In these calculations, we assumed the virial equation of
state

ZV =1+ BP, where B =yByy+ y2Bo + y1yod12

(18)
for the vapor phase, and

vl = x0,L 4 x50,

(19)

for the liquid phase. The P-x data were correlated with
polynomials or spline fits as shown in Table 1.

In each of the four cases, convergence was sensitive to
the value of pk (the convergence parameter) and to the
nature of the P-x equation chosen to fit the data. How-
ever, after several trials, each case was satisfactorily solved.
The results for the chloroform-ethanol system are shown
in Figure 1.
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NOTATION

increment for «

second virial coefficient

fugacity

function of « and x

pressure

convergence parameter

specific volume

liquid mole fraction of component 1
vapor mole fraction of component 1
compressibility factor

relative volatility

binary interaction parameter
fugacity coefficient
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Subscripts
i,§ = component, grid point

Superscripts

L = liquid phase
n = iteration
V= vapor phase
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Light Transmission Through Bubble

Light transmission is a well-developed technique for
determining particle size in dispersions (Rose and Lloyd,
1946; Boll and Sliepcevich, 1956; Dobbins and Jizmagian,
1966), and it has often been adopted for measurement
of interfacial area in liquid-liquid and gas-liquid dis-
persions (Calderbank, 1958; Lee and Ssali, 1971; Trice
and Rodger, 1956). The theory for the attenuation of
the light beam has been given by a number of workers
(Rose and Lloyd, 1946; Calderbank, 1958). Mclaughlin
and Rushton (1973) have recently published a numerical
confirmation of the theory for polydisperse systems, and
the same result has been obtained more simply by Curl
(1974).
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The equation which applies is

1 ( I ) _ K
%810\ /) T 921

Equation (1) holds when scattered light is not received
by the detector, and K is approximately unity for par-
ticles having d > 100 gm.

Experimental verification of the equation for gas-liquid
systems has apparently been confined to low values of
gas holdup, and reported holdups are less than 7% (Cal-
derbank, 1958). This is probably because it is difficult
to generate bubble swarms of well-defined properties
at gas holdups much above 7%. Even for solid-liquid
and liquid-liquid dispersions, however, Equation (1) has

(1)
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apparently not been tested over a wide range of dis-
persed phase holdup. The theory leading to Equation (1)
indicates that it should be independent of dispersed
phase holdup, and it was one of the objectives of the
work reported in the present communication to test this
for gas-liquid systems.

For bubble swarms having a high gas holdup, the
light reaching the detector by direct transmission is neg-
ligible compared with that which has undergone multiple
scattering, In this case, we show that Equation (1) does
not hold, and a linear relationship is demonstrated be-
tween interfacial area and the reciprocal of the received
light,

gFinally, in apparent contradiction to Equation (1),
Abdel-aal et al. (1966) carried out experiments with
bubbles in which they took care to exclude scattered light
from the detector and they found a relationship of the form

a’:m(l——li-) (2)

o

where m depended on the physical properties of the sys-
tem. A further objective of this communication is to at-
tempt to reconcile Abdel-aal’s results with previous work.

EXPERIMENTAL PROCEDURE

The main feature of the equipment was an inverted
glass rotameter tube of nominal diameter 76 mm into
which bubbles were introduced at the base through a
single formation tube. Water was allowed to flow down
the tube, and its velocity was adjusted so that the bubbles
were just prevented from rising. The water velocity
profile was flattened before entry to the rotameter to
overcome any tendency of the bubbles to rise preferen-
tially at the wall. The apparatus and procedure have been
fully described elsewhere (Kirkpatrick and Lockett, 1974;
Lockett and Kirkpatrick, 1975).

The novelty of the technique was that swarms of uni-
form bubbles having gas holdups as high as 55% could
be maintained. It is not possible to achieve these holdups
by bubbling gases through stagnant liquids unless either
the bubbles coalesce to form a proportion of large rapidly
rising bubbles or unless a cellular foam is formed. Using
the present technique, no bubble coalescence or foaming
occurred (Kirkpatrick and Lockett, 1974).

A low air flow rate (100 mm®/s) was used in the
formation tube (internal diameter 3.2 mm) so that the
bubbles formed under surface tension controlled condi-
tions, and consequently they were of uniform size. The
bubble size was determined by collapsing the swarm con-
taining a known number of bubbles (up te 1500) and
collecting the air at the top of the apparatus. The aver-
age bubble diameter was corrected for hydrostatic head
and was found to lie in the range 4.96 to 5.09 mm with
an average diameter of 5.02 mm. At low gas holdups,
bubble size could be checked from photographs, and
it agreed closely with the above values. Gas holdup was
determined by measuring the attenuation of a collimated
beam of y rays (Lockett and Kirkpatrick, 1975).

