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ABSTRACT

Particle-liquid mass transfer coefficients were
determined by measuring the rate of dissolution of benzoic
acid into water in a packed bed column with downward cocurrent
flows. The packing consisted of 6.35 mm Berl saddles coated
with benzoic acid and fluorescent dye mixture. The water flow
rate was varied between 2.1 and 98 kg/m2 sec and the air flow
rate between 0.33 and 1.77 kg/m2 sec covering the gas continuous,
transition, pulsing, and dispersed bubble flow regimes. The
effect of the gas flow rate on the mass transfer coefficient
is less important in the trickling and dispersed bubble flow
regimes and becomes significant in the transition and pulsing

flow regimes. Correlations in terms of modified Sherwood

number and modified Reynolds number are presented.
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NOMENCLATURE

gas/liquid mass transfer interfacial area per
unit volume, m

liquid/solid mass transfer interfacial area per
unit volume, m—1

particle external area per unit volume of the
test part, m~L
wetted area per unit volume of the test part, mml
average particle surface area, m2

surface area of mass transfer for solute on a
particle, m2

concentration of fluorescent dye leaving the
column, g/1

concentration in gas phase at gas-liquid
interphase, mole/m3
concentration in liquid phase at gas-liquid
interphase, mole/m3

bulk concentration, mole/m3

concentration of benzoic acid at inlet, g/l
concentration of benzoic acid at outlet, g/l
concentration at liquid/solid interface, mole/m3,
or solubility of benzoic acid, g/l

effective particle diameter, m

diffusivity of solute in the liquid, m2/s

power dissipation by the liquid phase per

3

unit volume of the bed, (-AP/Z) W/m

LG'VL’
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Re

Re
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power dissipation by the liquid phase per
unit mass of liquid holdup, EﬁMthL), W/kg
modified Galileo number, dimensionless
acceleration of gravity, m/s2
gas superficial mass flow rate, kg/mzs
liquid total holdup, m3 of 1iquid/m3 of bed volume
dynamic liquid holdup, m3 of liquid/m3 of bed volume
mass transfer factor, (ks¢/VL).(uL/DpL)2/3,
dimensionless
specific catalytic rate constant, m/s
mass transfer coefficient for gas-phase film,
m/s
mass transfer coefficient for liquid-phase film,
m/s
mass transfer coefficient for liquid/solid, m/s
liquid phase Kolmogoroff number, (EidP4pL3/uL3)

’
dimensionless

liguid superficial mass flow rate, kg/mzs
number of particles in the test part

molal flux of solute, mole/mBS

ratio of benzoic acid to fluorescent dye
reading of manometer, m

reading of manometer without flow, m

gas Reynolds number, (VGdeG/uG), dimensionless
liguid Reynolds number, (LdP/uL), dimensionless
modified liquid Reynolds number, (L/hLaSuL),
dimensionless
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Schmidt number, (uL/pLD), dimensionless

Sherwood number, (deP/D), dimensionless
modified Sherwood number, (ks/aSD), dimensionless
bulk temperature, °C

average actual liquid velocity, VL/hL' m/s

gas superficial velocity, m/s

liquid superficial velocity, m/s

height of pack bed or vertical distance between
taps, m

parameter, ReGl'l67/ReL0'767, dimensionless

height of test part, m

Greek letters

B
B

D

S
AP

dynamic liquid saturation, dimensionless
static ligqguid saturation, dimensionless
pressure drop; APL for single phase liquid flow,

APG for single phase gas flow, APL for mixed

phase flow, kg/mzs2

G

weight of benzoic acid, kg
weight of fluorescent, kg

void fraction in packed bed
viscosity of gas phase, kg/ms
viscosity of liquid phase, kg/ms
viscosity of water, kg/ms

density of benzoic acid and fluorescent dye

mixture,kg/m3
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density of benzoic ‘acid, kg/m3

density of fluorescent dye, kg/m3

density of liquid phase, kg/m3

density of water, kg/m3

liquid phase surface tension, kg/s2

surface tension of water, kg/s2

fractional wetted area, aW/aS,¢ varies between
O and 1

Lockhart-Martinelli's parameter

intraparticle effectiveness

2.1/3

(OW/GL) ((UL/UW)(OW/OL) ) , dimensionless




INTRODUCTION

In recent years, the cocurrent downward passage of
liquid and gas through a packed column has been widely used
in chemical industries either in absorption apparatuses or in
catalytic reacﬁors (trickle-bed reactors) in particular for
such processes as the hydrodesulfurization or the hydrocracking
of heavy o0il stocks, the hydrotreating and refining of lubrica-
ting oil, the synthesis of butynediol, the pfoduction of
sorbitol and the oxidation of organic pollutants (1,27).

In a trickle bed reactor, the reactants in the gas
phase must be absorbed and be transported by liquid turbulence
and diffusion to the catalyst surface and then through the
liquid-filled pores to the interior sites to react with the
reactants in the liquid phase. If the reaction is a first-order

irreversible catalytic reaction, the steady-state flux equation

may be expressed as:

N = kGaG (CG—CiG) (bulk gas to interface)
= kLaG (CiL-CL) (interface to bulk liguid)
= ksas (CL—CS) (bulk liquid to catalyst surface)
= nkaSCS (catalyst surface reaction) (1)

Therefore, there are four mass transfer resistances

in a trickle bed reactor as 1/kGaG, l/kLaG, l/ksaS and l/nkas.

The resistance at the gas-liquid interface, l/kGa can be

GI
neglected if the gas is relatively insoluble in, and in
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equilibrium with the liquid phase.

For proper design of trickle bed reactors it is
necessary to know the mass transfer coefficients between
phases. This type of reactor has been widely investigated
during the past decade and considerable information is avail-
able in the literature. However, information about ligquid-~
particle mass transfer coefficients is meager.

