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Mixing and solid-liquid mass transfer
characteristics in a three phase pulsed plate
column with packed bed of solids in interplate
spaces – a novel aerobic immobilized cell
bioreactor
Vidya Shetty Kodialbail∗ and Govindan Srinikethan

Abstract

BACKGROUND: The pulsed plate column (PPC) with packed bed of solids in the interplate spaces finds use as a three phase
aerobic bioreactor and is a potential heterogeneous catalytic reactor. Good knowledge of the extent of mixing in the liquid
phase and solid-liquid mass transfer coefficient are essential for modeling, design and optimization of these columns. The
present work aims at the study of liquid phase mixing and solid–liquid mass transfer characteristics in a three phase PPC.

RESULTS: Residence time distribution studies were performed. Dispersion number was found to increase with increase in
liquid superficial velocities, frequency of pulsation, amplitude of pulsation and the vibrational velocities. Increase in frequency
and amplitude of pulsation, and hence increase in vibrational velocity, resulted in increase of the solid–liquid mass transfer
coefficient.

CONCLUSIONS: The mixing behaviour in this contactor approximated a mixed flow behaviour. The three phase PPC was found
to outperform many other kinds of three phase contactors in terms of solid liquid mass transfer characteristics. Empirical
correlations developed can be used for the determination of solid–liquid mass transfer coefficients for three phase PPC and
hence can facilitate the design, scale-up and modeling of these columns, when used as chemical or biochemical reactors.
c© 2011 Society of Chemical Industry
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NOTATION
Symbol Description
A pulse amplitude
Aavg average surface area of benzoic acid particle
A × f vibrational velocity
as surface area for solid liquid mass transfer
CBA concentration of benzoic acid in the bulk liquid at

the end of the run
CBA

∗ solubility of benzoic acid in water
c(t) tracer concentration
D molecular diffusivity of solute in liquid
Dax axial dispersion coefficient(

Dax
vL

)
dispersion number

dM weight loss of benzoic acid particle during the
experimental run time

dp diameter of particle
E(t) exit age distribution
E(θ ) dimensionless exit age distribution
f pulse frequency
ks solid–liquid mass transfer coefficient
L characteristic length

N number of tanks in series
Ns flux of substrate from the bulk fluid to the interface
Pg/V power input for mixing per reactor volume or the

dissipated energy
Q influent flow rate of liquid to the reactor
Sb substrate concentration at the bulk liquid
Ss substrate concentrations at the liquid-solid interface
t time
t̄ mean residence time in the reactor
T temperature
V volume of reactor
v liquid superficial velocity
Sh Sherhood number
Rep particle Reynolds number
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σ 2 variance

σ θ
2 dimensionless variance

θ dimensionless time, t
t̄

ρ density of liquid

µ viscosity of liquid

INTRODUCTION
A recent innovation in immobilized cell aerobic bioreactors is
the pulsed plate (reciprocating plate) column with packed bed
of solids in interplate spaces.1,2 In this kind of bioreactor, the
microorganisms are immobilized as a biofilm on the solids, packed
in the bed. The advantages of using this kind of bioreactor over
other immobilized cell systems are discussed elsewhere.1

Liquid phase mixing strongly influences the mass transfer rates
in a gas–liquid–solid contactor. Good knowledge of the extent of
mixing in the liquid phase is essential for modeling, design and
optimization of these columns. Successful design and operation of
a gas–liquid–solid contactor requires knowledge of the effect of
various parameters that influence the axial mixing of the phases.
Liquid phase mixing can be characterized experimentally through
residence time distribution (RTD) studies.

Reports on axial dispersion studies in a three phase (gas-liquid-
solid) pulsed plate column are very scarce and the studies to
date deal only with axial dispersion in the column with a low
solid content, 0–5.61% by volume.3,4 In these studies, solid phase
was regularly distributed in the axial direction, so the mixing of
phases (liquid or gas and liquid) inside the column became more
intensive and, consequently, the axial dispersion increased. It is
essential to understand the mixing behaviour in the pulsed plate
column with packed bed of solids placed in the space between
the plates, so as to facilitate in the design, analysis and modeling
of this column when used as a bioreactor with immobilized cells
or as a heterogeneous catalytic reactor. So it was proposed to
conduct RTD studies in this column to characterize the mixing
behaviour and also to investigate the influence of different
operating conditions on this behaviour.