The light transmission system consisted of a 50 W
bulb operated at 16 W, a plano-convex lens of focal
length 175 mm placed between the light source and the
column to produce a parallel incident beam, and a cal-
ibrated 20 mm diameter selenium photocell. The output
from the photocell was smoothed and recorded on a
chart recorder. The photocell was located 0.5 m from
the glass column, and the light paths were enclosed in
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matt black paper tubes to reduce the scattered light
reaching the detector to a low level. It is not possible
to completely exclude scattered light from the detector
{Boll and Sliepcevich, 1956; Lothian and Chappel, 1951),
and it is generally considered sufficient to ensure that
the halt angle subtended by the detector at the disper-
sion is less than about 1.4 deg. In this work the half angle
was 1.15 deg.

In order to counteract the focusing effect of the curved
glass tube wall, a clear plastic box, cross section 130 X
130 mm, was constructed around the glass column, and
the space between it and the column was filled with water,

EXPERIMENTAL RESULTS
For spherical bubbles of uniform size, we have

6e
4= 3)
From the measured gas holdup and bubble diameter, the
interfacial area was determined using Equation (3). The
optical path length [ through the two-phase dispersion
on the axis of the beam was 0.072 m. The experimental
results obtained in the present work are shown in Figure 1.

DISCUSSION

The results shown in Figure 1 clearly fall into two
distinct parts, Equation (1) is valid with K = 1.08 for
al < 26.5, where the light received by the detector after
multiple scattering is negligible compared with directly
transmitted light. As al varied from 0 to 26.5, gas holdup
varied from 0 to 31%, so that Equation (1) is verified
over a wide range of gas holdup.

For bubble swarms having al > 28, the directly trans-
mitted light is negligible, and the light received by the
detector arises from multiple scattering, Clark and Black-
man (1948) have proposed a theory which predicts
a linear relationship between the reciprocal of the light
received and the interfacial area for the case where
multiple scattering predominates. Figure 2 demonstrates
that the present results are in reasonable agreement with
such a prediction. There is, however, some considerable
scatter at these very low light intensities. The line shown
is fitted by least squares for al > 27, Other workers who
have measured both multiply scattered and directly trans-
mitted light have also found a similar relationship (Clark
and Blackman, 1948; Langlois et al., 1954). However,
these workers made no attempt to limit the amount of
scattered light received by the detector, so that they

T 1 T T
]
#, 0 80°
3.0k a7 o
(e}
8 T
o]
EQN. 1
K=1.08 ™
= 20f
S 3
° o
o 0
C
)
1.0p 4
0 . ; . L
10 20 30 %0 50

at

Fig. 1. Experimental results for light received by detector os a func-
tion of interfacial area.
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Fig. 2. Experimental results for light received by detector as a func-
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Fig. 3. Abdel-aal et cl. results for interfaciol area as a function of
one minus intensity ratio (I/I;). Curves are derived from Equation
(1) for I = 150 and 200 mm.

found a linear relationship between I,/I and a over the
whole range of their results, and there was no region
where Equation (1) applied.

It remains to consider Abdel-aal’s (1966) results which
led to Equation (2), even though multiply scattered
light was excluded from the detector. Abdel-aal's data
are reproduced in Figure 3. Also shown in Figure 3 is
the relationship given by Equation (1) for optical path
lengths [ of 0.015 and 0.02 m. The optical path length
was not recorded in the original work, and, as a stream
of bubbles was used issuing from four closely grouped
orifices, it is clear that I was not precisely defined. The
interfacial area was altered by varying the air flow rate
so that it is probable that I also varied during Abdel-aal’s
experiments. The estimated values of 0.015 and 0.02 m
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are typical values of the diameter of the bubble swarm
which were obtained by the present authors by blowing
air through a single orifice at the flow rates used by
Abdel-aal. In using Equation (1) in Figure 8, it is as-
sumed that all the bubbles in Abdel-aal’s experiments
were contained within a cylindrical stream of diameter
either 0.015 or 0.02 m.