The purpose of this study was to obtain mass transfer
data over a moderate range of liquid rates by measuring the
rate of dissolution of benzoic acid into water. Data obtained
in the Reynolds number range (ReL) of 20 to 500 were correlated

and compared with the published data.
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HYDRODYNAMICS OF COCURRENT OPERATION

I.Flow Patterns

The flow patterns encountered in a trickle bed
reactor play an important role in the mass transfer rate (13).
Therefore, it is necessary to characterize the flow patterns
before any mass transfer data are presented.

In recent years a number of publications have appeared
that describe the flow patterns. The main articles are by
Weekman et al. (4), Turpin et al. (22), Sato et al. (5),
Charpentier et al. (25), and Talmor (18).

Weekman et al. (4) first classified these flow pat-
terns into the gas continuous, transition and pulsing flow
regimes. These were later reclassified by Sato et al. (5) as
the gas continuous, transition, pulsing, and dispersed bubble
flow regimes. Talmor (18) recently termed the flow patterns
two continuous phases (channeled or trickling flow), gas
continuous (spray or blurring flow), liquid continuous (disper-
sed bubble), pulsing and bubbling/pulsing flow regimes.

At a sufficiently low gas flow and liquid flow,
trickling flow is encountered, where the flow of one phase is
little affected by the flow of the other. Part of the pracking is
surrounded with a laminar liquid film and part is incompletely
wetted. As the gas flow rate is increased, the liquid film
become thinner and turbulent. Part of the liguid is carried
as a mist in the gas stream. This patterns is called spray

flow. As the gas flow rate is increased further, more and more
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liquid is carried until nearly all of the liquid is entrained
in the gas stream (22). If the liquid flow rate is increased
further at a moderate gas flow rate, a nonhomogeneous flow
regime, the transition flow, is encountered. Pulses may exist
occasionally near the bottom of the packed bed. If the ligquid
flow rate is then increased, liquid and gas traverse the bed
in the form of segregated slugs (pulses) which consist of
alternate portions of more dense (liquid rich) and less dense
(gas rich) mixtures of the two phases. This is termed pulsing
flow regime. With a further increase in the liquid flow rate,
the observed pulses are brought closer and closer together
which eventually disappear owing to high shear stress at the
gas-liquid interface. The gas disperses into bubbles flowing
unbroken in the liquid continuous phase, producing the fourth
flow pattern - dispersed bubble flow.

Fukushima et al. (21) and Talmor (18) have prepared
flow maps which allow prediction of the state of flow from a
knowledge of flow variables.

II. Pressure Drop

For a given gas and liquid flow rate in a trickle
bed reactor, the pressure gradient changes gradually at the
entrance region, reaching a constant value further down.
Therefore, the end effect should be taken into consideration
in measuring pressure drop.

Owing to the discontinuity of the phase distribution

in the pulsing flow regime, the pressure suddenly increases
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as the pulse front (liquid rich) passes through the measuring
point, then decreases. A pressure oscillation is thus encount-
ered. Fluctuations in pressure are greatest at the transition
flow regime. As the liquid flow rate increases, the frequency
of pressure oscillations is increased but the amplitude of
fluctuations decreases.

While the local pressure drops for the various
column sections were found to oscillate in correspondence with
the passing pulses, Talmor (18) found that the overall pressure
drop was steady but increasing, depending on the extent of the
pulsing, and on liquid holdup in the bed. The increase in
pressure drop due to pulsing is less in large size packing than
in smaller size packing.

The Larkins (20), Sato (15) and Specchia (6) equations
can be used to predict the pressure drop in a trickle bed
reactor. Larkins and Sato adopted the Lockart and Martinelli
(23) approach for cocurrent two-phase flow in pipes as shown

in Equation 2 and 3, respectively.

. APra 0.416 (2)
o =
S Tap. + ip (Iog x) 2+0.666
L G
. Apr g _ 0.70 (3)
°9 Ap_ + Ap log (X/. )2
L G El 1.2 +1.00

Specchia correlated their data with an Ergun-type equation
(24) as follows:
(1-e (1-84-81)) 2
Ap. . =k HaV
LG 1 3 12 a2 13 GG
e’ (1-84-8)
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In the above expression k1 and k2 are coefficients depending

on packing shape and size.

ITI. Liguid Holdup

A khowledge of liquid holdup in the bed not only
provides useful information concerning liquid residence times,
and operating bed porosity, but also is very valuable in inter-
preting mass transfer results. Liquid holdup is generally
expressed as the volume of liquid present pér volume of empty
reactor and can be divided into two parts (1) dynamic holdup
(operating holdup), and (2) static holdup (residual holdup).
Dynamic holdup is determined by suddenly stopping the liquid
feed by a quick-closing electrical valve and collecting the
draining liquid for a specified time, the recommended time
being 15 minutes. Static holdup is the fraction of the ligquid
remaining in the packing after drainage. Dynamic holdup is a
function of the gas and liquid flow rates, the characteristics
of the packing, and the properties of the fluid. Static hold-
up is a function of the physical properties of the liquid
phase. For a given liquid flow rate, it is observed that as
the gas flow rate is increased, the dynamic holdup keeps nearly
constant in trickling flow, decreases sharply in pulsing flow,
and again decreases slightly in spray flow (25). Specchia et
al. (14) found that when the gas flow rate was increased to

a sufficiently high value, liquid holdup reached an asymptotic,



constant wvalue.

