= dimensionless radius of annular ring (i), R/d,
S = spreading factor

v flow rate per unit of column area at any radial
position, cm3/min

v = average flow rate per unit area over entire column,
cm?/min

W = wall flow rate; W; = wall flow rate at bed depth j;
W. = wall flow rate at equilibrium, cm?®/min

z = bed depth, cm

& = surface tension, dynes/cm

Subscripts

f = dimensionless bed depth, z/d); identification of
particle in axial direction

0 = equilibrium

i = annular ring (¢) at any bed depth

m = annular ring next to the wall
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Part Il. Tracer Studies

An aqueous solution of potassium chloride tracer was introduced at a
central location in the water feed to a trickle bed, and the tracer concentra-
tion was measured at various radial positions and bed depths. From the model
and parameters of liquid distribution proposed in Part I, tracer concentrations
can also be predicted. The predicted and experimental concentrations usually
agreed within a few percent, providing an independent evaluation of the flow

distribution model.

SCOPE

Liquid distribution in packed beds can be evaluated in-
directly from measurements of the radial spreading of a

soluble tracer. Onda et al. (1973), Specchia et al. (1974),
and Stanek and Kolar (1974) have made such measure-
ments, particularly for the kinds of large particles used in
absorption columns. The radial distribution was obtained
by analyzing the data with a diffusion type of equation.

The theory for liquid distribution presented in Part I
can be adapted to predict tracer concentrations as a func-
tion of radial position, packed-bed depth, and feed condi-
tion. Accordingly, we have measured tracer concentrations
for conditions (particle size, liquid and gas flow rates) ap-
plicable to trickle-bed reactors. These data were then com-
pared with predicted results in order to have an indepen-
dent evaluation of the theory presented in Part I.

CONCLUSIONS AND SIGNIFICANCE

The flow distribution concepts proposed in Part I can
be used to predict tracer concentrations by supposing that
the streams entering a contact point, between adjacent an-
nular rings, are completely mixed and leave with a uni-
form concentration. Such predictions differed from mea-

0001-1541-78-1023-300.75. © The American Institute of Chemical
Engineers, 1978.
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sured concentrations by no more than a few percent, ex-
cept for some instances for the collector at the wall. The
measurements werg made for granular, spherical, and
cylindrical particles in both the 4.08 and 11.4 cm LD.
columns. In view of the independence of distribution on
liquid flow rate found in Part I, data were obtained for
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each column at a constant flow rate. Measurements at gas
flow rates covering a twentyfold range chowed no discerni-
ble effect on tracer concentration, confirming the observa-
tions in Part 1.

Variations in tracer concentration with operating pro-
cedure, repacking the bed, and fluctuations in liquid above
the collector were much less than the variations in flow
rate observed in Part I, Reproducibility of tracer data
was about 5%, in comparison with the 109}, noted in the
flow measurements.

Tracer data can be used instead of flow distribution
data for evaluating the model parameters S and f. At con-
ditions (particle size and shape, tube diameter, bed depth)
for which flow reproducibility is a major problem, tracer
measurements would be advantageous. For other condi-
tions, the greater sensitivity of the flow data should give
more accurate values of the model parameters. Also, the
tracer method cannot be used, with experimental data
obtained from concentric collectors, to evaluate directly
the wall flow rate.

EXPERIMENTAL

The columns, collectors, and uniform feed distribution equip-
ment described in Part I were used for the tracer experiments.
An aqueous potassium chloride solution (1.0 molal) was fed to
the top of a centrally located tube (0.540 cm L.D. for the 11.4
cm column and 0.238 cm LD. for the 4.08 cm column,) while
the gas entered in concurrent flow through an annulus around
this central tube. Dimensions and locations of the tubes for pro-
viding a uniform flow of water and for injecting the gas are the
same as described in Part 1. The tube containing the aqueous
potassium chloride solution terminated 0.5 cm above the top of
the particles in the 11.4 cm column and 0.3 cm above for the
4.08 cm column.

Water and tracer solution flow rates were adjusted so that
the velocities in the feed tubes were of the same magnitude for
both streams. Operating conditions are summarized in Table 1.

Tracer concentrations in samples from each section of the
collector were determined with a conductivity cell and bridge
apparatus (model RC-1B, manufactured by Industrial Instru-
ments, Inc.). The Rostock equation (Janz and Tomkins, 1977)
was used to relate the observed conductivity to the concentra-
tion. Measurements over the range 0.001 to 1.0 molal with
standard samples indicated a maximum deviation of less than
1%, provided the temperature of the cell was maintained rea-
sonably constant. For this purpose, we used a thermostatic
water gath operated at 25 + 0.1°C.

