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Fig. 3. Design chart
for ball flow meters.
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Fig. 4. Calibration curve

50 oo 500

and the corresponding values of Deq. G/u
are calculated. From Figure 3 the values
of C, corresponding to a D,/D, of 0.5 and
the appropriate values of Deq. G/u, are
obtained. Equation (4) or (5) may now be
used to obtain values of sin 6, from which
¢ is obtained. The calibration curve is
shown on Figure 4.

NOTATION

A, = projected cross-sectional area of

ball, sq. ft.

A; = free area for flow of fluid between
ball and tube, sq. ft.

C = ball-flow-meter coefficient, di-
mensionless

Cy = drag coefficient for spheres, di-
mensionless

D, = ball diameter, ft.

Dy’ = ball diameter, in.

Deq. = equivalent diameter for use in

1900

for sample design.

the Reynolds number, (D, —
Dy), ft.

D, = tube diameter, ft.
D,” = tube diameter, in.
G = mass flow rate based on free area

(4,), Ib./(sec.)(sq. ft.)
g. = conversion factor, (Ib.-mass)(ft.)

/(b. force)(sec.)(sec.)

T = temperature of fluid, °C.
U = fluid velocity, ft./sec.
vy = volume of ball, cu. ft.
W = fluid flow rate, lb./sec.

Greek Letters

8 meter reading, angle from ver-
g r tical, deg.

I

u = fluid viscosity, 1b./(ft.)(sec.)

p» = ball density, 1b./cu. ft.

py = fluid density, 1b./cu. ft.

T = drag on sphere per unit of pro-

jected area, lb.-force/sq. ft.

Absorption into an Accelerating Film

If the velocity field in the neighborhood
of the gas-liquid interface is not uniform
in a steady state apparatus such as a
wetted-wall column or a jet, then the rate
of absorption is no longer given by the
simplest form of the so-called ‘‘penetra-
tion’’ theory, in which the local absorption
rate is assumed to be the stagnant-liquid
absorption rate. Rather, a more general
form of the diffusion equation must be
employed in which it may not be
especially convenient to replace contact
distance by contact time. Since this
matter does not seem to have been fully
allowed for by the author of a recent
communication (3), a brief discussion is
given here, For the purpose of illustration,
the magnitude of the acceleration end
effect in a short wetted-wall column is
estimated from the equations presented
herein. Such an end effect was suggested
by Vivian and Peaceman (4) as a
possible explanation of the discrepancy
between experimental and theoretical
absorption rates in their columns.

The equation governing ordinary diffu-
sion in a binary system, for constant
diffusivity and mass density, is '
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%cz—}- @ Ve = DV%e (1)

For a short wetted-wall column or jet
it is generally permissible to regard the
absorbing liquid as two dimensional with
infinite depth and to neglect diffusion in
the direction of flow; at steady state
Equation (1) then reduces to

de dc d’c
ey + v oy D % 2)
where ¢ is concentration in mass per unit
volume, z and u are distance and the
velocity component parallel to the inter-
face respectively, y and v are distance
and the velocity component normal to
the interface respectively, and D is the
diffusivity. The appropriate boundary
conditions are

c=c¢ for 2<0, y2>0
c=¢ for >0, y= o
c=c¢ for 220, y=20

where interfacial equilibrium and absence
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both of heat effects at the interface and
of gas-phase diffusional resistance have
been assumed. At the interface (0u/0y). .0
will be very nearly zerc (the adjoining gas
exerts negligible drag upon the liquid
surface), and so u may be replaced by
the surface velocity wu,, provided that
the penetration depth of solute gas
molecules is sufficiently small. From the
equation of continuity

Y ou
v = —~f0 axdy

Hence in the region of interest, close to
the interface, the normal component of
velocity is approximated by

3)

du,
and the diffusion equation becomes
ac du, dc dc
Yeor "V ar oy = 7o (5)

If the liquid is being accelerated in the
z direction, liquid elements are stretched
in the « direction and suffer a correspond-
ing shrinkage in the y direction; this
causes a bulk flow of liquid toward the
surface, which in the case of absorption
opposes the mass flux due to the concen-
tration gradient, but at the same time
results in a steepening of the concentra-
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tion gradient. The second term in
Equations (2) and (5) represents the net
effect of bulk flow normal to the surface.
In the special case of constant surface
velocity Equation (5) reduces to
ac X
U, ax D ay2 (6)
With the substitution of 8 = z/u, this
becomes the familiar equation for diffy-
sion in a stagnant liquid, corresponding
to which the local absorption rate per
unit area is '