Since the work of Larkins et al. (20), a large
amount of liquid holdup data has been published (6,15,22,25,
26) . Larkins et al. reported liquid holdup data including 3
mm glass spheres and 3 mm catalyst cylinders and correlated

them in terms of the y parameter as follows:

log(h;/e) = -0.774 + 5.25 log X - 0.109(log X) 2 (5)
for 0.05<X<30

Sato et al. (15) presented their empirical equation for 16.5

mm to 25.9 mm glass spheres as evaluated with the X parameter

and a parameter a that is

SI

1/3
log(hL/E) = 0.40 a / x0'22

o (6)

for 0.1<X<20
Turpin's (22) total ligquid holdup data for 7.62 mm and 8.23 mm
tubular alumina particles were correlated in terms of the ratio
of the mass flow rates of the respective phases. Charpentier
et al. (25) obtained liquid holdup data for cylindrical
particles by examining several foaming and nonfoaming systems

and correlated these data in terms of the modified X parameter

as follows:

log(n /€)=-0.363 + 0.168 log X -0.043 (log x' )2 (7)
L}
In the above expression X was defined as:
L

' G (8)

X = T D

a9, | o+ 1
G7c Z
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Fukushima et al. (21) presented their data in terms
of the gas and liguid Reynolds number, the surface shape factor
of the packing, the void fraction and the ratio of packing size
to column diameter. They found that the correlation equation
for dispersed bubble flow is different from those for other
flow regimes.

The most recent data show that dynamic and static
holdup depend on different parameters (6,25), so that correla-
ting dynamic holdup seems to yield more accurate results than
correlating total holdup. Specchia et al. (5) proposed empiri-
cal correlations of dynamic holdup in spherical and cylindrical
particles by postulating two hydrodynamic regimes: a poor
(corresponding to gas continuous) and a high (corresponding to
pulsing and spray flow) gas-~liquid interaction regime as follows:

1. For poor interaction regime:

B = 3.86 (ReL)0'545 (Ga*)_o'42( anP ) 0.65 (9)
D e
2. For high interaction regime:
-0.312 0.65

* .
g =0.125 (z /,t-1) ( 3s9P, (10a)
D €

for non-foaming system
-0.172 0.65

*
g =0.0616 (z /11 ( 2s9P, (10b)
D

€
for foaming system

According to their reports, the equations fit experimental
results from several investigators(15,20,26) better than those

proposed in the literature.
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In this study, the flow patterns were determined by
visual observation and were categoried into four flow regimes
according to Sato's classification (5). It should be noted
that there were no abrupt changes of flow pattern with gas or
liquid flow rate. The pressure drop was measured directly by
means of a manometer and was used to calculate the liquid
dynamic holdup and power dissipation. Specchia's correlation
equation (6) was used to determine dynamic holdup. Static holdup
was assumed to be independent of varying gas and liquid flow rates
as in the case of countercurrent operation (35). A value of
static holdup was obtained two sources, the first obtained by
measurement by Standish (36), who used 1/4 in. Berl saddles as
the packing material and the second which was extrapolated by
using the correlation of Shulman et al. (35) for Berl saddles.

An average of the two,0.0803, and 0.0856, respectively, was used.

A sample calculation for liquid holdup is list in Appendix IV.
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THE FLUORE SCENT—DYE TECHNIQUE

The fluorescent-dye technique used throughout this
research was first used by Lemay et al. (3) and validated for
use in mass transfer studies. In this method, the diffusion
material was the dye-benzoic acid mixture. The rate of
dissolution of the particles were measured by using a fluoro-
meter. It is based on the principle that since the solubility
of the dye is much greater than that of benzoic acid, the
rate of release of the dye into a solution is controlled by
the rate of dissolution of benzoic acid. Oﬁce the concentration
of the dye is measured, the concentration of dissolved benzoic
acid can be given immediately by means of the previously
obtained ratio of the benzoic acid to the dye.

The advantages of a fluorescent~dye method of analysis
as compared to a titration method have been discussed by Lemay
et al. (3). Briefly, the sensitivity of the fluorometer allows
it to measure a dye concentration as low as 10_8g/l, correspond-
ing to a benzoic acid concentration of 10_4 M if a solution
containing a 99:1 weight ratio of benzoic acid to dye 1is
measured. Another advantage is that the concentration of the
dye can be recorded continuously with the use of a fluorometer.
One disadvantage of the fluorescent-dye method is that a more
complex analytical procedure is needed than for the titration
method, thus introducing more possible sources for error.

Berl saddles coated with the mixture '99% benzoic
acid 1% Rhodamine B' were used in the present experiments to

determine the mass transfer characteristics.
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DERIVATION OF EQUATION OF ks¢

To derive the rate equation for mass transfer between
the solid particles and the ligquid in a three-phase fixed bed,

the following assumptions were made:

1. Axial dispersion in the bed is negligible.

2. The éurface area of the particles per unit volume
in each bed is uniform.

3. The concentration of the liquid in contact with
the surface of the solid is the solubility of
the solid in the ligquid. |

4. For any cross section of the bed, the bulk

concentration is uniform.

5. kS is independent of concentration change and is
uniform throughout the bed.
Consider the three-phase packed column shown schematically in
Figure 1. The tower has a total cross-section area, S, perpen-

dicular to the direction of flow. The total height of the

active packed section is ZB’ providing an effective mass-

transfer area, ayr per unit packed volume.

The ligquid flow is constant, entering at VL m/s.

While the solid is dissolving, the concentration at the inter-

face is constant at CS’ the inlet bulk concentration of the

fluid is CO, and the outlet concentration is Cl' At pseudo

steady-state, over a differential packed height dz a material

balance was set up based on a unit area of packing cross-section:

Ndz = kSaW (CS—C) dz = VL ac (11)
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LIQUID

....... GAS

GAS

LIQUID

(a)

Figure 1. Schematic model of a trickle-bed reactor.

(a) a differential element over which a mass balance
is made.