The solid–liquid mass transfer coefficient is another important
design parameter of gas–liquid–solid reactors for both chemical
and biochemical engineering applications.5 In three-phase biofilm
reactors, if the rate of diffusion or rate of reaction within the biofilm
is much faster than the liquid–solid mass transfer rate of the sub-
strate, i.e. if the characteristic time of diffusion and reaction in the
biofilm is much lower than the characteristic time of liquid–solid
transfer, then the rate of mass transfer through a stagnant liquid
film around the biofilm controls the whole bioprocess and the
overall rate of bioprocess is said to be controlled by external mass
transfer limitations. The solid–liquid mass transfer coefficient
then becomes an important parameter for design, operation and
modeling of three phase biofilm reactors. Accurate prediction
and understanding of factors controlling the solid–liquid mass
transfer are a necessary part of any design or evaluation strategy.6

In two phase and three phase packed beds and fluidized beds,
the mass transfer coefficient is directly related to operating vari-
ables such as flow velocity, particle diameter, etc.7,8 Solid–liquid
mass transfer coefficients in a reciprocating screen stack
electrochemical reactor9 and in a tubular reactor with a single
reciprocating plate agitator10 were correlated with Reynolds
numbers based on vibrational velocity (A × f ), where A × f is the
product of amplitude and frequency of reciprocation. Similarly for
rotating screen discs electrochemical reactors, Reynolds number
based on rotating screen linear velocity11 was used.

Literature on solid–liquid mass transfer in a pulsed plate column
and the availability of correlations for their estimation are scarce.
A correlation for solid–liquid mass transfer coefficient in a tubular
reactor with single reciprocating plate agitator10 and for packed
bed columns with oscillating liquid flow12 – 14 are available. But
these correlations may not be applicable to the pulsed plate
bioreactor, which has a number of reciprocating plates, with
the fixed bed of solids present in the interplate spaces. Hence,
determination of the solid–liquid mass transfer coefficient and
development of correlations relating this parameter to different
operating conditions in the column is essential. As benzoic acid
dissolution method15 – 19 is the simplest and the most popular
method of obtaining the solid–liquid mass transfer coefficient,
this method is used in the present study.

The present paper focuses on the study of liquid phase mixing
and determination of solid–liquid mass transfer coefficient for a
pulsed plate column and the effect of various operating conditions
of the column on them.

MATERIAL AND METHODS
Experimental pulsed plate column
The setup comprises a cylindrical column of 5.8 cm inner diameter,
consisting of a stack of five perforated plates with a plate spacing
of 3 cm, mounted on a central shaft, the entire stack of plates
being reciprocated by a variable drive motor. The circumference
of the plate stack was covered with a nylon mesh. A schematic
representation of the experimental setup is shown in Fig. 1; the
experimental set up is discussed in detail elsewhere.1 The space
between the plates forming each stage in the bioreactor was
filled with 1600 (approx. 40 g) glass beads of 3 mm diameter. The
reactor consisted of four stages and 6400 glass beads. Glass bead
packing covered approximately 60% of the height of a stage.
These glass beads may serve as supports for immobilization of
microorganisms when this column is used as a bioreactor or
as a support to solid catalyst when used as a chemical reactor.
Each plate consisted of 65 holes of 2 mm diameter drilled on a
square pitch. The fractional plate free area available was 0.092. The
pulsation of plate stack was generated by running the flywheel
using a variable speed motor with gear reduction and frequency
controller, through the slider/crank arrangement. The entire stack
of plates could be pulsed at the required frequency and amplitude
through this arrangement. The amplitude of pulsing motion was
taken as equal to the distance between the centre of the flywheel
and the centre of the hole to which the crankshaft was connected.
This amplitude is half the distance traversed by a plate in the plate
stack, from its maximum to minimum position, observed visually
when at low speed. The frequency of pulsation was measured by
counting the number of oscillations for a given period of time. The
column outlet was through a port at 37 cm from the bottom of the
column. The working volume of the column was 0.977 L. Tap water
was pumped from the bottom of the column using a peristaltic
pump. Air was supplied continuously to the column at a flowrate
of 1.7–1.8 L min−1 and was dispersed as small bubbles into the
column through four nozzles provided at the bottom portion of
the guiding tube in the column. Frequency and amplitudes of
pulsation were set at the required values.