Du D
* 2
Na4 Acy, ,__wx = Acq / -8 @

Toor (3) considered the case in which

u, = ax”, —1<m<l1 (8)

I

2=
/{
(/

i o '

Fig. 1. Average absorption rates for varying
surface velocity [Equation (15)].

and attempted to evaluate the effect of
variable perimeter and surface velocity on
average absorption rate from

f . N (x)P(x) dx

Na

fo " Pl) dx

']
f N ,Pu, do
_ Jo

e
f Pu, df
0

His result appears to be incomplete,
inasmuch as he made use in Equation (9)
of N,.* calculated from Equation (6)
instead of the true value, N,, from
Equation (5). The correct result is
obtained by substituting Equation (8)
in (5) and solving by a method given in
reference 2 to obtain

NA=Ac\fg(—l1r—jc_,—_¢ -(10)

— VI F = mN.L*6) (11)

In an evaluation of N,* according to
Equation (7), the time 8 is taken as

o =f w dr (12)
1]

©®

If the perimeter P(z) varies according to
P=0bz", n>~1+m/2 (13)

the average absorption rate, if use is
made of Equation (9), is
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o 2(1 4+ n)
N‘—Ac(l+m+2n)

}a(] + m)D
W(X)l m (14)

14+n
14+ m+ 2n

N e ) RN ()

where N, *(0)(= 2Ac¢V D/x8@’) is the
average absorption rate into a film of
constant perimeter moving at constant
velocity over the same total distance.

The ratio N, /N ,* is shown in Figure 1.

In flow down a wetted-wall column
like the columns employed by Vivian and
Peaceman (4) the film surface must
accelerate from zero veloeity at the
inlet slot and approach the final steady
veloeity downstream. In the past it has
been assumed that the final velocity is
attained immediately at the inlet slot.
For the purpose of estimating the effect
on average absorption rate of the acceler-
ation end effect, it will be assumed that
the outermost portion of the film acceler-
ates downward under the influence of
gravity alone until it reaches the final
steady velocity, with which it continues
to move thereafter. During the accelera-
tion period (0 < z £ z,) the surface
velocity is approximately the free-fall
velocity,

= V22" (16)

and the local absorption rate, from
Equation (10), is

}31)( )
Ni. = Ac o7

0<z<z, (17)

At the end of the acceleration period the
concentration within the film is given by

(1)

_ y E(&)‘“]
c=co+Ac erfe [2 ACT (18)

x, = u;/2¢, (19)
e T
~~-.\’\§\\‘ vrcu
NN
os ™ NN
x's4cMm \
Xsicm
5 N D
—=— o8 Y
NI ) ‘\
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\
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Fig. 2. Influence of acceleration end effect
on average rate of absorption in short
wetted-wall columns [Equation (24)].
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where u, is the final steady velocity (4).
At the end of a fictitious distance z,” the
concentration within the film, if it moved
with constant velocity u,, would have
been

¢ = ¢y + Ac etfe (7—4 ——DZ’,) (20)

Thus, as far as subsequent absorption is
concerned, the free-fall distance z, can
be replaced by an equivalent distance
z,’ given by

’

x' = u,/39. (21)

The average absorption rate over the
entire contact distance X is found by
means of Equation (9):

Ne= 0" [ Nuda
o'+ X ~zq
+7 [T TN @)

_ Qu_r( #xu)
_2“0\/«)(1 3x/)’

L <X (W)

Comparison of this result with the average
absorption rate if it is assumed that the
final velocity is immediately attained
leads to (1)

N.XX) w/ 32X

4Ty & 1

(u)32x <3 @
where T' is the mass flow rate of liquid
per unit perimeter, § the film thickness,
and u the liquid viscosity.

This analysis indicates that the error
in assuming that (7) applies to short
wetted-wall columns 1 to 6 cm. long may
lead to much too high predictions of
absorption rates when the Reynolds
number 4T'/u exceeds 200 to 500 (see
Figure 2; operation has generally been
in the range 100 to 1,200). The simplify-
ing assumptions which have been made
here are of course open to question. For
instance, the shear force exerted by the
supporting wall will cause the surface to
accelerate a little more slowly than in
free fall, but on the other hand the flow
and geometry of the film near the inlet
may be such that the initial downward
velocity of the surface is greater than
Zero.
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