(b) model of mass transfer operation
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Integrating this expression between the limits for packing

depth of O and ZBand concentration Co and C1 yvields:

% jcl ac
So kgaydz = Vo je C-O)

solution for k_,a_, gives:

T8TW
v Cc. - C
L S (]
ke, = In ( — )
S W ZB CS Cl
If the inlet bulk concentration Co is zero, then it follows
that:
v o .
L S
k.a,. = In ( —/—————— ) (12)
S W ZB CS C1

Since Ay is still an obscure value, it is difficult to separate
kS from kSaW' For this reason the fractional wetted area,

aW/aS, was used instead of a_, throughout this work (28). Hence,

W
Equation 12 could be modified as:
v
L 1
kot = In ( ) (13)
S aSZB 1 - (cl/cs)

where ¢ = aW/aS.
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EXPERIMENTAL SECTION

1. Experimental Apparatus:

The equipment used, shown schematically in Figure 2,
was substantially the same as that described in detail by
Lemay 1974 (3).

The packed bed consisted of 3 parts having an inside
diameter of 0.075 m and a total height of about 0.762 m. The
test part was set at about 0.56 m from the top of the packed
bed in order to avoid upper end effects. The inert entrance
part and the inert exit part were packed with 6.35 mm Berl
saddles obtained from the Maurice A. Knight Company, which
supplied the specifications shown in Table 1.

The gas and liquid inlet distributor, above the
packing, was constructed as follows: 50 stainless steel tubes
with an inside diameter of 0.16 cm were arranged in the
distributor to introduce the gas flow uniformly over the tower
cross section. It also had a total 190 of holes 0.4 mm in diameter
on the bottom portion of the distributor designed to give a

uniform liquid distribution to the packing. A diagram is given

Table 1. Characteristics of sample packing

Nominal No. of pieces Porosity Surface Area

size (in.) per ft? (%) ay ft2/f¢3

Berl saddle 1/4 113,000 63 274

Packing
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in Figure 3. Because the nature of the packing éupport has a
definite effect on the flow characteristics in a packed tower,
care was taken to design a support which had a greater free
area than that of the particles supported. A plastic grid
covered with a stainless steel wire screen having 1.5 mm open-
ings was used as a support.

Two pressure taps were located at points 0.20 m and
0.7 m from the top of the packed bed. A manometer was connect-
ed to these to measure the pressure drop across the packed bed.
In order to keep the manometer from becoming partly f£illed with
ligquid and partly with gas, and thereby givihg rise to errors
in the manometer reading, a gas-liquid separator was connected
to the upper pressure point, as shown in Figure 2. Any small
air bubble trapped in the manometer line was thus readily
separated in the upper part of the separator, and the pressure
lines were filled with water.

Air, taken from the laboratory supply line, was
reduced in pressure to 24 psig with an air pressure regulator.
The air rate was metered by a sharp-edged orifice, mounted in
a l.4 cm diameter pipe. The opening in the orifice plate was
0.65 cm. Equations for calculating the air flow rate were
obtained from the fourth edition of the Chemical Engineer's
Handbook (12).

Water was supplied from a storage tank and was pumped
through the system by means of a gear pump. The water was
initially directed through one of three rotameters, which were

calibrated by measuring the quantity of water flowing through
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them. Three rotameters were used because of the wide range of
liquid flow rates utilized in the experiments. The liguid flow
rate was controlled by means of a globe valve in the water line.

A plastic reservoir was connected to the liquid exit
piping to collect and temporarily store a sample of the efflu-
ent solution. The reservoir was partially separated into two
parts by a plaétic plate, allowing liquid flowing from the
bottom to be piped into either part. The solution was then
pumped to a smaller reservoir which had the same structure as
the first one and which was placed 1 m higher in elevation than
the detector of the fluorometer. This latter tank was used to
separate air bubbles from the liquid and to maintain a constant
flow rate for the liquid entering the detector. The level of
the solution was kept constant by means of a hole near the
top of the reservoir to drain the excess of solution.

The concentration of dye in the sample was measured
continuously by a Turner III fluorometer equipped with filter
No. 110-832 and 110-820. Readings were taken by means of a
recorder which was connected to the fluorometer.

IT. Preparation of Packing Materials:

Benzoic acid was first melted by means of a heating
tape and a hot plate as shown in Figure 4. The temperature
was controlled at 128°C, a melt temperature which was found to
give a uniformly coated film on the Berl saddles of approxima-
tely 0.3 mm in thickness. Then the dye (Rhodamine B) was added
to the melted benzoic acid to make about 1 wt. % solution. The

solution was stirred until uniform, and each of the Berl saddles
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was individually dipped in the solution for a few seconds.

Owing to the vaporization of the solution during the coating
process, the concentration of the solute was subject to possible
change. Some of the melted solution was therefore taken before
and after the coating process to measure the ratios of benzoic
acid to Rhodamin B. The measurements were averaged, and this
average was uséd for subsequent analysis.

IIT. Measurement of the Ratio of Benzoic Acid to

Fluorescent Dye in Coated Berl Saddles

The sample of solid dye-benzoic acid mixture was
first completely dissolved in distilled water and the concent-
rations of both solutes were separately determined to avoid any
possible error resulting from moisture in the sample.

The concentration of dye was measured with the
fluorometer which had been calibrated using known concentrations
of dye. The concentration of benzoic acid was analyzed by
titration with a 0.01 N sodium hydroxide solution which was
frequently renewed to prevent a buildup of carbonate because
of CO2 absorption from the air. The 0.0l N sodium hydroxide
solution was prepared by diluting a 1 N prepared standard
solution which was obtained from the BDH Chemicals.