Tracer experiments
Sodium chloride solution (5 mol L−1) was used as a tracer. After
steady liquid and airflows were attained, 5 mL of the tracer was
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Figure 1. Experimental pulsed plate column (not to scale).

quickly injected using a syringe at a tracer injection point provided
on the column wall just above the liquid feed inlet point. The tracer
injection time was kept as low as possible, so as to achieve almost
ideal pulse input conditions. Proper care was taken while injecting
the tracer, which was injected when the plate stack was moving
upward and before it started the downward motion. Water flowing
out continuously from the outlet port of the column was made
to flow through a constant volume flow cell. The conductivity cell
was placed in the flow cell and the conductivity was measured
continuously as a function of time using a Systronics digital
conductivity meter (Model 304, Systronics, India) until the tracer
concentration was reduced to near zero. The volume of the flow
cell being less than 20 mL is only around 2% of the volume of the
reactor and hence its effect on RTD of the column was considered
to be negligible. Tracer experiments were conducted, at different
sets of operating conditions of liquid superficial velocity (v), pulse
frequency (f ) and pulse amplitude (A).

Experimental method for the determination of solid–liquid
(S-L) mass transfer coefficient
The flux Ns (g cm−2 s−1) of substrate from the bulk fluid to the
interface is given by:

Ns = ks(Sb − Ss) (1)

where Sb and Ss are the substrate concentrations (g cm−3) at the
bulk liquid and at the liquid–solid interface, respectively, and ks is
the solid–liquid mass transfer coefficient (cm.s−1).

Rate of mass transfer of substrate from the bulk fluid to the
interface = ksas(Sb − Ss) where, as is the surface area (cm2) for
solid–liquid mass transfer.

In the present study, the S-L mass transfer coefficients (ks) in the
pulsed plate column with four stages were determined from the

rate of dissolution of individual spheres of benzoic acid into water,
with air flowing at a constant rate of 1.7–1.8 L min−1.

Solid benzoic acid spheres were made by using a precisely
machined aluminum mold with hemispherical holes in each half
of the mold. To make benzoic acid spheres, molten benzoic acid
was injected into the mold, allowed to cool and then the mold
was separated into two parts to remove the particles. Spheres of
(4.7 ± 0.2) mm diameter were made using these molds. Final sizes
were adjusted by smoothing with fine sand paper.16,20,21

A single active benzoic acid sphere was placed between the
shaft and the mesh covering, among the glass bead packing in
a particular stage. Frequency and amplitude were adjusted to
required values and the reactor was filled with tap water from the
top. Water and airflows were started immediately. Each run was
conducted for a fixed time period (called hereafter the experimen-
tal run time or retention time for benzoic acid particle in the bed) of
say 150 s. At the end of the experimental run, the water and air flow
rates and the oscillations were stopped simultaneously and the
water was drained immediately from the column. The time taken
to start the run, after filling the column with water, was less than
25 s and for draining the water after the run, was around 10 to 15 s.
The benzoic acid particle was removed from the bed and weighed.
The mass transfer from the active particle was determined by mea-
suring the weight loss of the particle over the known experimental
run time (e.g. 150 s). A sample of water was collected and benzoic
acid concentration in the bulk liquid during this fixed time period
was determined by titration with 0.004 N NaOH solution. Surface
area of the benzoic acid particle was calculated as the average
value obtained by measuring the diameter before and after every
run. Experiments were conducted in the same manner by keeping
a benzoic acid particle in a given stage and conducting the runs for
different retention times (150, 300, 450 and 600 s) of the benzoic
acid particle in a stage. Separate experiments were performed by
keeping the benzoic acid particles in any one stage (stages 1, 2, 3
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Figure 2. Representative plot for the determination of solid–liquid mass
transfer coefficient for a particular stage. Conditions: v = 12.62 ×
10−3 cm s−1, f = 0.25 s−1, A = 3.3 cm (for 4th stage).

and 4) and for each stage with experimental run times of 150, 300,
450 and 600 s. For each stage and each particle retention time
(experimental run time) experiment, a fresh benzoic acid particle
was used. For any one experimental run, only one benzoic acid
particle was used in the column.

Experiments were conducted for water flow rates of 400 mL h−1,
800 mL h−1 and 1200 mL h−1 at amplitudes 3.3 cm, 4.7 cm and
6.0 cm, and for frequencies 0.25 s−1, 0.50 s−1, 0.75 s−1 and 1.0 s−1.
At each operating condition, benzoic acid dissolution tests were
conducted for experimental run times 150 s, 300 s, 450 s, and 600s
for each of the stages.

The values of mass change (weight loss) of benzoic acid particle,
dM (g) during the experimental run time, dt (s), average area of
the benzoic acid particle, Aavg (cm2), which is the average of the
values of surface area of benzoic acid particle before and after
the runs, and concentration of benzoic acid in the bulk liquid, CBA

(g cm−3) at the end of the experimental run time were obtained
for each run.