The method of packing the column and the operating pro-
cedure was the same as described in Part I. Steady state was
reached within 3 min following the initiation of tracer flow.
Three samples were collected in each section over an interval
of 20 min. The variation in tracer concentration between sam-
ples was less than 3% for all conditions. Data were taken for
several particles over a range of packed-bed depth as shown in
Table 2.

PREDICTED TRACER DISTRIBUTION

In Part I, the distribution of liquid was predicted by
dividing the packed bed radially and axially into annular
rings of width and height equal to the particle diameter.

TasLE 1. OPERATING CONDITIONS FOR TRACER EXPERIMENTS

Column, I.D., cm 4.08 114
Tracer solution flow

rate,® cm3/s 0.18 0.18 to 0.33
Liquid superficial ve-

ocity, cm/s 0.39%* 0.12¢*
Gas superficial ve-

locity, cm/s 1.0 0.1to0 2.0
Collectort A (three sections) B (four sections).

+ Description of collectors A and B are given in Part I, Table 1.
# 1.0 molal aqueous potassium chloride solution.

#¢ The water flow rate varied slightly from run to run, and individual
values were used in obtaining the results presented in Table 2. All values
corresponded approximately to the superficial velocities given here. The
water rate includes the water in the tracer solution fed to the column,

AIChE Journal (Vol. 24, No. 3)

Liquid flow is exchanged at contact points between adja-
cent rings (Figures 7 to 9, Part I). The same concepts are
used here to predict tracer distribution with the additional
assumptions that complete mixing of tracer occurs at the
contact points and that the liquid leaving each annular ring
is well mixed. As in Part I, the two streams that leave
each contact point for adjacent annular rings are assumed
to be of equal flow rates. The streams leaving ring (i, f)
for the contact points and the flows leaving the contact
points for rings (i—1, j+ 1), (4,j+ 1), and (i+1,
i + 1) are shown in Figure 1. Other assumptions are that
molecular diffusion of tracer is negligible and that the
bed is uniformly packed (no radial variation in void frac-
tion) except near the wall,

The hquid How F;; that leaves annular ring i,j divides
into three streams, I, II, III as in Part I and as shown in
Figure 1, each of which has a tracer concentration Cyy
One stream with a molal flow rate of tracer of

S\ 2rn—1
( E—) —“7— Fi;Ci; goes to the mixing point between
i

the (4,7) and (i — 1,§) rings; another of tracer flow rate

SY2n+1
(?) -—% F;; Cy; goes to the mixing point between
i

rings (4, ) and {i + 1,{). The third stream of tracer flow
rate (1 — S)F;; Cy; goes directly to annular ring (3,7 + 1).
This bypassing stream is joined by the two streams IV and
V from the mixing points to constitute the total flow to the
(i, + 1) ring. A mass balance of tracer for the annular
ring (4, f + 1) requires that the flow of tracer into the ring
via the three streams be equal to the tracer leaving the
ring. This balance may be written as

S
Fij+1Cij+1 = ( 1- E)Fw Ciy

S[(2n-t o+ 1
+ 'Z'[ ( py— Fi1;Ci-1+ mFHlJ Ciray ) ]

(1)

Equation (1) is applicable for i = 2tom — 1andj = 1
to n. At the center annular ring there are contact points
only between annular rings (1,7) and (2,7). Hence, the
mass balance for the center ring takes the form

S\ 2r,+1
F14+1Cu+1=[1—(—)—1—] Fi1;Cu4
8 r
S 21'1+1
—_——F:C 2
§ 7,1 f2Cu (2}

The flow network for the annular ring (m, ) at the wall
is the same as shown in Figure 9 of Part I. The molar flow
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rate of tracer to and from the mixing point between annular
ring (m,j) and the wall is illustrated in Figure 2, Note

that there is a tracer flow along the wall of
fYW; Cypv1,5. The mass balances for tracer over annu

<68°0
L8L'0

8660
10T
Q0T
80°T
SO'1T
90’1
Tl
YT
SOt
SO'T
61T
6I'T

°D/IEY

@
i
g
> 3
2 ]
=S
N -
“ 7
Lo
+
- Ll
e &ls
2 L &S
2 7l e
m Cm S|*_.4 +
Q N
| B
RS I
o] it g %
g8
s .H. N
= Jd glw
N
a0 'y +
g 8
‘g o
6060 eT'T
9eL0 I
0
£0'T 3T
8660 €T'1
LO'T 6v'1
13T S6'T
0
30'L er'Y
£0'T €31
UL T
L0°T 1
0
10T 181
101 et
0
PI'T L1
1 97’1
0
°o/dy  °D/TLD

