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PREFACE

This book delves into the intricate world of multiphase reciprocating plate
columns as versatile contactors and reactors, covering their design, operation, and
applications across thirteen comprehensive chapters. Drawing on the authors' earlier
work, including a Serbian-language book from 2009,' recent reviews,>* and many
research articles, it provides a comprehensive resource for researchers, engineers,
and practitioners keen on understanding and advancing in this field.

This book explores the complex realm of multiphase reciprocating plate
columns, highlighting their design, operation, and applications across thirteen in-
depth chapters. Drawing on the authors' earlier work, including a Serbian-language
book from 2009 and a recent review article, it provides a comprehensive resource for
researchers, engineers, and practitioners aiming to deepen their knowledge and drive
innovation in this field.

The introductory chapter defines mechanical agitation methods in multiphase
systems, focusing on reciprocating plate columns and their role in enhancing mass
transfer efficiency. It traces the historical development of these columns,
highlighting their applications in fields like pharmaceuticals and biotechnology.
Mechanical agitation methods, such as impellers or axially reciprocating plates,
disperse drops and bubbles in turbulent liquid flows, increasing interfacial area and
mass transfer rates. Reciprocating plate columns offer high mass transfer efficiency
with low energy consumption, blending features of bubble columns and stirred
reactors. Since Van Dijck's 1935 advancements, these columns have been widely
adopted, especially in liquid-liquid dispersion, and continue to find new applications
in diverse industries.

! Bankovi¢ Ili¢, 1. B., Veljkovi¢, V. B., Skala, D. U. (2009) Hidrodinamicke i masenoprenosne
karakteristike kolone sa vibracionom mesalicom za sisteme gas-tecnost i gas-tecnost-¢vsta faza —
monografija [Hydrodynamic and mass-transfer characteristics of reciprocating plate columns for
gas/liquid and gas/liquid/solid systems], Leskovac: Tehnoloski fakultet.

2 Veljkovié, V. B., Bankovi¢-Ili¢, 1., Skala, D. (2024) Reciprocating plate column — fundamental
research and application in Serbia from 1970 to 2020. Hemijska industrija 78, 187-203.
https://doi.org/10.2298/HEMIND230320028V.

3 Bankovi¢-Ili¢, 1., Miladinovi¢, M., Veljkovié, V. (2024) Continuous reciprocating plate and packed
bed multiphase reactors in biodiesel production: Advancements and challenges. Hemijska industrija
78, 205-225. https://doi.org/10.2298/HEMIND230630010B.



Chapter two focuses on flow regimes and models in reciprocating plate columns.
The reciprocating motion of perforated plates creates distinct flow patterns, with jets
and surrounding vortices between adjacent plates, driving vigorous mixing through
vertical liquid exchange and radial vortex formation. Turbulence at the jet-vortex
interface enhances mixing and reduces dependence on molecular transfer. In gassed
systems, gas bubbles undergo cyclic coalescence and dispersion. Regarding plate
velocity and gas flow rate, four gas-liquid dispersion states can be formed:
segregated, homogeneous, cellular, and slug bubbles. Liquid flow can be described
by two models: the quasi-steady-state model, effective for large reciprocating
amplitudes, and the acoustic flow model, for smaller amplitudes. Both models
account for fluctuations in plate velocity, pressure drop, and power consumption
during each reciprocation cycle.

In Newtonian liquids with turbulent flow (Re > 50), pressure variation and power
consumption exhibit nearly quadratic and cubic relationships with reciprocating
intensity, respectively; however, in laminar flow (Re < 10), these relationships are
linear and quadratic. In gas-liquid systems, pressure variations and power
consumption are lower than in single-phase systems due to reduced dispersion
density and weaker interactions between the plates and the two-phase system. In
liquid-solid systems, both pressure variation and power consumption increase with
higher solid fractions, due to greater friction between solids, liquid, and plates. Gas-
liquid-solid systems exhibit lower pressure variations and power consumption than
liquid-solid systems, due to lower dispersion density. The plate opening coefficient,
representing resistance to fluid flow through plate openings, is key to determining
pressure variation and power consumption in the column. In turbulent flow, it
remains nearly constant and independent of the Reynolds number, while in laminar
flow, it scales with the square root of the Reynolds number. Factors such as
reciprocating amplitude and frequency, plate geometry, superficial gas and liquid
velocities, and fluid properties influence this coefficient. Thus, experimental
determination of the plate opening coefficient is vital for accurate power
consumption calculations.

The next four chapters examine the reciprocating plate stack's motion, pressure
variation, power consumption, and plate opening coefficient in single-liquid and
multiphase systems. In multiphase systems, gas compressibility complicates
pressure changes and power consumption, while the absence of a complete physical
model hinders analysis in gas-liquid and gas-liquid-solid systems. Pressure
variations at the column bottom arise from inertia, friction, gravity, and buoyancy,
with periodic variations driven by non-steady plate motion. Overall liquid flow
remains steady, with unsteady flow caused by plate movement. Key factors affecting
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pressure variation, power consumption, and plate opening coefficient include liquid
properties, operating conditions, plate geometry, and flow dynamics. In Newtonian
liquids, turbulent flow (Re > 50) produces quadratic and cubic relationships between
reciprocating intensity, pressure variation, and power consumption, while laminar
flow (Re < 10) results in linear and quadratic relationships. Gas-liquid systems have
lower pressure variations and power consumption due to reduced dispersion density
and weaker plate interactions. In liquid-solid systems, higher solid fractions increase
pressure variation and power consumption due to greater friction, while gas-liquid-
solid systems exhibit lower values than liquid-solid systems. The plate opening
coefficient, essential for calculating pressure variation and power consumption,
remains constant in turbulent flow but scales with the square root of the Reynolds
number in laminar flow. Experimental determination of this coefficient is crucial for
accurate power consumption estimates.

Chapters seven and eight examine gas holdup and bubble size in gassed
reciprocating plate columns. Various correlations have been proposed to relate gas
holdup to operating conditions, fluid properties, and column geometry, with two
main approaches: (1) using a modified hydrodynamic equation with relative velocity,
and (2) employing an empirical equation based on power consumption and
superficial gas velocity. The presence of solid particles significantly affects gas-
liquid dispersion by influencing bubble formation and coalescence, leading to higher
gas holdup in a three-phase column compared to a two-phase column under identical
conditions. Bubble size decreases with increasing dissipated energy, regardless of
column diameter. As total specific power consumption (from mechanical agitation
and aeration) increases, the Sauter bubble diameter decreases, following
Kolmogorov's model of isotropic turbulence for water and glycerol solutions.
However, this model is less accurate for n-butanol and sodium sulfite solutions.
Higher superficial gas velocity increases gas holdup, while higher superficial liquid
velocity reduces bubble size.

Chapter nine analyzes axial dispersion in reciprocating plate columns. While
extensive research exists for axial dispersion in single-phase systems, recent studies
on multiphase systems have produced conflicting results. Empirical correlations for
calculating the axial dispersion coefficient in single-phase and gas-liquid systems are
limited to the continuous (liquid) phase and specific column types. Variations among
these correlations stem from differences in column geometry, plate design, and
operating conditions and should be used with caution.

The next three chapters discuss the mass transfer properties in gassed
reciprocating plate columns, including the mass transfer coefficient, specific
interfacial area, and volumetric mass transfer coefficient. These properties are
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influenced by reciprocating intensity, superficial gas and liquid velocities, and
column geometry. When power consumption is below the 'critical' value, the mass
transfer coefficient is proportional to power consumption raised to 0.25. Above the
critical value, it decreases with increasing power consumption and is proportional to
the Sauter bubble diameter. The mass transfer coefficient also decreases with
increasing liquid and gas velocities. At low reciprocating intensities, the specific
interfacial area may increase due to smaller bubbles or remain constant. At higher
reciprocating intensities, the interfacial area increases with intensity, driven by
higher gas holdup and smaller bubble size. Adding Rashig rings increases the
specific interfacial area, while spheres have no effect. The volumetric oxygen mass
transfer coefficient in reciprocating plate columns is generally higher than in bubble
columns, air-lift reactors, and stirred tanks at the same superficial gas velocity.