The sodium hydroxide solution was standardized with
a benzoic acid solution, which was prepared as follows: pure
benzoic acid was melted by heating the acid to a temperature
of 130°C in order to evaporate any water that might have been
present because of the hygroscopic nature of the acid. After

cooling, some benzoic acid was weighed and then dissolved in



-21-

20 ml of ethyl alcohol. This solution was then titrated with
the solution to be standaraized. A pH meter was used to
indicate the end point. The end points were determined by a
tabulation method (8) which is based on the fact the first
differential quotient at the point of inflexion of a titration
curve yields a maximum value and the second differential
guotient yieldé a value of zero at the same point. The method
of determining the end-point volume is illustrated by the

following example:

Table 2. Data from a titration of 50 ml of benzoic acid

solution vs. 0.01 N NaOH

Volume of base pH A'pH A%pH

ml

7.80 5.70
0.30

8.00 6.00 0.43
0.73

8.20 6.73 1.49
2.22

8.40 8.95 -1.67
0.55

8.60 9.50 - -0.25
0.30

8.80 ’ 9.80
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The maximum value of A'pH in the above table is 2.22 which
appears between the volume.values of 8.20 and 8.40, hence the
end point falls between these two values. The end-point volume
can be determined by using the following calculation where the

volume added in each step was 0.2 ml:

( 1.49

End—Point-—Volume 149 + 1.67 )

8.20 + (0.2)

8.29 ml
After both concentrations had been determined, the ratio of
benzoic acid to dye was calculated. Figure 5 shows the

titration apparatus.

IV. Preparation of Fluorometer:

The fluorometer was first warmed up for at least 30
minutes in order for it to reach steady-state. Water obtained
from the water storage tank was used as the blank solution.
The fluorometer was adjusted with the blank knob so that the
blank solution gave a zero reading on the recorder. The fluo-
rometer was calibrated with standard solutions prepared with
the same water for all runs. This analysis procedure for

benzoic acid was quicker and easier to perform than the titration

procedure.

V. Measurement of Surface Area:

The surface area of Berl saddles coated with benzoic
acid-dye mixture was measured by means of a technique in which
glue and metal powder were used. This method has been proven
valid in measuring the surface area of spheres within an error

of 6% as shown in Table 3.
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The glue used in this study was obtainéd from
Lepage's Limited and was diluted with an equal volume of buty-
lacetate. Each sample whose area was to be measured was
dipped into the glue solution and allowed to drain. Then it
was allowed to dry for 125S, when the glue just became tacky,
and then it was weighed. Next it was rolled in fine metal
powder, so that it picked up a fine even coat, and was weighed
again. The difference between the initial and the final weight
was the weight of the coat of metal power. If this amount was
measured for one particle (sample 1) and then for another part-
icle of the same shape but of a different siée (sample 2), the
ratio of the weight of the metal power coat on the two particles
is equal to the ratio of the two areas. If the surface area of

sample 1 is known, that of sample 2 can thus be found.

Table 3. Measurement of surface area of spheres

by using glue method

True surface Weight of coated Surface area Error
area, cm? metal powder,g measured, cm? )
3.37%* 0.1172 3.37 0
3.29 0.1084 3.12 5.26
3.45 0.1225 3.52 2.03
6.68 0.2384 6.86 2.62
6.65 0.2218 6.38 5.01

* Reference sample
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In this study, sample 1 was taken to be a previously uncoated
Berl saddle, having the surface area reported by the product-
ion company. Sample 2 was a Berl saddle coated with benzoic
acid-dye mixture.

A random sample of 50 was taken to measure the
surface area. The average surface area for the coated Berl

saddles was found to be 3% higher than that of the bare Berl
saddles.

VI. Preparation of Packed Bed:

Water was introduced into the column through the top

until approximately 70% of the height of the column was filled.

The packing was carefully poured into the column from a contain-

er up to a depth of 0.2 m. A layer of coated Berl saddles

(150 of them) were then placed on top of the packing, distributed

uniformly over the cross section of the columr. This was

covered by additional packing, which extended to 1 cm below the

distributor. The tower was drained and then closed.

VII. Operating Procedure:

All mass transfer runs were performed at a temper-
ature of 24.5+ 0.5°C and at normal atmospheric pressure. Air
was first fed from the top of the column at the desired flow
rate and then water was introduced at the desired flow. The
two phases flowed cocurrently downward through the packed bed.
The air was exhausted to the atmosphere at the bottom of the
column and the liquid directed to the first reservoir. The
liguid solution was pumped upward into second reservoir and

allowed to flow downward to the fluorometer at a constant rate
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due to the constant difference in height.

Once the recorded reading reached a constant value,
i.e. the concentration of the solution was constant, readings
for orifice pressure drop, column pressure drop, and inlet and
outlet liquid temperature were recorded. After the run had
been completed, the water flow was stopped and the air flow
rate increased to a value of 1.80 kg/m?s in order to dry the
packing for measurement of the bed porosity.

VIII. Porosity Measurement:

After the packing had been air-dried for 5 hours,
the top of the column was opened. Water was introduced at
the bottom of the column till it just contacted the bottom of
the packed bed. Measured amounts of water were then added to
fill the column, to the top of the packed bed. The ratio of
the measured volume of water to the volume of the packed
bed was the porosity of the bed. Since the test section was
only a small part of the packed bed, the decrease in volume of

the packed bed during a run could be neglected.
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EXPERIMENTAL DATA AND CALCULATION

The liquid temperature varied less than 0.6°C
through the system during an experimental run. The average
temperature was used to calculate the physical properties of
the fluids. A decrease of less than 3% of the initial weight
of the coated particles for a run was experienced. Since it
was difficult to measure a small change in surface area by
using the glue method, the surface area as listed in Table 1
was eventually used as representative of the interfacial area
in this investigation. The solubility data for benzoic acid
in water were those used by Ishine (34) which can be represent-

ed by the following equation as a function of temperature:

Cg = 1.7 + 0.0197 t + 0.0020 t? (14)
(t: 0°C to 30°C)

Diffusivity data for benzoic acid in water at 25°C was taken

from that quoted by Sherwood et al. (1l). Diffusivities at

other temperatures were extrapolated by using Hayduk's

equation (19). The results of the extrapolation are shown in

Table 4. Viscosity and density data for water were taken from

Chemical Engineer's Handbook (12).

Table 4. Diffusivity of Benzoic Acid in Water

Temp. °C 23 24 25 26

D*10°,cm?/s 0.949 0.975 1.000 1.026

The range of the various variables covered in the
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present work is given in Table 5.