Considering a completely mixed system1 and pseudo-steady-
state conditions for the bulk phase, the rate of mass transfer from
solid to liquid phase can be equated to rate of change of mass of
the benzoic acid particle, given by

dM/dt = ks Aavg (CBA
∗ − CBA) (2)

where CBA
∗ is the solubility of benzoic acid in water at room

temperature calculated as per the correlation proposed by Guedes
et al.20 and given by

CBA
∗ = 1.44 × 10−5 exp(0.0414T) (3)

where CBA
∗ is in g cm−3 and T is the temperature in K. At 30 ◦C,

CBA
∗ = 4.0386×10−3 g cm−3. dt is the experimental run time (e.g.

150, 300, 450 or 600 s). For a particular stage dM/[Aavg(CBA
∗ − CBA)]

was calculated for each dt. A graph of dM/[Aavg(CBA
∗ − CBA)] vs. dt

was plotted.9 A representative plot is shown in Fig. 2. The slope of
the best fit straight line gives the value of mass transfer coefficient
for a particular stage. The mass transfer coefficient at each stage
at a particular operating condition was determined using the
same procedure. The average mass transfer coefficient for the
column was obtained as the arithmetic mean of the mass transfer
coefficients of the four stages. The particle retained its shape and
the surface area of the particle decreased by less than 5% during
a run. Hence the surface area could be assumed constant during
the experimental run time and equal to the average of the areas
before and after the run. The dissolution of a single benzoic acid

Figure 3. E curves at different liquid superficial velocities at A = 4.7 cm,
f = 1 s−1.

particle had a negligible effect on the concentration of dissolved
benzoic acid in the column. Dissolved benzoic acid concentration
(CBA) was in the range 5 to 16 mg L−1 in various runs. Since
CBA << CBA

∗, many researchers have used CBA = 0 for the mass
transfer coefficients determination in different types of columns.
But in this study, the actual values of CBA at the end of the time
period of the experimental run were used for the determination
of mass transfer coefficients, though negligible error would have
been associated in the determination of mass transfer coefficient
if CBA = 0 was used.

To study the effect of size of benzoic acid particle used in
dissolution experiments, benzoic acid dissolution experiments
were carried out at a water flow rate of 1200 mL h−1, amplitude
4.7 cm and frequency 1 s−1 with benzoic acid spheres of diameter
4.8 mm and 4.1 mm.

RESULTS AND DISCUSSION
RTD studies
From the tracer experimental data, the exit age distribution E(t)
was calculated using

E(t) = c(t)
∞∫

0

c(t)dt

(4)

Figures 3 to 5 show the RTD for the column under different
operating conditions of superficial liquid velocities and pulse
frequency and amplitudes. The RTD response clearly shows that
the mixing behaviour in the column can be approximated by an
ideal mixed flow behaviour. The values of the mean residence
time t̄ (s), the variance σ 2 and dimensionless variance σ θ

2 were
calculated using the following equations for different operating
conditions using the RTD data.

t̄ =
∞∫

0

t.E(t)dt (5)

σ 2 =
∞∫

0

(t − t̄)2.E(t)dt (6)

σ θ
2 = σ 2

t̄2 (7)
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Figure 4. E curves at different pulse frequencies; at v = 4.21×10−3 cm s−1;
A = 4.7 cm.

Figure 5. E curves at different pulse amplitudes at v = 4.21×10−3 cm s−1;
f = 0.5 s−1.

The experimental setup used for tracer experiments in the
present investigations corresponds to a closed–closed boundary
with large dispersion. The method of moments a widely used and
simple method, is used in the present study and the dimensionless
variance was calculated from the experimental RTD data. Van der
Laan22 reported the variance for the case of closed–closed vessels
as:23 – 24

σθ
2 = σ 2

t̄2 =
(

Dax

vL

)
− 2

(
Dax

vL

)2
(

1 − e
− vL

Dax

)
(8)

The dispersion number, Dax
vL is a dimensionless parameter and

was calculated using Equation (8) by a trial and error method. Dax

(cm2.s−1) is the axial dispersion coefficient, v (cm s−1) is the liquid
velocity and L (cm) is the characteristic length. The number of
equivalent tanks-in-series (N) were calculated using

N = 1

σ θ
2 (9)

The variance, dispersion numbers and the number of equivalent
tanks in series obtained at different operating conditions are
reported in Table 1. In all cases dispersion number varies from 0.5
to 2 and the number of equivalent tanks varies from 1.17 to 1.72.