The final chapter explores the use of continuous oscillatory reactors, specifically
reciprocating plate and oscillatory flow reactors, in biodiesel production. These
reactors offer advantages over conventional designs, including improved mixing,
higher mass and heat transfer, compact size, and easier scale-up. They combine the
continuous production benefits of tubular reactors with the effective mixing of stirred
batch reactors. Even at low net flow rates, oscillatory reactors maintain plug flow
patterns and high mixing intensity, which is controlled by oscillation or
reciprocation, not by flow rate. Continuous reciprocating plate and oscillatory
baffled reactors show significant potential to enhance biodiesel production through
both homogeneous and heterogeneous catalysis, reducing costs and achieving high
oil conversion under moderate conditions (e.g., lower temperatures, reduced
methanol/oil ratios, shorter reaction times, and lower catalyst concentrations)
compared to conventional batch reactors.
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Nomenclature

a,m’

A m

A, m?

Aer, m

Af, m/s

ca, mol/m?
Cao, mol/m?
¢s, mol/m’
CB.o, mol/m?
Cas, mol/m?
cr, mol/m’
¢s, mol/m’
Cl, C2,1
Co, 1

Co(9), 1
C,1

C

0,av 2

C

0,max » 1

(Com ),y 1

1

(Con). 1

Cy, C, 1
d, m

oy, M
dg, m

di, m
do, m
d3,2, m
D,, m?%s
D, m
E, min’!
Ee,1
fis!
f1,2, Pa

Fi, N

Specific interfacial area

Amplitude of reciprocating motion

Cross-sectional area of the column

Critical amplitude of reciprocating motion
Reciprocating intensity

Triacylglycerol concentration in the oil phase
Initial concentration of triacylglycerols
Concentrations of methanol

Initial concentration of methanol

Triacylglycerol concentrations on the interfacial area
Concentrations of fatty acid methyl esters
Concentrations of glycerol

Integration constants (Equations 13.27, 13.30)
Plate opening coefficient

Instantaneous value of the plate opening coefficient

Mean value of the plate opening coefficient

Time-averaged plate opening coefficient

Maximum value of the plate opening coefficient

Plate opening coefficient calculated from the processed pressure signals

at the column bottom
Plate opening coefficient determined from the recorded pressure signals

at the column bottom

Parameters of Equation (13.9)

Equivalent spherical diameter

Average plate opening diameter

Diameter of vibration disc, also diameter of the opening of the gas
distributor

Drop diameter

Plate opening diameter

Sauter-mean diameter

Axial dispersion coefficient

Column diameter

Residence time distribution

Normalized form of the function of the residence time distribution density
Frequency of reciprocating motion

Friction term of the pressure variation at the column bottom,

Equation (4.8)

Force exerted by the perforated plate stack on the system
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F(s), 1 Laplace transform of the residence time distribution density

F,,N Force of interaction between the perforated plate stack and the system

Fy, N Buoyancy force exerted by the system on the perforated plate stack

g m/s? Gravitational acceleration

h, m Distance between two reciprocating plates; interbaffle space; the reactor
length, Equation (13.21)

ho, m Total reactor height

I=Af, m/s Vibration intensity

kapps km, min"!  Apparent pseudo-first order reaction rate constant

ke, m/s Triacylglycerol mass transfer coefficient

ki, m/s Liquid mass transfer coefficient

k2, m3/mol'min Rate constant of the irreversible pseudo-second-order reaction,
Equation (13.26)

k,, k, Reaction rate constants for the forward and reversible reactions,
Equation (13.28)
ka, kea, s Volumetric mass transfer coefficient

K= l% / Igz , 1 Reciprocal value of the equilibrium constant for the overall methanolysis

reaction, Equation (13.30)

K, 1 Model parameter that takes the triacylglycerol affinity to the catalytic
species (methoxide ions)

,m Length of the tie-rod

I, m Mixing path caused by surface tension

I,/ m Column length; the distance between sections 1 and 2, Fig. 4.1.a,
Equation (4.5)

Im, m Mixing path

me, kg Mass of emulsion

mi, kg Mass of the liquid

ms, kg Mass of the perforated plate stack

M =caolcBo, 1 Initial molar ratio of triacylglycerol to methanol

ni, 1 Number of drops with diameter d;

ng, 1 Number of discs

np, 1 Number of plates

N, 1 Number of sections with ideal mixing

p, Pa Instantaneous pressure

pi, P2, Pa Pressures at the top and bottom of the column, respectively

Ap, Pa Instantaneous pressure variation at the column bottom

Apav, Pa Time-averaged pressure fluctuation at the reactor bottom

Ap", Pa Total pressure fluctuation at the bottom of the reactor

ApPmin, Pa Pressure variations at the column bottom corresponding to the upstroke

and downstroke of the plate stack



Apmax, Pa

P,W
P.W

Py, W
P, W
PS W
Py, W
Py, W/m?
Py, W/ m?
q, 1

Q,, m’h
0, m¥h
r, m

s, 1

Se, M
7, s

T s

u, m/s

Ue, M/S
Uud, m/s

g, M/S
Ug 0, M/S
ui, m/s
U, M/S
Uy, M/S

UR, m/s

Us, Mm/s
Usm, M/S
U, U1, Us

Vo, mL/min
v, m’

Vd, II'l3

Ve, m?

Vi, m?

x,, 1

X4 1

Y, m

Pressure variations at the column bottom corresponding to
the downstroke of the plate stack

Instantaneous power consumption

Maximum power consumption

Time-average power consumption

Average power consumption (acoustic model)

Maximum gassed power consumption

Critical maximum gassed power consumption

Specific pulsation power consumption

Total pulsation power consumption

Backmixing through perforated plates

Gas flow rate

Liquid flow rate

Radius of the disc

Ratio of the radius (equal to the amplitude of reciprocating motion 4)
of the disc to the length of the tie-rod (4//); Laplace operator
Equivalent plate length

Time

Period of time

Superficial velocity

Superficial continuous phase velocity

Superficial dispersed phase velocity

Superficial gas velocity

Superficial gas velocity in the opening of the distributor
Superficial liquid velocity

Local instantaneous liquid velocity through the plate openings
Relative velocity

Slip velocity

Reciprocating plate stack velocity

Maximum reciprocating plate stack velocity

Function of the Laplace transformation of the residence time distribution
density

Volumetric flow rate

Volume

Total dispersion volume

Gas volume

Liquid volume

Conversion degree of triacylglycerols

Equilibrium degree of triacylglycerol conversion

Displacement of the reciprocating plate stack during one cycle
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YY,YZ, 1 Function of the Laplace transform of the residence time distribution

density

z, m Distance between the center of the disc and the starting end of the tie-rod

Z1, 22, M Top and bottom of the column, respectively

Z, 1 Morton's number

Greek symbols

a, 1 Backmixing coefficient

o, m Plate thickness

A Parameter, Equation (13.30)

D,, m%/s Axial dispersion coefficient

&1 Fractional free plate surface

&, W/kg Specific dissipated energy for overcoming surface tension forces

&g, | Dispersed phase holdup

&g, 1 Gas holdup

€0, 1 Gas holdup without pulsation

&, 1 Solid phase content

&, W/kg Specific total dissipated energy

&, m/s Eddy diffusivity

u, Pas Dynamic viscosity

Pe, kg/m? Density of emulsion

p, kg/m? Liquid density

ps, kg/m? Density of the perforated plate stack

Ap, kg/m? Density difference between phases

o, N/m Liquid surface tension

ogt, 1 Variance of the retention time distribution

7, S Residence time

0 Mean change in the angular distance of the disc;
intensity of backmixing, Equation (9.1); normalized time

w, s Angular velocity (2xf)