SUOREIULON0D 190k} pajorpald pue eyusurodxyy

O
L
g
)
H
<)
-
+| 8
e| N
T
I
v |
.+
- 3
] +
= 4
Il WJ
TR
Loz
e} ~ a —_
- — g2
P e
5k
G311 L9'C
67’1 L9'¢E
£e'e L9°¢
FO'1 %91
eT'1 89’1
ov't 7'l
6L'1T or'l
a9T'vy ov'1
Q0T 69T
ST'T ¥9'1
83’1 ¥9'1
Se'1 79’1
88°¢ 791
89°'1 or'e
<91 091
<9'e 09'1
Si728 1 98'C
'l JASS |
99°'¢ LS'T
°n/rEy gl
/sopoumx
<0 X °D

Cretj

l
= —
T =
T o P.ulmu
A
< I ey
= = el .F
- o|l&
vl
g
1“
E
<.
=
/ ~=
& = =
5 g
w -
ol 3
- PREN
e - \
8T°0 501
8T°0 6'S
190 00'T 81°0 0 68e0
81'0 S90S
8T°0 ¥
8T°0 0e
81°0 03
00'T 06°0 8T°0 0 GE9°0
81°0 67
8T'0 oy
8T°0 g
8T1°0 og
8%°0 0L0 81°0 0 868°0
€e'0 184
81'0 1%
€90 080 810 0 8LLO
£8°0 8¢
81°0 8%
290 08°0 81°0 0 SL8°0
{ S S/oUI0 wo un
‘oyer mog  “yadop “urerp
ujos 1oLy, pog apnted
juateambry

e LSS LSS

SLINSHY AILOIdEY ANV TVINIWNMIAIXT 40 NOSMVJNOD) *g TIdV],

Cnel,je1

+
=

Fig. 2. Tracer concentration network at the wall.

JUOGIED POJRANIOY

+ST[®q dlwe1an)

2 STOpuI[Ad orresay)
o SIOpuIjAd BUIWINY

2U0qIEd PajeAndy

spmeg

AIChE Journal (Vol. 24, No. 3)

May, 1978

Page 452



Equations (1) to (4) are analogous to Equations (2)
to (5) of Part I, and the two sets of equations may be
used to predict the tracer concentration at any radial and
axial position from a known tracer distribution at the feed
point § = 1. The procedure is initiated by calculating the
tracer concentration for annular rings at j = 2,i = 1 tom,
from the equations. Then this step is repeated until the
required bed depth (j = n) is reached. The computations
require only the values of the spreading factor $ and the
wall factor f which are correlated in Figures 10 and 11 of
Part I for the air-water system.

COMPARISON OF PREDICTED AND
EXPERIMENTAL RESULTS

The experimental results are given in Table 2 in the col-
umns headed Cg/C,. These values are the ratios of the
measured concentration in section k of the collector to the
average concentration of tracer introduced in the feed.
The la ter quantity is equal to the molal flow rate of tracer
introduced in the central tube of the distributor divided by
the total feed rate of water. The results listed in Table 2
for the first two kinds of particles show that there was not
a significant effect on Cgx/C, when the tracer solution
flow rate was increased from 0.18 to 0.33 cm?®/s. The re-
producibility of the data is illustrated by the two sets of
measurements shown for the 0.898 cm ceramic cylinders
at a bed depth of 30 cm and with a tracer solution flow
rate of 0.18 cm3/s. The two sets of data were obtained
by repacking the bed. Of the five particle-column com-
binations tested, the flow distribution at equilibrium was
nonuniform (W # 0) except for the 0.635 cm ceramic
balls,

The average deviation for all the measurements was
less than 5% in comparison with 10% deviation for fow
rate data. Apparently, the concentrations determined in
each section of the collector, representing average values,
are not as sensitive to minor fluctuations in flow rate. A
mass balance of tracer was made on each run to test re-
liability. The molal rate of tracer obtained by summing the
products of the flow rate and concentration in each section
of the collector was always within 5% of the tracer feed
rate,

The predicted concentrations of tracer in each section
of the collector were calculated by adding the tracer flow
in all the annular rings in the section. For example, for
section k

(iE Fi,nci.n) + Wn Cm+1,n

C = 5
e (3 Fin) + Wh (3)

where the summations apply to the annular rings in section
k and the subscript n designates the desired bed depth,
that is, L = nd,,. The terms involving W, in Equation (5)
are zero for all sections except the section at the wall, The
concentrations C;y and Cp+1,» in the annular rings and in
the wall flow were evaluated from Equations (1) to (4).
The corresponding flow rates F;, and W, were calculated
with Equations (2) to (5) of Part I. These calculations
were carried out by starting at the top of the bed (j = 1)
where the tracer and flow distributions are known. Thus,
all the tracer is in annular ring i = 1, j = 1, and the flow
is uniform. These values are used in Equations (1) to (4)
to calculate concentrations at j = 2. This process is re-
peated until the desired bed depth j = n is reached.
Finally, the concentrations Cry are determined from Equa-
tion (5). The necessary values of S and f were obtained
for each particle-column combination from Table 4 of Part
L. The predicted concentrations and parameter values are
also given in Table 2. For all sections within the bed, agree-
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ment between experimental and predicted concentrations
is within a few percent. Deviations are larger in the section
nearest the wall (maximum deviation is 17% ). Computa-
tions with varying values of S and f indicate that Cr at
the wall is sensitive to S and f. This is because small errors
in these parameters affect both Cm+1; and W;, and these
quantities are required in Equation (5) in order to ob-
tain Cr for the wall section. Furthermore, it was observed
in Part I that wall flow rates were the most difficult to
reproduce. These reasons probably explain the larger de-
viations in the section nearest the wall.