Dax
vL > 0.2 and N < 2 signifies a large amount of dispersion24

showing that the mixing behaviour in the column tends to a
mixed flow regime. Hence the column can be approximated
to be a completely mixed stirred tank. So the pulsed plate
column when used as a three phase bioreactor or reactor may
be considered a continuously stirred tank reactor. For substrate-
inhibited bioprocesses, a bioreactor showing continuously stirred
tank behaviour is favorable, unlike product-inhibited processes,
where plug flow reactors are recommended. Even in cases when
the substrate concentration in the influent to a completely stirred
tank reactor is at inhibitory levels, the concentration of substrate
in the bioreactor at steady state will be low. This may allow the
organisms to be exposed to concentrations lower than inhibitory
concentrations. But if a bioreactor follows plug flow behaviour,
then the organisms present nearer to the entry section of the
bioreactor will be exposed to inhibitory levels hence leading to
lower growth and a lower rate, making inhibitory concentrations
reach further sections of the reactor. This causes lower conversion
in the reactor. The pulsed plate bioreactor, which approximates
a mixed flow behaviour, is suitable for a substrate-inhibited
processes. This aspect can be considered as one of the advantages
of the pulsed plate bioreactor.

Figure 6 shows that as the superficial liquid velocity (v) increases,
the dispersion number increases. Increasing the convection
transport, as characterized by the liquid superficial velocity, will
increase the intensity of dispersion. Similar observations were
reported by several researchers based on the RTD in different kinds
of contactors such as the turbulent bed contactor,25,26 co-current
down flow bubble column27 and oscillatory-flow (pulsed sieve
plate column) continuous reactor,28 and two phase reciprocating
plate columns.29,30 According to Ni and Pereira,31 the liquid
flow rate contributes to increasing Dax through the increase of
mechanical energy dissipation, due to the presence of perforated
plates. Prandtl’s mixing length increases and Kolmogorov’s length
scale (designated as mixing length by Ni and Periera31) of eddies
decreases as the flow rate increases and eddies break up. Thus the
increase of superficial liquid velocity increases the turbulence and
the axial dispersion. At a given air velocity, an increase in liquid
velocity increases the gas hold up and axial mixing through its
effect on the slip velocity between the phases.29 As a result, the
circulation and interaction of the gas and liquid phases increase
inside the column and the flow becomes more agitated. This
enhances the overall mixing in the column. The intimate contact
between the phases increases as the gas hold-up increases, due
to the stirring effect of gas on the liquid, which in turn contributes
to more back mixing and turbulence in the column,27,29 thereby
further increasing the axial dispersion.

Figures 7 and 8, respectively, show the effect of frequency and
amplitude of pulsation on the dispersion number. It is found that
as the frequency and amplitude increases, dispersion number
increases, however, the magnitude of increase of dispersion
number with increase in amplitude is much less than that caused
by increased frequency. The introduction of pulsation increases
the mechanical energy dissipation to the system as P ∝ (A × f ),3,28

due to the presence of perforated plates. According to the isotropic
turbulence theory of Kolmogoroff, the axial dispersion coefficient
is related to Kolmogorov’s length scale � (designated as mixing
length by Ni and Periera31), and the power dissipation in a system
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Table 1. Variances, dispersion numbers and number of equivalent tanks in series obtained from RTD data under different operating conditions

SI No.
Q,

mL h−1
v × 10+3,

cm s−1
A,

cm
f ,

s−1
Variance,

σ θ
2

Dispersion
number

Number of tanks
in series

1 200 2.1 4.7 1 0.735 0.998 1.36

2 400 4.21 4.7 1 0.785 1.289 1.27

3 600 6.31 4.7 1 0.795 1.364 1.26

4 1000 10.5 4.7 1 0.854 2.027 1.17

5 400 4.21 4.7 0.25 0.581 0.526 1.72

6 400 4.21 4.7 0.5 0.667 0.736 1.5

7 400 4.21 3.3 0.5 0.660 0.716 1.51

8 400 4.21 6.0 0.5 0.697 0.836 1.44
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Liquid superficial velocity, v x 10+3 cm.s-1
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Figure 6. Effect of liquid superficial velocity on dispersion number.
Conditions: A = 4.7 cm; f = 1 s−1.

Figure 7. Effect of pulse frequency on dispersion number. Conditions:
v = 4.21 × 10−3 cm s−1; A = 4.7 cm.

due to mechanical agitation, P.28,31. Axial dispersion would increase
with P and �. However, the increase of P promotes turbulence and
mixing of the flow, which breaks up eddies and reduces �, and
thus the dispersion coefficients.31 The effect of decreased � with
increase of f or A is small compared with the increase of P with
increase of f or A.28 So a net increase of dispersion number
can be observed with increase in amplitude or frequency. Higher
amplitude of pulsation significantly increases the zone of influence

Figure 8. Effect of pulse amplitude on dispersion number. Conditions:
v = 4.21 × 10−3 cm s−1; f = 0.5 s−1.

of the moving plates, affecting a larger zone, mixing the liquid
with other portions of the liquid up and down in the column.32

The larger pulse amplitude has, as a consequence, to drag over a
longer distance the fluid contained in one elementary cell and mix
it with other parts of the fluid up and down the liquid column.33

This also contributes to an increase in dispersion number with
increase in amplitude.