¥, W/kg Specific power consumption, Equation (13.9)

Dimensionless criteria

2
Fr= % Froude number
ga,
o= W Power number
n,p (A ) D,
d,’gp’
Ga =—"5 Galileo number
Y7
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pe= il Peclet number
D[

Re = PP Reynolds number
H

Re = 2AWPd,  Reciprocation Reynolds number

0

#
3
7 = '0’04 Dimensionless number
g4,
2
We = % Weber number
Abbreviations
ALCDT Air-lift reactors with concentric draft tubes
ALELC Air-lift reactors with external loop circulation
ANN Artificial neural network
AM Axial mixing
BC Bubble column
BRPC Baird-type reciprocating plate column
CMC Carboxymethylcellulose
DAG Diacylglycerol
DBSA 4-Dodecylbenzenesulfonic acid
FAME Fatty acid methyl ester
FV Flow visualization
GIAP Plate with rectangular openings and a drain
HRRPC Hybrid rotating-reciprocating plate column
HT Heat transfer
i.d. Internal diameter
KRIMZ Plate with rectangular openings without a drain
KRPC Karr-type reciprocating plate column
MAG Monoacylglycerol
MRPD Mean relative percentage deviation
MT Mass transfer
OFR Oscillatory flow reactor
PBC Pulsation column
PRPC Prochézka-type reciprocating plate column
PP Degree of polymerization
Re Reynolds number
RPR Reciprocating plate reactor
RSM Response surface methodology
SP Segmental passages
ST Stirred tank reactor
TAG Triacylglycerol
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VDC
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Subscripts
av

c

cr

d

e

g

1
max
mod
puls

X1V

Tetrahydrofuran
Vibrating disc column
Waste cooking oil

Average
Continuous phase
Critical
Dispersed phase
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Gas
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Value corresponding mathematical model
Pulsation
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1. INTRODUCTION

Various mechanical agitation methods enhance mass transfer in multiphase
contactors and reactors, significantly impacting their efficiency. This mechanical
agitation is typically achieved using an impeller mounted on a rotating shaft or plates
affixed to an axially reciprocating carrier. By imparting external energy to the
multiphase system, mechanical agitation promotes the dispersion of drops or bubbles
within a turbulent liquid flow environment. It, in turn, leads to a notable increase in
interfacial area, volumetric mass transfer coefficient, and, consequently, interfacial
mass transfer rates. Furthermore, solid particles are evenly dispersed throughout the
suspension.

One standout example among multiphase contactors, which boasts both low
energy consumption and a high interfacial mass transfer rate, is the reciprocating
plate column.* In constructing a reciprocating plate column, a column features
numerous perforated plates securely fastened to a shared carrier, which can
reciprocate in an up-and-down motion. This design optimally capitalizes on the
advantageous effects of mechanical mixing while minimizing or eliminating any
detrimental ones. Reciprocating plate columns, thus, combine the favorable
attributes of traditional columns and stirred reactors, presenting an appealing
alternative to conventional stirred vessels equipped with rotary stirrers.

1.1 History of the reciprocating plate column origin and development

As documented in his patent, the pioneering researcher Van Dijck made
significant advancements in oscillatory fluid flow in 1935 (Van Dijck, 1935). His
work introduced two notable methods:

(1) Hydraulic pulsation: This method involves inducing oscillatory fluid flow by
pulsating one of the phases using an external mechanism while maintaining
the internal structure of the column, including perforated plates and filling,
in a steady-state condition. This technique, known as 'pulsed columns,' was
originally designed for applications in the nuclear industry.

4 The terms ’reciprocating plate column’ and ‘reciprocating plate reactor’ will be used for non-reactive
and reactive systems, respectively.



(2) Axial reciprocation: Van Dijck's second method revolves around the axial
reciprocating motion of a set of perforated plates within the column,
commonly called reciprocating plate columns. Unlike pulsed columns,
reciprocating plate columns have found their primary utility in the
pharmaceutical industry (Baird et al., 1996).

In reciprocating plate columns, the oscillatory fluid flow is achieved by
displacing the liquid through the openings in the plates, resulting in efficient mixing
and mass transfer. This innovation has significantly impacted the nuclear and
pharmaceutical industries by providing tailored solutions for different applications.

The reciprocating plate column remained largely overlooked for two decades
until 1959, when Karr introduced a groundbreaking laboratory extraction column
featuring perforated plates with a significantly expanded free surface area. This
innovation, known as the Karr reciprocating plate extraction column (Karr, 1959),
sparked renewed interest in reciprocating plate column technology. Subsequently,
the utilization of reciprocating plate columns began to gain traction, particularly in
the capacity of extractors. One of the key advantages of reciprocating plate columns
is their ability to achieve uniform liquid-liquid dispersion with minimal axial mixing,
requiring relatively modest external energy input compared to pulsation columns.

In the 1960s, reciprocating plate columns started to garner attention and
application in absorption columns. Notably, Jealous and Johnson (1955) contributed
to this development by defining pressure variations at the column bottom and
quantifying the power consumption based on a quasi-steady-state flow model.

The seventies of the last century marked a period of intensified research that has
continued to the present day. This ongoing exploration has centered on unraveling
the hydrodynamic and mass-transfer characteristics of multiphase systems,
especially their potential application as reactors for various aerobic bioprocesses and
biodiesel production. Reciprocating plate columns have emerged as versatile tools in
these endeavors, offering substantial promise for advancing these critical fields of
study.

In Serbia, the initial investigations into Karr-type reciprocating plate columns
were conducted during the 1970s by research teams hailing from the 'Boris Kidri¢'
Institute in Vinca and the Faculty of Technology and Metallurgy at the University of
Belgrade (Kazi¢, 1979; Pavasovi¢, 1975). Their research primarily focused on
several key aspects, including the characterization of pressure variations at the
column bottom and the mean power consumption in single-phase and two-phase
(liquid-liquid) flows. They also delved into understanding the intricate mechanisms
governing drop movement, dispersion, coalescence, and the occurrence of column
flooding.



As the 1980s dawned, the application of Karr-type reciprocating plate columns
expanded beyond liquid-liquid extraction columns. The Pavas in Belgrade and the
Pharmaceutical and Chemical Products Factory Zdravlje in Leskovac employed
these columns as absorption units (Skala, 1980; Veljkovi¢, 1985). The subsequent
decades, spanning the 1990s and 2000s, have witnessed a continuation of this
research journey, with contributions from the Faculty of Technology in Leskovac at
the University of Nis.

During this period, significant strides were made in comprehending phenomena
associated with fluid flow in the presence of solid particles, including spheres and
Rashig rings. Researchers also explored oxygen mass transfer within multiphase
systems and investigated the influence of the rheological properties of liquids on the
hydrodynamics of reciprocating plate columns featuring various geometries. These
efforts were underscored by a range of scholarly works authored by experts in the
field (Aleksi¢, 2006; Bankovi¢-1li¢, 1993, 1999; Naseva, 2002; Nikoli¢, 2003;
Stamenkovi¢ et al., 2010a; Stamenkovi¢, 2005, 2014; Vasi¢, 2006).

The dynamic up-and-down motion of reciprocating plates within reciprocating
plate columns offers distinct advantages over other systems. Compared to bubble
columns, whether equipped with liquid circulation or not (Boyle, 1975; Gomaa et
al., 1991), and stirred tanks, reciprocating plate columns demonstrate notably higher
gas holdup. Additionally, they exhibit a substantial specific gas-liquid interfacial
area (Al Taweel et al., 1995; Yang et al., 1986a). Reciprocating plate columns stand
out due to several key features:

(1) Reduced backmixing: reciprocating plate columns exhibit diminished
backmixing tendencies (Skala, 1980). This characteristic enables a more
controlled and efficient mixing process.