Equation 15, as derived in Appendix I , was used to
calculate the surface area of mass transfer for benzoic acid

on a coated Berl saddle:

A = Ap (r / r+ 1) (15)

In the above expression r is the ratio of benzoic acid to dye
on the particle. The interfacial area per unit volume of
packing is obtained from:

naA = aSZBS, (16)

In the above expression n is the total number of the coated
Berl saddles in the test part and S is the cross-section of the
column. Equation 13, can be modified as:

VLS 1

Koo = —=" 1n ) (17)
g nA 1 - (Cl/CS)

A sample calculation for run 20 is given below:

Table 5. Range of the Parameters Covered

1. Particle shape: 6.35 mm Berl saddles coated with
with benzoic acid mixture.

2. Effective particle diameter*, dp, m, :0.00847

3. External area of a single particle, A_, cm?, :2.258

4. External particle area per unit volume

of bed, ay s m?/m?3, :0.0899

5. Column diameter, m, :0.0754

6. Void fraction, ¢, %, ' :59.3-63.5

7. Average temperature, °C, :23.4-25.2

8. Water flow rate, L, kg/m?sec, :2.1 -97

9. Air flow rate, G, kg/m?sec, :0.33-1.77
10. Modified Reynolds number, ReL, : 16 -460
11. Schmidt number, Sc, :887 -931

* The effective particle diameter, d_, was defined (10) as the

diameter of a sphere having the same surface area as the
article; that is, d_= /A _/w. 18
p r 4y J/ p7 (18)
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Average temperature, °C, ' : 25°C
Water flow rate, m/sec, :0.02125
Solubility of benzoic acid in water, Cqr g/1, :3.443
Ratio of benzoic acid to dye, r, :110
Concentration of dye, Cp * 10%, g/1 :8.514
Concentration of benzoic acid, C1 = CD* r, g/l :0.0911
Surface area oflmass transfer for benzoic acid,

A= Ap (r/r + 1), cm?, :2.237

Number of coated Berl-saddles in the test part, n, :150

0.02125 * 44.696 * 10-" 1
kgt = 2.237 * 10-% * 150 n g =5t/

7.59 * 10 5 m/sec.

The computed variables derived from the experimental measure-
1 1
ments including ks¢, ReL, Sh¢, Sc, ReL, Sh ¢, JD for all runs

are presented in Appendix III(Table 6,7,8,9,10,11).
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RESULTS AND DISCUSSIONS

Figure 6 shows the boundaries of the hydrodynamic
flow regimes as obtained in this work and the flow rates chosen
for the measurement of ks in the experiments.

The pressure gradient, (—AP/Z)LG, was calculated
by means of Equation 19 which did not require a knowledge of
the vertical distance (Z) between the taps nor the density of

the fluid used in the lower part of the manometer (7):
(-0P/2) ;= gp; (—=2Q ) (19)
G L RO
In the above expression R and RO were the readings of the
manometer with and without flow in the column and Py, was the
density of the liquid in the pressure line and the arms of the
U tube as shown in Figure 7.

It should be noted that during the pulsing flow
regime the pulses passing through the column caused pressure
pulsation (4,5). An arithmetical average of the readings was
used in this work.

The experimental results of the pressure gradient
(-AP/Z)LG versus G, with liquid flow rate as a parameter is
plotted in Figure 8. The result clearly shows that the slopes
of the solid line decrease with increasing liquid flow rate
and tend to approach the extended line of zero liquid flow
rate with increasing gas flow rate. This pattern is in general
agreement with the pressure gradient reported by Dodds et

al. (9) with 1 in Berl saddles. This appears reasonable,

because with a high gas flow rate the liguid film becomes thin
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and its influence on the gas ﬁlow rate tends to disappear.

Values of ks¢ as influenced by the gas and liquid
flows are presented in Figure 9 and 10. The general shape of
the curves is similar to that reported by Hirose et al. (13).
It is clearly shown that the lines connecting the values in
Figure 9 lie above the correlation curve for a liquid phase
flowing through a packed bed in the absence of a gas flow (13).
This enhancement becomes more significant in the pulsing flow
regime.

At a low ReL and low gas flow rate,résulting in a
trickling flow, the sh¢ is slightly influenced by the gas
flow rate but increases with ReL to about the 0.58 power.
This is also the conclusion of previous investigators (13,14,
28) and can be reasoned by reference to the fact that in the
trickling flow the gas flow is too low to spread the liquid
sufficiently over the packing and hence part of surface remains
unwetted. Liquid phase flows down as a laminar film. Hirose
et al. (13) reported that in spray flow, the effect of gas flow
on mass transfer rate became more significant. This can be
explained that at high gas flow rate , part of the liquid
is suspended as a mist in the gas stream and the extent of
wetting of the packing surfaces increases and the packing is
coverd with a turbulent layer of liquid. The turbulent film
and larger wetted surface may be responsible for an increase
in the mass transfer rate.

Specchia et al. (14) found that for a given liquid

flow rate, an asymptotic value of kS would be obtained as the
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gas flow rate was increased.

For the transition and pulsing flow regimes Figure
9 suggests that the relation between the variables can be
expressed by a convex curve rather than a straight line. The
mass transfer rate increases rapidly with an increase in either
the gas flow rate or the liquid flow rate. It can also be
seen in Figure 10, that the slopes of the correlating lines,
essentially relating the mass transfer coefficient and gas
flow rate, hence the exponents to be attached to gas flow rate,
are greater for the transition and pulsing flow regimes than
for the other regimes. This trend may be brought about not
only by greatest utilization of the particle surface area but
also by the much higher speed of the pulses with respect to the
actual velocity of the liquid phase (15), producing a higher
stress on the solid surfaces.