Figure 9 represents the effect of vibrational velocity (A × f ) on
the dispersion number. As the vibrational velocity is increased,
dispersion number is increased. Power dissipation in the system
increases due to increase in mechanical agitation caused by
increase in vibrational velocity; this in turn increases the dispersion
number. These results are consistent with the results of previous
investigators who worked on pulsed plate columns in the absence
of solid phase, where continuous phase axial mixing was found to
increase with increase in (A × f ) or with the increase in the power
input, which is proportional to [(A × f )3].29,30,34 – 39 The application
of oscillatory motion can also increase gas hold up through its
ability to retard the rise velocity of bubbles and increase its
residence time in the column.40 Furthermore, the increase in
energy dissipation rate results in the formation of smaller bubble
sizes with smaller rise velocity and consequently higher gas hold
up and interfacial areas, which would then increase the axial mixing
due to turbulence, circulation and phase entrainment induced by
the rising bubbles.29

J Chem Technol Biotechnol 2011; 86: 1310–1320 c© 2011 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 9. Effect of vibrational velocity on dispersion number. Conditions:
v = 4.21 × 10−3 cm s−1.

Table 2. Effect of the size of benzoic acid sphere on mass transfer
coefficient

Diameter of benzoic acid sphere (mm) ks × 103 (cm/s)

4.8 7.235

4.1 7.182

Solid–liquid mass transfer coefficients
Effect of the size of benzoic acid sphere on S-L mass transfer coefficient

S-L mass transfer coefficients were determined at water flow
rate (Q) of 1200 mL h−1 (superficial liquid velocity, v = 12.62 ×
10−3 cm s−1), A = 4.7 cm and f = 1 s−1 with two different sized
benzoic acid spheres. The mass transfer coefficients calculated
are presented in Table 2, which shows that there is a negligible
difference (around 0.7%) in the mass transfer coefficients with
change in size of the particles. So spherical particles with a diameter
range 4.7 ± 0.2 mm were used for further experimentation, as
obtained after molding without any adjustments of dimensions.
The independence of ks with particle diameter was reported by
Arters and Fan17 for particles with diameter in the range 1.6 to
4.5 mm in the gas–liquid–solid fluidized bed at gas velocities less
than or equal to 6.6 cm s−1. Jadhav and Pangarkar41 reported the
independence of ks for particle size above 2.23 mm in a three
phase sparged reactor. It should also be noted that Jianping et al.6

observed that the S-L mass transfer coefficient is quite independent
of the solid particle diameters in the range 3 to10 mm. So in the
present work, though the solid–liquid mass transfer coefficient was
determined using a benzoic acid sphere of diameter 4.7±0.2 mm,
these coefficients would be applicable to a column with glass
spheres of 3 mm diameter.

Effect of operating conditions on S-L mass transfer coefficient
Effect of superficial liquid velocity
The effect of superficial liquid velocity on the liquid solid mass
transfer coefficient at different frequencies (0.25, 0.5, 0.75 and
1 s−1) and at amplitudes of 3.3, 4.7 and 6.0 cm are presented
in Figs 10 to 12. Different superficial liquid velocities used were

Figure 10. Effect of superficial liquid velocities on S-L mass transfer
coefficients at different pulse frequencies and at A = 3.3 cm.

Figure 11. Effect of superficial liquid velocities on S-L mass transfer
coefficient at different pulse frequencies and at A = 4.7 cm.