(2) Extended gas bubble retention: reciprocating plate columns excel in
prolonging the retention of gas bubbles within the dispersion. This extended
interaction time between phases enhances mass transfer and reaction
efficiency.

(3) Enhanced contact area: reciprocating plate columns facilitate a greater
contact area between phases while mitigating shear forces caused by the
movement of perforated plates (Lo and Prochdzka, 1983). This balance
optimizes the interfacial mass transfer process.

(4) Ease of maintenance: reciprocating plate columns are known for their simple
maintenance and uncomplicated construction (Lo and Prochazka, 1983).

(5) Scalability: reciprocating plate columns offer an advantage in scalability,
with straightforward procedures for upscaling the system to accommodate
larger fluid flows and capacities (Lo and Prochazka, 1983).



In summary, reciprocating plate columns present a compelling choice for
applications where gas-liquid interactions, mass transfer efficiency, and operational
simplicity are paramount considerations. Their distinctive design and performance
characteristics have positioned them as a preferred technology in various industrial
processes.

Previous investigations encompassed a diverse range of reciprocating plate
columns, featuring varying types and diameters from 2.5 to 30 cm. The perforated
plates within these reciprocating plate columns exhibited openings ranging from 0.3
to 1.5 cm, contributing to fractional-free plate surfaces from 9% to 61%. During the
research conducted in the 1980s, these studies predominantly employed 'pure'
liquids. However, there has been a notable shift in recent years towards intensively
examining gas-liquid, gas-liquid-solid, and liquid-liquid systems within
reciprocating plate columns.

As for the liquid phase, researchers predominantly utilized Newtonian liquids,
with water being the most commonly employed liquid. Nevertheless, certain studies
used liquids with varying rheological characteristics and distinct physical properties.
The solid phase in these investigations often featured spherical particles and Rashig
rings. This research has been conducted globally, spanning several countries,
including Canada, the United States, India, Russia, Japan, the Czech Republic, and
Serbia, as detailed in Table 1.1. This international collaboration has enriched the
understanding of reciprocating plate columns across various applications and
contexts.

Reciprocating plate columns have found widespread application across many
industries globally, including the chemical sector, hydrometallurgy, wastewater
treatment, biotechnology, and pharmaceutical technology, as outlined in Table 1.2.
Their versatility is exemplified through various noteworthy applications:

1) Aerobic wastewater treatment: reciprocating plate columns have been
successfully employed in aerobic wastewater treatment processes, as
evidenced by the work of Brauer (1991), Brauer and Sucker (1979), and
Vogelpohl (1985).

2) Bioprocesses: They play a pivotal role in biosynthesis activities, such as
pullulan biosynthesis (Audet et al., 1996; Lounes et al., 1995), dextran and
enzyme production (Veljkovi¢, 1985; Veljkovi¢ et al., 1990), antibiotic
synthesis (Brauer, 1991; Reschke and Schiigerl, 1985), citric acid production
(Brauer, 1991), and ethanol manufacturing (Brauer, 1991; Nikoli¢, 2003).

3) Ester saponification reaction: reciprocating plate columns have been utilized
effectively in ester saponification reactions (Harvey et al., 2003).



Table 1.1 Types of reciprocating plate columns (Bankovi¢-Ili¢ et al., 2009).

Plate Type Reciprocating Characteristics Country
element
Karr-type Plates with Column diameter up to 1.7 m USA,
reciprocating large openings Large fractional free plate surface (50—60%) Canada,
plate column (‘open’ type)  Large plate opening diameter (10—16 mm) Western
Plate modification — with a central opening Europe,
Inserted buffers along the column of larger India,
diameter reduce the radial flow non-uniformity Serbia
Operating mode: homogeneous
Prochazka-type  Plates with Column diameter up to 1.2 m Czech
reciprocating downcomers  Small fractional free plate surface (4—30%) Republic,
plate column or segmental  Small plate opening diameter (2—5 mm) Canada
passages With a drain in the form of a pipe or a segmental
passage in the form of a cut-off part of the plate
(free surface fraction of 10—-25%)
Movement of plates: all in the same phase or every
other with a phase shift of 180°
Operating mode: segregated and homogeneous
Vibrating disc Discs Discs without perforations Japan
column The fractional free plate surface depends on the disc
diameter-to-column diameter ratio (4—0.78%)
Static buffers between every two discs
Karpaceva and  Plates with Column diameter up to 1.5 m, height up to 11 m. Former
Gorodetskiy- rectangular Fractional-free plate surface about 45%. USSR
type openings Rectangular openings with bent ends that divert
reciprocating fluid flow radially to reduce axial mixing
plate column Plates with rectangular openings without (KRIMZ)
or with (GIAP) a drain
Hybrid rotating-  Plates with Column diameter 10 cm, height 1.2 m. India
reciprocating uniform The hybrid rotating and reciprocating motion of
plate column perforation the plate stack is achieved through a bevel gear

arrangement. The reciprocating motion is induced

by the central shaft, milled at the top, and
connected to an eccentric mechanism on the
vertical gear. Meanwhile, the rotating motion is
driven by the horizontal gear, which turns the
inner shaft as the vertical gear rotates.

Reciprocating plate columns owe wide-ranging applications to their favorable

hydrodynamic properties and efficient facilitation of oxygen mass transfer from the
gaseous to the liquid phase. Consequently, they are classified as cutting-edge, highly
efficient bioreactors (Deshusses, 1997). Particularly, reciprocating plate columns
excel in processing heavily loaded industrial wastewater (Vogelpohl, 1985). These
attributes have proven invaluable for enhancing growth and production bioprocesses

involving fungi such as Cyathus striatus and Aspergillus niger (for the antibiotic

striatine and citric acid production, respectively) and bacteria like Zymomonas
mobilis (ethanol production) as highlighted by Brauer (1991).



Table 1.2 Application of reciprocating plate columns.

Plate Application Reference
Karr type ~ Copper extraction Sharma and Baird (1978)
Lysine biosynthesis Serbak et al. (1978)
Treatment of wastewater Brauer and Sucker (1979)
Extraction of the product from the fermentation Karr et al. (1980)
liquid
Penicillin extraction Reschke and Schiigerl
(1985)
Biosynthesis of dextransucrase Veljkovi¢ (1985),
Veljkovi¢ et al. (1990)
Production of antibiotics, ethanol, and citric acid Brauer (1991)
Fermentation processes Lounes et al. (1995)
Fermentation of pullulan Audet et al. (1996)
Ester saponification reaction Harvey et al. (2003)
Rare earth separation and recovery Liao et al. (2005)
Extraction of phenol from water Yung et al. (2012a,b,c)
Caffeine extraction Hu et al. (2003)
Alcoholic fermentation with immobilized yeast cells ~ Nikoli¢ (2003)
Extraction of natural alkaloids Wu et al. (2022)
Biodiesel production Stamenkovi¢ et al. (2010a),
Stamenkovic. (2014),
Miladinovi¢ et al. (2019),
Bankovi¢-Ili¢ et al. (2015)
Prochdzka  Production of ephedrine and erythromycin Cited according to Baird et
type Extraction of phenol and nitro-aromatic derivatives al. (1994)
from wastewater
KRIMZ, Caprolactam extraction with organic solvents Cited according to Baird et
GIAP Extraction of cyclohexanone and cyclohexanol with al. (1994)

benzene

Abbreviations: GIAP — the plate with rectangular openings with a drain, and KRIMZ — the plate with
rectangular openings without a drain.