Although the general trend of Abdel-aal’s results fol-
lows the prediction of Equation (1), the results are
clearly much better fitted by straight lines. The diameter
of the bubble swarm would be expected to increase as
interfacial area was increased by increasing the gas flow
rate, so Abdel-aal’s results show a greater change in the
attenuation of the light beam with interfacial area than
is predicted by Equation (1). It is difficult to make a
proper comparison because of the lack of information
about [. It is concluded that Abdel-aal’s results and Equa-
tion (2) are specific to the particular apparatus which
was used.

CONCLUSIONS

Equation (1) has been verified for gas bubbles in
water over a wide range of gas holdup from 0 to 31%.
When directly transmitted light is negligible compared
with multiply scattered light, a linear relationship has
been demonstrated between the reciprocal of the light
received by the detector and interfacial area, Abdel-aal’s
results are apparently specific to his apparatus and are
only roughly in agreement with Equation (1).

NOTATION

interfacial area per unit volume of dispersion
(m~1)

interfacial area per unit of column height (m)
bubble diameter (m)

intensity of light received by detector

intensity of incident light

constant

optical path length through the dispersion (m)
constant

gas holdup or volume of gas per unit volume of
system

a

"3 TRSTAR

I T O I
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A Method for the Study of Interphase Mass Transfer at Very Low

Reynolds Numbers in Packed Beds

The purpose of this note is to discuss a methodology for
studying interphase mass transfer in packed beds at very
low Reynolds numbers (< 107%). Reynolds numbers in
this region usually occur in fluid-solid systems consisting of
very small particles. Such systems are often referred to as
porous media rather than packed beds. Another type of
porous media or packed bed is a soil. It has been demon-
strated by Novak (1976) that a Reynolds number of 103
would likely be an upper bound for gravity flow through
soils. And so mass transfer at very low Reynolds numbers
may be of importance in endeavors such as agricultural
production and mineral extraction.

Very little data on interphase mass transfer exist in the
very low Reynolds number region. However, a fair amount
of experimental and theoretical work has been carried out
in the low Reynolds number region (1073 to 50), The
major characteristic of that work has been the scatter in
experimental data, the disagreement over the limiting
value (if any) of the Sherwood number, and the lack of
agreement on the form of the Sherwood number correla-
tion. These characteristics have been discussed in an
earlier paper (Novak, 1976).

The effect of solute diffusion has been incorporated into
mass transfer models for nonadsorbable solutes (Miyauchi
et al., 1976) and for adsorbable solutes (Shah et al,, 1975;
Novak et al.,, 1975) at low and very low Reynolds num-
bers. The model discussed below provides the foundation
of a methodology for studying interphase mass transfer
in packed beds at very low Reynolds numbers.

THEORY

When we deal with adsorbable solutes, the ideal system
for studying the fluid film mass transfer phenomenon
would consist of strictly nonporous solid particles which
could reversibly adsorb a solute. Since porous solids may
also be of interest, a model will be presented for the gen-
eral case where the resistance to mass transfer occurs in
both the fluid and the solid phases.

Two formulations are possible, depending on which
driving force is used. The following solute material bal-
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ances and the equilibrium relationships are given in dimen-
sionless form with variables defined in the notation section:
Liquid phase driving force model (LPDF)
Y 1 &Y Y Sty,

- — 2y -y 1
9r  Pe 08¢ 9 e ( Y

oX  Str- oL o .
= (-;p(l_——e—)—> Y—17) (2)
X

YQ:l-l—A(l—X) (3)

o N

Solid phase driving force model (SPDF)

Y oY St (2) N —X) ()

= (X - X) (3)

(14 A)Y
T 14 AY (6)

Deviations from ideal plug flow are incorporated in the
Peclet number term. At very low Reynolds numbers, the
Peclet number would also be low (Pe < 1) for both gases
and liquids, In this situation, the Peclet number would
largely represent the effect of hindered solute diffusion in
the fluid phase. This fact has been demonstrated by flow
experiments using tracers (Miyauchi and Kikuchi, 1975).

The equilibrium relationships represented in Equations
(3) and (B) are dimensionless forms of the Langmuir
adsorption isotherm. For solutes that are very weakly
adsorbed and/or present in very dilute concentrations, the
dimensionless variable A would approach zero. This would
result in a linear equilibrium relationship.

The Stanton numbers contain the overall mass transfer
coefficients. By analogy with the two-film theory which
has been applied to fluid-fluid interfacial mass transfer, the
overall mass transfer coefficients can be related to the in-
dividual film coefficients.

*
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