With a further increase in the liquid flow rate result-
ing in dispersed bubble flow regime, the gas rate became a less
important factor in determining the mass transfer rate.
Sylvester et al.(l6) found that ks¢ became independent of the
liquid rate at ligquid fluxes greater than 8.6 kg/m?*s, corres-
ponding to the transition flow regime. Because of the limit-
ations of the gear pump used in the present experiments, liguid
flows could not be generated at a rate high enough to reach
this point. However, this value was not found by Sato et al.
(30), Lemay et al. (3) nor by Hirose et al. (13) either.
Finally, Figure 10 shows that the influence of the gas flow
rate on the mass transfer rate becomes least important in the

dispersed-bubble flow regime.
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CORRELATION OF RESULTS

In correlating their results, previous investigators
have taken several approaches.

Dharwadkar et al. (17) correlated their data and
those of others (13,16,2,30,31,32) in terms of the mass transfer
factor, JD, and the particle Reynolds number defined previously.
Their resulting equation is:

_ -0.331
I, = 1.637 (Re;) (0.2 < Re_ < 2400) (20)

The mean, and standard deviation were 7.14 and 0.28% respectively.’
The JD factor versus ReL plot for the data produced in this
research is shown in Figure 11, along with the dotted line
representing Equation 20. This plot clearly indicates that the
data for the pulsing flow regime is best represented by a convex

rather than a straight line. The best simple exponential

equation to be applied to the data is given by:

_ -0.315
J, = 1.254 Re (21)

It can be seen from Figure 11 that there is a considerable
scatter in the data when represented by a JD—ReL plot. There-
fore it appeared useful to consider the influence of gas flow

on the mass transfer rate.

Lemay et al. (31l) correlated their data in the pulsing
flow regime by an equation of the Calderbank and Moo-Young form
(29), which assumed that ks¢ was proportional to Dz/3 and
independent of dp:

1/4

2/3 _ ’
kgdSc = 0.20 (EL uL/pL) (22)
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where

: (~AP/2)

A
_ _ LG 'L
E; = Ep / hpeg h

LPL

The ligquid power dissipation, EL, was first defined by Reiss
(33) and had previously been used to correlate kL.a in the
pulsing and spray flow regimes. It was of interest to see how
Lemay's correlation (31) could be applied to the wide range

of liquid flow rate covering the four flow patterns. The
results are illustrated in Figure 12, It is evident that
Lemay's correlation fits the data well in the pulsing

and dispersed bubble flow regimes. However, it does not yield
a single line for the gas continuous flow regime, but instead a
series of lines with the ligquid flow rate as a parameter. It
would appear, therefore, that Equation 22 obtains good correla-
tion in only the pulsing and dispersed bubble flow regimes.

The solid straight line in Figure 12 corresponds to the follow-

ing equation, obtained by a least-squares regression analysis:
E_1
kgoSc?/3 = 0.135 (—I;—E-L—-)O'zlg (23)
L
Recently, van Eek et al. (28) reported findings which
involved the use of 3 and 6 mm benzoic acid cylinders in the
pulsing flow regime and correlated their data in the Calderbank,
Moo-Young form. However, their results did‘not agree well with
Lemay's equation. They then assumed that kS was dependent on

dp and modified Calderbank, Moo-Young's equation into the

following form:
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ko $d B (d))*p;° L 1/3
X = ) (—p) (24a)
oL
or Sh¢ = m KonSc‘l/3 (24b)

In the above expression m and n are constants and Ko is the
Kolmogoroff number. Their data were best expressed as:

0.202 1/3

Sh¢ = 0.334 Ko Sc (25)

If the Calderbank, Moo-Young assumption that kS is explicity
independent of dp was true, then n should have been equal to
0.25. However, they found that n was 0.202. ‘It would appear
that kS is slightly dependent on dp' Figure 13 shows the
similar correlation for the data obtained in this work and a
comparison with Equation 25 and Lemay's data. A least-squares

fit of the data in pulsing and dispersed bubble regimes is

given by:

She _ _ .413 go0-220 (26)
<173

It is also noted that Equation 25 falls below the Lemay et al.
correlation and Equation 26. On the other hand, Equation 26
agrees well with Lemay's equation.

Most of the reported liquid-solid mass transfer data
in various types of one-phase-flow packed beds have been success-

1/3

fully correlated in terms of Sh¢Sc— and Re.. However, it can

L
be seen from Figure 9 and the data reported by Sato (24) that
this kind of approach cannot be used to correlate mass transfer

data in a trickle bed reactor into a single band, since the gas
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flow rate appears as a parameter.
An attempt was made to correlate the data by taking
into consideration the effect of the average actual velocity

of the liquid phase in the column represented by:

_ L
»UL— n (27)

The data were converted to the dimensionless group as follows:

' V_p
Re; = B_i"t‘_ (28)
L S'L :
koo
_ S (29)
Sh'¢ = Da

S

In the above expression the definition of Sh' was the same as
that used by Van Krevelen et al. (32) to correlate their data

in trickle flow at zero gas flow rate.

When the experimental data is presented by means of

] — ]
the derived dimensionless group e£Sh ¢Sc 1/3 vS. ReL, a single

band is obtained as shown in Figure 14. The solid lines

represent the least-squares fit of these data, given as follows:

eSh ¢ = 0.0819 ReI: 0-777 5c1/3 (e, <s5) (30a)
for gas continuous flow;

aSh'¢ = 0.00437 ReL 1'517Scl/3 (55<Re£ <100) (30b)
for transition flow;

aSh'¢ = 0.680 ReL 0'416801/3 (Re£>1oo) (30c)

for pulsing and dispersed bubble flow.
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1
L
continuous and transition flow regimes. However, there is

Y .
It is apparent that Sh ¢ depends highly on Re. in the gas

lesser dependence on ReL in the pulsing and dispersed-bubble

flow regimes.

It is probable that in the continuous flow regime,
both Sh' and ¢ increase as ReL increases, and this increase
becomes substanfial in the transition regime owing to the high
degree of turbulence.