Furthermore, reciprocating plate columns offer extensive possibilities for
utilization as multiphase reactors, where the solid phase can take the form of catalyst
particles, particle substrates, or carriers for immobilized enzymes or living cells, as
indicated by Bankovi¢ Ili¢ et al. (2009). This adaptability positions reciprocating
plate columns as versatile tools for diverse applications across various industries.

1.2. Classification of reciprocating plate columns

Reciprocating plate columns exhibit variations based on several critical factors,
including the type and geometry of the vibrating components and the inclusion of
static buffers. The vibrating elements, typically in the form of plates or discs, may
possess segmental passages and drains. Furthermore, the perforations within these
vibrating elements come in diverse shapes and sizes. Depending on the specific plate
design, as outlined by Lo et al. (1992), reciprocating plate columns can be



categorized into four distinct groups (Baird et al., 1994), as illustrated in Figures 1.1
and 1.2. A specialized hybrid device combines the rotating and reciprocating motions
of the plate stack, facilitated by a bevel gear arrangement (Dhanasekaran and
Karunanithi, 2012a,b,c,d). The reciprocating motion is induced by the central shaft,
which is milled at the top and linked to an eccentric mechanism on the vertical gear.
Simultaneously, the rotating motion is driven by the horizontal gear, which rotates
the inner shaft as the vertical gear turns.

(a) (b) (c) (d)

Figure 1.1 Types of reciprocating plate column plates (Lo et al., 1992): (a) Karr type, (b)
Prochazka type, (c) Karpacheva and Gorodetsky type without the drain on plates — KRIMZ,
and (d) Karpacheva and Gorodetsky type with the drain on plates — GIAP.

|

A A T T T T T T T T T T T OO, S

(a) (b) (c)

Figure 1.2 Types of reciprocating plate column (adapted from Baird et al., 1994): (a) Karr-
type reciprocating plate column (KRPC), (b) Prochazka-type reciprocating plate column
(PRPC), and (c) vibrating disc column (VDC).

Table 1.3 provides an overview of prior research, highlighting essential
geometric characteristics and operational conditions. These investigations have
revealed that the hydrodynamic and mass-transfer characteristics within
reciprocating plate columns are contingent on various factors. These include the
reciprocating intensity, which is the product of amplitude and frequency, superficial
gas velocity, the presence and concentration of solid phases, liquid properties, and
the geometric attributes of the devices and plates. Understanding these intricate
relationships is pivotal in optimizing the performance of reciprocating plate columns
across a spectrum of applications.



(9661)

yneqryy SL'1 0$ Topem-Iry
pue sauno| NV 98°1-0 -0 ¢TI 8C°0 S€9°0 S 81 9Tl 9101 yoreg “Iorem odd
(s661) 7'0-0 €e0 9 o 9°0C uonn[os [0IIA[3
‘[e 3o saunog oy 9810 0 S 8C°0 S€9°0 S 81 9T'1 9101 yoreqg  %0S-11V 101\ Jdd
(661)
neqryL, sUL
pue sauno-J INAY  98°1-0 -0 S 8C°0 €90 S 81 9T'1T 9101 yoreq jeM-ITy Jdd
[0190A]1D
(€661) [01004]3-11y/
yneqryy, C 0s Rjem-Iry
pue sauno| i35 dy ¥~0 800 —STI 8C°0 S€9°0 S 81 9Tl 9101 yoreq oM Jdd
(z661) W
BUWLIBA pUE 1 I0JeM-ITY
UeuysLyUeH d ‘dv vL0  TTI 93 Sro pu S 81 60 ST premdn 15e M Jdd
(6L61) S
‘e oflor d S1-0  -8L°0 8C-0I - - 4! 14 pu  TLI T pu JdA
(rL61) T8 Tl
10 weueArN - LN 9P P2 -LE0 €90 0¢-01 - - 4! 14 pu LI T t0D-1re M DdA
(avLe1) wL 0L 6
Tese ofog, dy %3 -SI'T L0 TI0 - R S S pu S ™ {001 M JdA
(epL61)
eRolr LN T9SI'T L0 TI-0 - - Pu 6L pu S i C0D-1reM OdA
ER) ZH wit wo uo w wo MO[J
Q0UdIJOY 19lqng n ya 14 32 °p y u i °a aseyd woISAS adA,

- uuun[od dje[d Suneoo1drodr 9y} 01 PRl YoIedsal SNOTAJId JO MITAIOAQ €T J[qRL



dS

mnoym
NV v €9 8€0 €0 T odd
(sLe1) olkog  Fa'gdy  11-81T 0€-01 “T¢ ST10 -91°0 S 01 Ly 01 Ioyojeqg INeM-IIY ‘I9jeMm Dddd
(5007) 199me L S1°0 ds ym
[V pue eewon NV €00 ST0 TE¢0 8€0 91°0 10 pu 77T 10 T I9)BM-ITY Jddd
(z661) 001 6600 L !
Te 10 pIreg NV 0T pu pu 190°0 SI 9 60 S T oursoroy-1a1 A oddd
(1661) 43 0§
TeReRWOD NP P 6960 0¢S -9  8¢0 910 —0T pu pu 01 T e - IR Jddd
ds
(9861) pireg 'S 14 90€°0 80 moym
pue oey ewey dy 00 —SL0 TEL 600 —€0 96 01-¢ I €6 T IajeM-ITY odd
I9)eM
pue ‘[01994]3
(L002) “[to durgorw
Kzo03ey LH € 1— L1°0 ‘sassejowr
pue msej ‘LN ‘d pu  $TI'0 -20°0 pu 960 +t00 ST 8,90 8vTO oreq 399q 183nS odd
prjos
(900 “€00T -(%1) uonnjos
1qez007) DIND-1TY
Te 39 9ISYO[V 12540 pIOS-I8jeM-ITY
(9002) IN 61€°0 I9)BM-ITY
APy Fgdy  S1-60 9T S€T €90 80 S ST SO'1 76 yoregq BRI odd
S/ao ZH ww wo wo w wo MOTJ
Q0UdIJOY 19lqng n ya 14 32 °p y u 21 °a aseyd woISAS adA,

‘uwnjod dyed Sunesordioar oY) 03 PAJe[aI YOIeISAI SNOIAdId JO MIIAIOAQ €' 9[qe [, JO Uonenunuo))



IN 81°9— C uonn[os AINS

(0861) ereds TNV TE80 €8¥0  -S90 IS0 9°0/80 9C S9  vIT  ¥ST T -1y “I19)B M DA
(0861) 'Te10 -
JIAOUBAQ]LS dy - GLTO S0T IS0 pu 45T 31 LT ¥ST pu ouoNn[0}-IdJe DI
S¢ 96l
(6L61) 21zE] d ‘av - =50 SIS0 80 $ST 8L 11T #S°C yoreg Iare M DI
0t 4
(8L61) ¥ST°0 ST 8
paregy 69 LTI €T0 LT ST 6
pue zojeq d - S0 -LI'C I£S0 b1 S LY puU 96t yojeq 1M Od
(8661) 4
Te 30 A3y I ‘Ad pu -§T0 1T0 pu 6 61 pu 60 61 yoreq IBjeM-ITY odad
(9661) LLEO
‘Te 30 pareq 53°d 9°9p> S—C 0I-1 S€T0 L §TCT 01-1 96'¢ ST yoreq IajeM-ITY oddad
(s661) tero 4
ory] ewey 1120 8 0¢
pue pireq d - €90 0TS 6910 ¥ -S S 60 61 yoreg 1M oddad
ds
HSOSHTS
(s661) Te TE €70 €0 Ddy pue
10 [9oMme] [V DNV L1> 0SS  —9T -SI'0 910 pu pu  Lp'] 01 ™ Iajem-Iry Dddd
ds
HSOSHTS
(9L61) €9 €70 T odd
‘e 30 nepue] dy - pu  -8T1 -SI°0 €0 01 01 LY 01 1o yoreg pu Dddd
m\ao ZH wur wo wo w wo BOE
Q0UdIJOY 19lqng n ya 14 32 °p y u 21 °a aseyd woISAS adA,

