B and H . H i ?
Equation (8) becomes
w = P[Hw e Hzn] Umaxa/ (9)

LS Gl

N, may also be calculated from Equation
(1) written in the form

f 55 UL dr

- f ﬂ«[( —wh) + D "’H} dr (10)

By Leibnitz rule, with uh = 0 taken at
the wall,

d a
pdz"fo rUH dr = aw

Thus
1d .
= ade ), orUH dr  (11)
And at the wall
oH
w=2D ar P
Letting
r
r = —-a,
a
;_ H - Hm) .
H - <IIW _ Hin (Hw Hin) + Hin

dT = ad<1> Uz = YLYZ ° max
a

L/ max
and simplifying, one may write Equation
(11) as

w = aUma:c(Hw Hzn)pgé

A (5)(65)(510__%)%9 (12)

This equation permits the calculation of
w by, first, a graphical integration, which
is a smoothing effect, then a differentia-
tion.
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