4.21 × 10−3, 8.41 × 10−3, 12.62 × 10−3 cm s−1, corresponding
to liquid flow rates of 400, 800 and 1200 mL h−1. Marginal or
no significant increase in mass transfer coefficient is observed
with increase in superficial liquid velocity. Increase in S-L mass
transfer coefficient with increase in liquid velocity was expected,
as higher liquid velocity promotes a higher degree of turbulence
of liquid and makes the mass transfer liquid film around the
particle, thinner. But the turbulence created by increasing the
liquid velocity is negligible compared with the turbulence created
by reciprocation of the plates.42 – 44 So there was only a marginal
or no significant increase in mass transfer coefficient with liquid
velocity. Similar observations were made by other researchers in
different columns such as the packed bed column,45 fluidized bed
column,17 – 19,46 three-phase reversed flow jet loop reactor6 and
three phase catalytic upflow reactor.47

The range of values of liquid solid mass transfer coefficients
obtained at frequencies of 0.25, 0.5, 0.75 and 1 s−1, shows that
the contribution of turbulence intensity to the value of liquid solid
mass transfer coefficient by plate pulsation is much more than
that due to liquid flow.

wileyonlinelibrary.com/jctb c© 2011 Society of Chemical Industry J Chem Technol Biotechnol 2011; 86: 1310–1320
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Figure 12. Effect of superficial liquid velocities on S-L mass transfer
coefficients at different pulse frequencies and at A = 6.0 cm.

Figure 13. Effect of pulse amplitude on S-L mass transfer coefficients at
different pulse frequencies and at v = 4.21 × 10−3 cm s−1.

Effect of frequency and amplitude of pulsation
The effect of frequency and amplitude of pulsation on the
liquid solid mass transfer coefficient at different superficial liquid
velocities (v = 4.21 × 10−3, 8.41 × 10−3, 12.62 × 10−3 cm s−1)
are presented in Figs 13 to 15. The solid–liquid mass transfer
coefficient was found to increase with increase in frequency and
amplitude of pulsation. Frequency of pulsation periodically renews
the surface available for mass transfer and also thins down the
liquid film thickness around the solid particle and hence decreases
the mass transfer resistance. This results in an increase of mass
transfer coefficient with increasing frequency. The increase in
solid–liquid mass transfer coefficient with frequency was found to
be greater at larger amplitudes. Changes in oscillation amplitude
affected the mass transfer coefficient more than changes in
oscillation frequency, since the amplitude of oscillation controls
the length of eddy generated along the column.48 Fig. 16 shows
that the S-L mass transfer coefficients increase with increase in
vibrational velocity (A × f ). As the frequency or amplitude of
pulsation increases, vibrational velocity increases. The periodically
reversing fluid motion with higher amplitudes and frequencies
interacts with the plates, forming vortices and hence turbulence.
The power dissipation in a system due to mechanical agitation

Figure 14. Effect of pulse amplitude on S-L mass transfer coefficient at
different pulse frequencies and at v = 8.41 × 10−3 cm s−1.

Figure 15. Effect of pulse amplitude on S-L mass transfer coefficient at
different pulse frequencies and at v = 12.6 × 10−3 cm s−1.

is proportional to [(A × f )3].28 The increase in power dissipation
promotes greater turbulence and mixing in the liquid phase29

resulting in thinner liquid film around the solid particle. So the
resistance offered to mass transfer decreases and hence the mass
transfer coefficient increases.

Empirical correlation for the determination of solid–liquid
mass transfer coefficient
Using the experimental values of mass transfer coefficients
determined in this study, dimensional and dimensionless empirical
correlations were developed by nonlinear regression using LABFIT
software. Dimensional correlation relates kS with liquid superficial
velocity, frequency and amplitude of pulsation at a fixed airflow
rate of 1.7 to 1.8 L min−1 as below:

ks = 3.23 × 10−3A0.6838f 0.4057v0.06818 (10)

with ks in cm s−1, A in cm, f in s−1, and v in cm s−1.
The correlation is valid within the following range : 3.3 ≤ A ≤

6.0; 0.25 ≤ f ≤ 1.0; 4.21 × 10−3 ≤ v ≤ 12.62 × 10−3. Correlation
coefficient was found to be 0.959. A plot of predicted values of
ks vs. experimental ks in Fig. 17, shows the goodness of fit of the
correlation.

J Chem Technol Biotechnol 2011; 86: 1310–1320 c© 2011 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 16. Effect of vibrational velocity on S-L-mass transfer coefficient at
different superficial liquid velocities.
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Figure 17. Correlation between predicted value of ks and experimental ks.

Dimensionless correlation relates Sherwood number (Sh) with

the ratio of vibrational velocity to flow velocity ( A × f
v ) and the

particle Reynolds number (Rep) based on the diameter of inert
particles (glass bead), at a fixed airflow rate of 1.7 to 1.8 L min−1 as
below:

Sh = 16.14

(
A × f

v

)0.4668 (
Rep

)0.5371
(11)

where

Sh = ksdp

D

Rep = ρdpv

µ

Here, D is the molecular diffusivity of solute in liquid, ρ is
the density of liquid, dp is the diameter of inert particles in the
bed (glass bead diameter), and µ is the viscosity of liquid. The
correlation is valid within in the following range:

65 ≤
(

A × f

v

)
≤ 1425

0.158 ≤ Rep ≤ 0.473

The correlation coefficient was found to be 0.933. A plot of
predicted values of Sh vs. experimental Sh in Fig. 18 shows the
goodness of fit of the correlation.