At bed depths for which equilibrium is approached, the
tracer concentration should be nearly uniform in the radial
direction. Such a uniform concentration, equal to C,, would
be attained regardless of whether there is a nonuniform
flow distribution. The model provides for this by the ex-
change of liquid between the wall and the bed (Figure
2). Both experimental and predicted concentrations show
such results, This is illustrated in Figure 3, where experi-
mental and predicted concentration ratios are plotted vs.
bed depth for two types of particles.

Tracer measurements such as those reported here could
be used to evaluate the model parameters S and f by the
reverse of the procedure described for predicting concen-
trations from known values of S and f. However, the wall
flow W; could not be obtained directly from the tracer data.
It would have to be calculated from Equation (5) of Part I
using the model parameters. This is in contrast to the flow
distribution measurements, where W; is obtained from the
experimentally determined flow rates in the collectors.
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NOTATION

Co = average concentration of the tracer, defined as
the molal flow rate of tracer divided by total flow
rate of water, moles/cm?

Ci; = tracer concentration in annular ring (3, j), moles/
cm?®
Cin = tracer concentration in annular ring i at bed

depth n (=L/d,), moles/cm3

Cm+1,; = concentration of tracer in the wall flow, moles/
cm?®

Cex = experimental tracer concentration in section k of
collector, moles/cm3

Cry = predicted tracer concentration in section k of col-
lector, moles/cm?®
k = identification of section in collector, that is, k =

LI, I
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The Design of Gas Sparged Devices
for Viscous Liquid Systems

Design procedures for gas sparged contactors for both low and high vis-
cosity liquids were developed to predict overall k;a. Bubble size close to the
orifice, for moderately high gas rates, was found to increase at a rate propor-
tional to one third power of gas rate and one tenth power of liquid viscosity.
Bubble breakup phenomenon was shown to be related to liquid turbulence
in the vessel rather than gas turbulence in the orifice. Procedures were de-
veloped through a simple liquid circulation model to obtain a criterion for
the onset of bubble breakup. Results indicate that intense liquid mixing and
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high interfacial area can be achieved in low viscosity liquids by gas sparging
alone. In high viscosity fluids, bubble breakup was not observed. The liquid
circulation model predicts laminar flow at these experimental conditions over

the complete range of gas rates observed.

SCOPE

Simple and useful procedures for designing gas-liquid
contactors for a highly viscous liquid phase are not avail-
able. Some procedures exist for low viscosity liquids, but
previous investigations of gas sparging in high viscosity
liquids were restricted to the study of bubble formation at
low gas rates near the orifice. No studies have been re-
ported on bubble breakup phenomena at commercial scale
gas rates, in either high or low viscosity systems. The hy-
pothesis reported in the literature, that gas turbulence

in the orifice can be correlated with bubble breakup and
increased interfacial area, was found to fail when liquid
viscosity was increased. A design procedure to predict bub-
ble diameters as a function of gas rate, orifice diameter,
and liquid viscosity for moderately high gas rates needs to
be developed which is simple enough for practical use.
A mechanistic model to study the bubble breakup phe-
nomena in the commercial scale gas rate range for both
low and high viscosity liquids also needs to be formulated
(based on liquid turbulence rather than gas turbulence).

CONCLUSIONS AND SIGNIFICANCE

It is important in the design and scale-up of gas-liquid
contactors to be able to predict mass transfer coefficients
and interfacial area per unit volume independently. Design
procedures for gas-liquid contactors for both low and high
viscosity liquids were developed to obtain liquid phase
mass transfer coefficient k; and interfacial area a to pre-
dict the overall k. a. Results of the liquid circulation model
indicate that bubble breakup, leading to higher interfacial

0001-1541-78-1142-0454-$01.55. © The American Institute of Chem-
ical Engineers, 1978.
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area, depends on the liquid turbulence in the vessel rather
than gas turbulence in the orifice.

Design procedures to predict both the mass transfer co-
efficient k;, and the interfacial area in gas sparged tanks
are presented. The procedures are valid for a wide range
of liquid viscosities and gas flow rates and show for the
first time the prime importance of liquid circulation and
turbulence. Inclusion of liquid circulation in the model
allow one to be more confident in the commercial scale
design.

The design procedures show that intense liquid mixing
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