It is considered that after the packing becomes
completely wetted, a situation which occurs when ¢ = 1, only
Sh' increases with ReL . Therefore, the slopé of the correla-
tion line changes, corresponding to a change in flow regime.

Lemay's experimental data were also converted to the
dimensionless group form as used in Equation 30. Dynamic and
static holdup were taken from Specchia et al. (6). Geometric

surface areas were calculated by Equation 31:

_ _6(1-g)
as = —'d—— (31)
p

Figure 15 shows the correlation for Lemay's data and a compari-
son with Equation 30. The regression line through their data

is expressed as:

esh ¢ 0.41

]
= 0.66 Re (32)
Sc173 L

Goto et al. (2) determined kS with small B-napthol particles,
at low gas and liquid flow rates. Their mass transfer rates
were higher in the region of the same Reynolds number than

were those found in other reports. Their data for 0.0541 cm
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B-naphthol particles were converted into the comparable

3

' - !
factors, €Sh ¢Sc 1/ and ReL, and plotted in Figure 15. The

resulting equation can be expressed as:
v . ]
~1/3 " 0.195 ReL (0.3<ReL<3) (33)

The mass transfer rates were higher than those obtained by
extrapolation of Equation 30. Because of the lack of detail
in Specchia's other data (14), only the data obtained with 6 mm
benzoic acid cylinders utilized with the air-water system were
considered in calculating the corresponding curve in Figure 15
using their equation.

The agreement of the data obtained in this work with
the other findings mentioned above seems highly satisfactory,
especially when consideration is given to the fact that data
were obtained with a number of the different geometries and
sizes of the packings. Finally, it is emphasized that if Sh'

]
tended to be independent of ReL

suggested by Sylvester et al. (16), the correlation would be

at a high liquid flow rate as

expected to go asymptotically approach a constant value at high
ReL. However, such a constant asymptotic value was not found
in the present study, although the liquid flow rates used were
much higher than those of Sylvester. Therefore, more data are
needed to establish definitely the shape of the curve at high

liguid flow rates.
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CONCLUSIONS

Mass transfer coefficients are larger for this system
than for liquid flowing at a zero gas flow rate.
Presumably, gas flow increases the wetting factor, thins
the liquid film, and increases the liquid actual velocity
and turbulence.

For a given liquid flow rate, the effect of the gas filow
rate on the mass transfer coefficient is less important
in the trickling and dispersed-bubble flow regimes and
becomes significant in the transition and pulsing

flow regimes. The results are in agreement with those
proposed by the previous investigators.

The mass transfer data for a moderate range of liquid flow

eSh'
rates has been correlated on a plot of ———~T%§— vs. a
Vop Sc
modified Reynolds number _LL to yield three lines
hpurag

corresponding to the different flow regimes.
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Derivation of the Equation of Surface Area of Mass Transfer

for Benzoic Acid:

Consider a coated particle as shown in Figure 16

having a surface area AP. The density of the coating material
is p. Py and pp are the densities of the benzoic acid and the

dye respectively. ad

Figure 16. A differential element‘on particle surface
For an element of the surface having a thickness of

d, the weight of the element can be expressed as:
pAPAd = AMB + AMD, (1)

where AMB and AMD are the weight of the benzoic acid and the

dye in the element respectively. TIf the ratio of benzoic acid
AM

to dye is r, i.e. Zﬁ;’ and the coating material is uniform,

then AM

B
pAPAd— AMB + -

1
AMB(1+;) . (I1)

If Ad approaches zero, then

_ 1
pAPAd —pBAAd (1+E) ’ (I1I1)

where A is the surface area of benzoic acid on the particle
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surface. Then,

DAP

Py (1+1/xr)

if r is large; hence p= Py

Eg. (IV) can be rewritten as:

RN i et

(IV)

(V)
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Upstream Pressure Gas flow
Rotameter Pressure in Drop Rate
Reading Oﬁ;i;?e *102 *103
(atm) kg/sec
2 2.63 0.79 1.47
4 2.63 3.50 3.08
6 2.63 7.87 4.59
10 2.63 21.81 7.65

Table 6. Calibration of Gas Rotameter
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A Sample Calculation of Liquid Holdup for Run 8

Operation Conditions:

Flow regime: poor interaction regime

Temperature, °C, : 25
Ligquid flow rate, L, kg/mz.s, : 4.26
Ligquid density, pL, kg/m3, : 996.9
Liquid viscosity, Wy, kg/m.s, : 8.94%107 %
Pressure drop, APLG, N/m3, : 2840
Particle external surface area, agr m~l, : 899
Particle diameter, DP,m, : 6.35*10_3
Porosity of bed, ¢, : 0.624

a. for dynamic holdup:

L.Dp 4.26%.35%10
ReL = liguid Reynolds number = = —r}
My, 8.94%10
= 30.27 3
. Dp .pL(pL.g+APLG)
Ga = modified Galileo number = 5
Hy,
(6.35*10'3)3*996.9*(996.9*9.8+2840)
(8.94%10 %) 2
= 4.03%10°
Substituting into Eguation 9:
0.545 * -0.42 , 3gPD 063
Bp =3.86 (Rep) "7 (Ga) Tt (=B
0. 545 6 0. 42 899%6.35%10" 5  0-65
=3.86 (30.27) ° (4.03%107) """ ( )

0.624
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h = g.B, = 0.624*0.175 = 0.1094

b. for static holdup:

3.2*10‘4*(dp)‘1'56 (A)

4 1.56

static holdup

3.2%10°
=0.0855

*(0.00847/0.3048)

where Equation A was obtained from Shulman et al. (35).
Value of static holdup from Standish (36) is 0.0803.

Then,

average of static holdup (0.0855+0.0803) /2

0.0828

total holdup

static holdup + dynamic holdup

0.1094 + 0.0828

0.192