‘uwn[oo 9je[d Suneooidroar oy 03 PRI YOILISAI SNOTAAId JO MITAIOAQ) €' J[qe], JO Uonenunuo))

10



(eL861)
JIAOY[TOA ST S9
pue e[eys i3 pu  0oI-1 OI-1 I¥0 SO0/LO0  OFS €€ T ¥ST T IjeM-I1Y OdU
(99861)
Tewsuex  LNNV  STLO pu pu €50 ST ¥ST ¥8  96¢  80°S " I0)eM-ITY Odu
(9861) 881 I9)BM-ITY
‘Te 10 Sue x pBzdy  ¢pl-0 S0 -0 €50 ST ¥ST ¥8  96€  80°S w 1M Odd
houmgubm
(9861) BIBS SLT 0s 13 ‘uopn[os 9s01ons
pue @sméew B2 gdv —SLT0  01-1  0I-1  I¥'0  SO0/L0 ST $9 T vST yoreq -I1e ‘101 | Oda
9861
Te 30 uay) 2dy 7T80 pu pu €50 LT1 ST 8 % S w Iem-IIY Odd
SuonNn[os uevIIXap
pue ‘asojoniy
€9so01ons
.wo w@.:zxwa
(s861) ereys 'l 9 Sl 80°S 9 ‘ayey[ns ‘aso1ons
pue JIA0N (oA ply  —6/T0 —€81 -$90 IS0 90/80 ¥ST € ¥I'T ST T -Tre IR A\ Odu
0>
(s861) 1N pue 150 9°0/3°0 $9 uonn[os 9s0INS
@_&ﬁ_ew P2 g dy S> 0I> 0I> 1I¥0 SO/LO0 ¥ST €€ T vST T -I1e “IoYe A\ OdM
¥861
pireg pue JoN 1N ‘dv - $0 ST 190 LET  80°S 6T 91 80°S " 1jem def, Odu
(€861) T8 I's v S€9 670 SUISOIY-ITY
10 ovy BUwIRY I3 —700 ~SLO I 600 80€0 95 0I-<C I €6 IjeM-I1Y Oduy
(1861) 9 ST 80°S ¥9
T8 19 B[eyS WV 6780 —€81 -S90 IS0 90/80 ST € YT vST T I0)eM-ITY Odu
m\Eo ZH Jusqeis wo wo w wo 30@
Q0UQIOJY 100[qng n S ¥ 32 °p y du ? °q oseyd woISAS adA L,

‘uwnjod dred Suneoodioar oY) 03 PIje[aI YoIedsal snoiadld Jo MIIAIDAQ €] J[qe ] JO uonenunuo))

11



(®0661)

BULIBA pue ¢ 0S  90£0 $9°0 T 199eM-20D
uesarepung P3990 —SLO I —60°0 —€0 9¢ 6 I €6 W “I)RM-ITY Od
EE@@E
coﬁﬁ:v:to.*
(0661) 'Te Y0  S0/L0 80§ €¢ ‘uonnjos aso1ons
10 1A0Y[[oA LN pu pu pu IS0 9°0/80 ST $9 T $ST T -I1e “Joje M Dd
(6861) BIES ST9 80°S 43
pue J1A0Y (oA 33 1'¢-80 -0 070 IS0 90/80 ST $9 T ST T I9)BM-ITY Od
(6861)
131eqoy
pue pireg IN pu  $91  §TT LSO A ¢ 81 pu S ™ 1eM-20 Odd
suonnjos AIyns
(8861) BIBYS vS'T €¢ T pueosonns-zQ
pue 1A0N[foA » S  T9> 0> IS0 90/80 80°S $9 T ¥ST  Ioydeg IN I “IJBA\ Odd
uenxap
pue ‘asojoniy
‘asoIons
,«O m@.ﬁzxﬁ\ﬂ
(8861) ‘suonnjos
JIAOY[[OA I¥'0 S0/L0 +ST €€ oyey[ns ‘9soIons
pue e[ess vty S  T9> 0> IS0 90/80 80°S $9 T ST T -ITe “I3JB A Ody
(8861) 61
OBy ewiey SLL QT H@amau.:<
puepreg LN NV 1-C0 S0 ST LSO A TS ¥S  S¥'C 80§ T REILIIN oddd
61
(8861) pireg SL'L 8T Jojem-Iry
pueoryewey P Idy 6600 9-¢  §TT LSO A TS ¥S  S¥'T 80 yoreg RSN DA
S/ao ZH ww wo wo w wo MOTJ
Q0UdIJOY 19lqng n ya 14 32 °p y u 21 °a aseyd woISAS adA,

‘uwnjod dyed Sunesordioar oY) 03 PAJe[aI YOIeISAI SNOIAdId JO MIIAIOAQ €' 9[qe [, JO Uonenunuo))

12



(qr00T
®1007) T8 19
oI[-91AOYURY

(pryos-pmbry
-se3 ‘prjos-pimbif
‘pinbi-se3)
aseyd-nnA
'suonnjos

(%2 “%1) DND
‘(N 8°0) @1g[ns
(%9 “%69)

(6661011 oy 9p  ¢1-60 9T  SE€T  ¥SHO 80 S ST SO'T T6 10109413 “(%5°0)
umoyueg Sy dy  S1-¢0 9T  SE€T IS0 80 vST  S9 9¢8'T ST yojeqg  joueing ‘1ojep Odu
(8661) SLT ST0 61 ST 4!
el uousen [N F2°d 10 -0 0S §0  —$€9°0 S 9 S50 8TC " Tolem-Iry Odd
(L661)
OBy BUIRY] ¥S°0 el S 6L W
pue pireg dy 8810 p> LTI IS0 S€90 ST Th 96 96'bI T aoem-nry oM O
(s661) €10 §'¢C
JI-gaoNueg g dy  ¢L+0 TLT €1 IS0 90/80 #ST  S9 T ¥ST yojeq Topem-Iry Oduy
(€661) 8Tl
Te 30 eleys 9 32 =50 90 LT 150 80 tvST 9 T ST TV sprjos-zorem-ny Od¥
(1661) vT's uonnjos
Te 30 SOW[OH NV - 50 pu  LS0 LTl LT PU 60E  T9L T qorD-10je M Oduy
(1661) 'Te 00T  S'T- ds pm
1 oey BwEy P d - -0 ¥200  ¥S0 €90  pu 8 LI'T 80 T ousoy-rolM DdUY
s3urr
(q0661) Siysey-uonnjos
BULIEA pUB € 0S  90€0 $9°0 T ayns-zQ
uesorepung IN 9%90 -SL0 —+I 600 —-€0 95 0l I €6 m 11EM-I0)) Odd
S/Id ZH wraa wd wd w wo MO[J
Q0UQIOJY 100[qng n S ¥ 32 °p y du ? °q oseyd woISAS adA L,

‘uwnjod dred Suneoodioar oY) 03 PIje[aI YoIedsal snoiadld Jo MIIAIDAQ €] J[qe ] JO uonenunuo))

13



(L00Z q
89007 ‘4S00¢

5007)