Figure 18. Correlation between predicted value of Sh and experimental
Sh.

Dimensional correlation was found to fit the experimental data
better than the nondimensional correlation.

These correlations can be used for the determination of S-L
mass transfer coefficient under different operating conditions in
the three phase pulsed plate column.

Comparison with other types of contactor
The mass transfer coefficients in a pulsed plate column with
a packed bed of particles of diameter 3 mm, ranged from
3 × 10−3 cm s−1 to 9 × 10−3 cm s−1 at superficial liquid velocities
of 4.21 × 10−3 to 12.62 × 10−3 cm s−1 and at a superficial gas
velocity of 1.45 cm s−1. These values are compared with those in
other kinds of three phase contactors.

In a three phase sparged reactors with stagnant liquid phase and
continuous gas phase with superficial gas velocity 9 to 35 cm s−1,
with particle sizes ranging from 0.5 to 4 mm, ks values ranged
from 4 × 10−3 to 6 × 10−3 cm s−1.41 In a three phase fluidized
bed column with liquid superficial velocities 3 to 7 cm s−1 and
gas velocity 10 cm s−1 the mass transfer coefficient was around
8 × 10−3 cm s−1.19 Though these values of ks are of a similar
order of magnitude to those of the pulsed plate column, the gas
velocities involved in these cases are around 6–24 times more
than those used in the pulsed plate column.

In a three phase draft tube fluidized bed column at liquid
superficial velocities of 5.6 × 10−3 cm s−1 to 9 × 10−3 cm s−1 and
air superficial velocities of 1.68 to 3.38 cm s−1 the mass transfer
coefficients were reported to be 5 × 10−5 to 2 × 10−4 cm s−1.46

The pulsed plate column outperforms the draft tube fluidized bed
column by one to two orders of magnitude in terms of solid liquid
mass transfer, even at lower air superficial velocity than those used
in a draft tube fluidized bed column.

In a multiphase external loop airlift reactor, the solid–liquid mass
transfer coefficient was found to be constant at 1.8 × 10−3 cm s−1,
as the superficial air velocity was increased from 0.5 to 4.2 cm s−1.49

Though the mass transfer coefficient was of the same order of
magnitude as in the pulsed plate column, the value is less than
those of the pulsed plate column under similar air velocities.

In a three phase reversed flow jet loop column, the solid liquid
mass transfer coefficient obtained was 8 × 10−3 cm s−1 at a liquid
velocity of 17.6 cm s−1 and air velocity of 2.46 cm s−1. The liquid
velocity used here was around three orders of magnitude higher,
and the air velocity used was marginally higher than those used
in the present study. With these higher flow velocities, the order
of magnitude of the value of ks in a three phase reversed flow
jet loop column is similar to those obtained for the pulsed plate
column in the present study.

wileyonlinelibrary.com/jctb c© 2011 Society of Chemical Industry J Chem Technol Biotechnol 2011; 86: 1310–1320
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These comparisons show that the three phase pulsed plate
column with a packed bed of solids, outperforms many other
kinds of three phase contactor in terms of solid–liquid mass
transfer characteristics.

CONCLUSIONS
It can be concluded from RTD studies, that the mixing behaviour
in the three phase pulsed plate column with a packed bed of solids
in the interplate spaces, approximates to a mixed flow behaviour
and hence is suitable for substrate-inhibited bioprocesses. The
dispersion number was found to increase with increase in
liquid superficial velocities, pulse frequency, pulse amplitude,
and vibrational velocities.

The solid–liquid mass transfer coefficient was found to increase
with increase in frequency and amplitude of pulsation and
hence with increase in vibrational velocity. There was only a
marginal or no significant increase in mass transfer coefficient
with liquid superficial velocity. A dimensional empirical correlation
was developed relating kS with liquid superficial velocity, pulse
frequency and amplitude and a dimensionless correlation was

developed relating Sherwood number with A × f
v and particle

Reynolds number, at a fixed airflow rate of 1.7 to 1.8 L min−1. These
correlations can be used for the determination of S-L mass transfer
coefficient for the three phase pulsed plate column under different
operating conditions. The three phase pulsed plate column with
packed bed of solids was found to outperform many other kinds
of three phase contactor in terms of solid–liquid mass transfer
characteristics.
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