‘Te 19 JISeA 1IN SpI[OS-IjeM-ITY

‘9002) 91sBA. g Ay S1-60 9T  SE€T 9970 8L°0 S ST L60 991 ™ I9)BM-ITY Od
(¥00T

‘€002 ‘9100T

®1002T ‘6661)
Te 39 QIOYIN

{(€007) ly Sp1jOS-1jeMm
oONIN Ty dy 160 9-C  S€T 99t°0 8L°0 S ST L60 991 Ty aem-nry OdU
(002
‘€00T ‘41002
8100T ‘6661) uo I
Te 30 QIONIN  HEIUdULIDJ 6€T
‘(€007)  onoyoore 88 [0  SHT I $S¥°0 80 0 ST 9680 6
I[ONIN WY 8FI-0 SYT  S€T IS0 80 ¥ST S9  9¢8°T  ¥S°C T spijos-pem-1ry O
(S002) Te 10
@M\/OMGOESm
‘($002)
H\wcvﬂcoaﬁm
‘(2002)
Te 30 eASSEN 3 ¢1-6¢0 $ST  SE€T  ¥SHO 80 S ST SO'1 6 yoreq uonnjos DN DA
mﬁzom
-(%T1) uonnjos
OIND-1IY
mﬁEOmJHBkab{
(e2007) Topem-Iry
e 30 QISYIIY dy  §'1-60 9-T  SE€T  ¥SH0 80 S ST SO'T 6 yoreq 1M O
m\Eo ZH o wo wo w wo 30@
0UdIJOY 102[qng n a V 32 °p y dy ’1 ’ad aseyq woIsAg adL,

‘uwnjod dyed Sunesodioar oY) 03 PRI YoIedsal snoiAdld Jo MIIAIDAQ €[ 9[qe ] JO uonenunuo))

14



“dnpjoy ses — %2 pue ‘vondwnsuos 1omod — g ‘wonoq

uwnjod ayj Je uorjelreA anssaid — dy “JUI01Jo00 JQJSURI) SSBUW JLIIOWN|OA — ply QUIIOIJO0O J9Jsuel) ssew pinbi| — Ly quaIo1jo05 uoisIodsIp [erxe —

‘I7 “oz1s doIp/o[qqnq — 9p ‘edle [BIORJIIUI O1J103ds — » SJOQUIAS "UWN[09 JSIp SuneIqia — DA pue ‘sodessed [ejuowdas — 4§ ‘uwnjod 9jeyd Suneosoidioar
adKy-eyzeyooid — DIUd ‘Teysuen ssewr — [N ‘uwnjoo dje[d Sunesordroar adAy-1rey] — DL ‘TeJsuen; jeay — [ H ‘uwnjod 9jefd Suneosoidroar-Sunejor
PUQAY — DIYYH ‘Uonezifensia mofJ — A ‘(910y [enuad yym ojerd) uwmnjod 9jerd Sunesordioar odK1-prreg — DAY SUIXIW [BIXE — Y SUONRIAJIQY ,

uononpold
[9S91polq
(6107) T8 “Surjopowr pIe[ 9)seM
19 JTAOUIPE[IA onaury| - 0T 01 IS0 90/80 ¥S°C €9 0¢ ¥s'C L ~HOM-[oueyoN 2dIA
uononpoid 1o
(S102) 1210 [9sa1po1q “HO>I-[oueyjow
dI-Iraoxuey “p - 0T 01 IS0 90/80 ¥S°T €9 0¢ 124 W ‘[ro-[ouByIN DdIA
(¥102) - C SET 9910 80 S Sl €Sl 991 o
Ao USWELS - vC 0l IS0 90/80 ¥S°C €9 0¢ 124 L ~“HOX-[oueyioN oddA
uononpoid
[9sa1polq See [to
(80107) T80 ‘D -HO>I-[ouejowt
E>0v_co:§mm “p i cdy - ¢-¢ 01 IS0 9°0/80 ¥SCT €9 0T 124 W ‘[1o-JouryId N oddA
P
2°q “e7107)
HjiueunIes| 0°¢
pue oy Ies ¥'0°9°0 ‘S'e
uereyoseueyq v P 2 T 0€0 01 80 ‘0T 91 1 001 T REM-ITY  DdYYH
(9 °e0107) YTy §TT
TprueunIes oy e 0¢0 Sy 91
pue ‘Furxrw hL I0)eM-ITY
ueleseseury( [BIXY -81'e S'1-0 01 80 Sy Sl 4! 001 T e DdUAH
s/ ZH ww wo wo w u MO[J
0UdIJOY 102[qng n a V 32 °p y dy ’1 ’ad aseyq woIsAg adL,

‘uwnjod dye[d Suneoodioar oY) 03 PRI YoIedsal Sno1Adld Jo MIIAIDAQ €[ d[qe ] JO uonenunuo))

15






2. FLOW REGIME AND MODELS IN RECIPROCATING PLATE
COLUMNS

2.1. Regime flow

The fluid dynamics within a reciprocating plate column are intricately linked to
the reciprocal motion of the perforated plates. This movement gives rise to distinctive
flow phenomena between adjacent plates, as depicted in Figure 2.1 (Brauer, 1985,
1991). As the perforated plates ascend, they compel liquid jets to traverse the
openings in a downward trajectory, forming individual ring vortices with cross
sections labeled as 1a and 1b (Figure 2.1a). However, a pivotal transformation takes
place when the direction of the perforated plate motion is altered, inducing a
corresponding shift in the direction of fluid flow within the jets. Simultaneously, this
alteration gives rise to the emergence of novel ring vortices (Figure 2.1b). For
example, jet 2 becomes encircled by vortex 2, characterized by cross sections 2a and
2b. Remarkably, the fluid circulation within vortex 2 aligns with the circulation
observed in vortex 1 despite the modification in the jet flow direction. Consequently,
the reversal of perforated plate motion leads to the disintegration of ring vortex 1
while simultaneously fostering the formation of ring vortex 2. This intricate interplay
of plate movement and fluid dynamics underscores the dynamic and responsive
nature of reciprocating plate columns, contributing to their effectiveness in various
applications.

(a) Jet ] (b)
N I

$.

i | [
® [T

8

1| [/ /sl |

la

I 1 ] |

d W, NS A

I i~ W1 1
Jet 2

Figure 2.1 Characteristic fluid flow between two adjacent perforated plates in a single-phase

system in a reciprocating plate column (Brauer, 1991): (a) upwards motion of plates and (b)

downwards motion of plates.
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The oscillating motion of the liquid jets, accompanied by the formation and
dissolution of vortices, constitutes the secondary liquid flow within the reciprocating
plate column. In contrast, the primary liquid flow involves the movement of the
liquid through the column facilitated by a pump, but this superficial liquid velocity
remains notably lower when compared to the maximum velocities of the jets and
vortices. Each volume element within the reciprocating plate column corresponds to
the interplate space occupied by one jet along with its surrounding ring vortex. The
entire reciprocating plate column volume comprises numerous such elements
arranged in parallel and sequence. As the perforated plates cyclically change
position, the liquid undergoes a dual exchange. Firstly, it is exchanged between
adjacent volume elements in the vertical direction due to the jet movements.
Secondly, in the horizontal (i.e., radial) direction, this exchange results from the
formation and dissipation of vortices. This periodic exchange of liquid engenders
vigorous mixing within the interplate spaces, ensuring uniform conditions
throughout the reciprocating plate column. The intensity of this mixing is further
amplified by the turbulence generated at the interface of the jets and vortices,
resulting from the shear forces at play. In this process, the energy transition from the
jets to the ring vortices serves as an energy reservoir, supplying the requisite energy
for the robust turbulent transfer of momentum. This mechanism significantly reduces
the reliance on molecular transfer mechanisms (Brauer, 1991).

In multiphase reciprocating plate columns, the fluid dynamics are contingent on
several factors, including the reciprocal motion of the plates, the superficial gas and
liquid velocities, and the nature and concentration of solid particles. Under
conditions of gassed flow, when the direction of jet flow changes twice during each
cycle, gas bubbles are compelled to move in tandem with the liquid. This motion
leads to cyclic occurrences of bubble coalescence and dispersion (Brauer, 1991).
Furthermore, the interfacial mass transfer between gas and liquid, though unsteady,
takes place under the most favorable conditions.

A visual examination of gas-liquid dispersion reveals four distinctive dispersion
states, which vary depending on the reciprocating intensity and gas flow (Boyle,
1975; Veljkovi¢ and Skala, 1986): segregated dispersion, homogeneous dispersion,
cellular dispersion, and ‘slug’ bubbles. In Figure 2.2, photographic evidence shows
cases of dispersed air bubbles within a gassed reciprocating plate column filled with
water, captured at two different amplitudes and frequencies of the reciprocating plate
motion. As the reciprocating amplitude and frequency increase, signifying higher
reciprocating intensity and power consumption, there is a notable reduction in bubble
size. Consequently, at a constant flow rate, the number of bubbles increases
significantly, leading to an enhanced distribution of bubbles within the liquid. These
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photographs vividly depict various dispersion states attainable in gassed
reciprocating plate columns.

Figure 2.2 Photographs of the gas-liquid dispersion in a reciprocating plate column with the
countercurrent gas-liquid flow: (a) 4 = 0.65 cm, f'=1.17 Hz, (b) A = 0.65 cm, f=6.17 Hz,
() 4=2.00 cm, f'=1.17 Hz, and (d) 4 = 2.00 cm, f'= 6.17 Hz (D, = 2.54 cm, n, = 65, d, =
0.8 cm, cm, €= 51%, u, = 0.823 cm/s, and u; = 0.443 cm/s).

A segregated dispersion state, often likened to a ‘mixer-settler,” is observed at
relatively low reciprocating intensities. Here, as the gas traverses the plate openings,
it is fragmented into small bubbles of nearly uniform size (Figure 2.2a).
Subsequently, as these bubbles pass through the plate openings, they coalesce into
larger ones, accumulating beneath the following plate (Figure 2.2c). Consequently,
while there is a modest rise in reciprocating intensity, the gas holdup experiences a
slight decline.

At higher reciprocating intensities and gas flows, a homogeneous dispersion is
formed. Shear forces, resulting from more intensive mixing, prevent the coalescence
of bubbles created in the plate openings. As a result, bubbles are similar in size and
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shape (Figure 2.2b). As the gas flow increases, the bubble size and gas holdup
increase. This flow regime provides optimal conditions for efficient mass transfer.

At a high gas holdup, there is an increased coalescence of tiny bubbles into larger,
spherical, and densely packed bubbles in the spaces between the plates and the
formation of a cellular dispersion (Figure 2.2d). As the bubble size increases, the
mass transfer rate decreases.

A further increase in the gas flow rate leads to the formation of slug bubbles,
which cannot be broken into smaller bubbles using a reciprocating plate stack. Gas
‘slugs,” due to their number and the volume they occupy, limit the mass transfer in
the reciprocating plate column. Therefore, the gas flow rate at which gas ‘slugs’
occur represents the maximum gas flow rate in the RCP (Boyle, 1975).

2.2. Flow models

The description of liquid flow within a reciprocating plate column relies on two
fundamental models: the quasi-steady-state model and the acoustic flow model.
During a single cycle of reciprocating plate movement, variables such as the velocity
of the reciprocating plate, the pressure at the column bottom, and the power
consumption exhibit time-varying patterns.

The quasi-steady-state flow model, formulated initially by Jealous and Johnson
(1955) for pulsed extraction columns, has been extended to encompass reciprocating
plate columns (Hafez and Prochazka, 1974a; Hafez and Baird, 1978). It assumes
these dynamic variations are steady-state and align with their respective mean values
over an extended time interval. This model further assumes that the liquid flow
within the reciprocating plate column is fully developed at each moment of the
reciprocating plate's movement. It is a valuable tool for characterizing instantaneous
alterations in the plate velocity, the pressure at the column bottom, and power
consumption (as elaborated in Chapters 2, 3, and 4). One integrates the instantaneous
changes over a single cycle interval to obtain mean values akin to a quasi-steady
state. It is pertinent to note that the applicability of the quasi-steady-state flow model
is corroborated when the reciprocating amplitude surpasses the threshold of 1 cm
(Baird et al., 1996). This model plays a pivotal role in deciphering the dynamic fluid
behavior within reciprocating plate columns, offering valuable insights into their
operational characteristics.

In cases characterized by small reciprocating amplitudes, typically spanning a
few millimeters, there exists a noticeable deviation of the measured mean power
consumption from the Equation derived from the quasi-steady-state flow model, as
initially outlined by Hafez and Baird (1978). This deviation was subsequently
confirmed by Baird and Stonestreet (1995), specifically within a reciprocating plate
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column featuring a central orifice. In response, they developed an alternative model
known as the acoustic flow model. The essence of this model lies in the fact that
most external energy dissipates close to the perforated plates, mirroring the behavior
observed in acoustic flow systems (Panton and Goldman, 1976). Nonetheless, the
impact of liquid viscosity varies with the frictional interaction between the liquid and
the plates at different liquid velocities through the plate openings. These variations
are particularly pronounced in regions where jets and vortices are generated (Panton
and Goldman, 1976). In scenarios characterized by subsonic frequencies (below 20
kHz) and relatively substantial reciprocating amplitudes ranging from 0.5 to 4 mm,
the kinematic liquid viscosity exerts minimal influence on energy dissipation, as
Mackay et al. (1991) affirmed. Within the framework of the acoustic flow model, an
introduction of eddy viscosity becomes imperative. This eddy viscosity is directly
proportional to the product of the angular frequency squared and the mixing path, as
articulated by Baird and Rama Rao (1995) and further supported by Baird et al.
(1996). In turbulent flow regimes, this eddy viscosity effectively supplants the role
of kinematic viscosity, accounting for the observed deviations and providing a more
accurate representation of the energy dissipation process. Following this model, the
power consumption is proportional to 42, i.e.:

3 42
P:%z_plnpr(Mf) A, 2.1

&
where p is the liquid density, #np is the plate number, Dc is the column diameter, 4 is
the amplitude of reciprocation motion, fis the frequency of reciprocation motion, /m
is the mixing path, and ¢ is the fractional-free plate surface.

The ‘acoustic’ flow model is applicable for reciprocating amplitudes less than
critical, which is defined as follows (Baird and Rama Rao, 1995):
4, -1,22.C2 (2.2)

4 l1-¢

where A is the critical amplitude, /n is the mixing path, C, is the plate opening
coefficient, and ¢ is the fractional-free plate surface.
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3. RECIPROCATING PLATE STACK VELOCITY

The defining characteristic of reciprocating plate columns lies in the motion of
the reciprocating plate stack as it traverses the column, propelled by a driving
mechanism housing a variable-speed motor. The transmission mechanism
responsible for this dynamic movement is visually outlined in Figure 3.1. At its core,
this mechanism features a disc linked to the plate stack carrier through an eccentric
connection and a tie-rod. Notably, the disc maintains a steady angular velocity
throughout its operation. This continuous angular motion directly translates into the
reciprocating agitator's vertical oscillation within the column. Notably, the agitator
exhibits the same angular frequency as the disc and an amplitude equivalent to the
disc's radius, which coincides with the reciprocating amplitude. The ability to fine-
tune the reciprocating amplitude and frequency is achieved through simple
adjustments. Altering the disc's radius or modifying the motor's rotating speed offers
a flexible way to customize these critical parameters.

3 '_iy
II¢

Figure 3.1 Scheme of the transmission mechanism (Bankovi¢-Ili¢, 1993).

The displacement of the reciprocating agitator varies during one cycle:
y=l+r-z (3.1)
where y is the displacement of the reciprocating agitator during one cycle, / is the length of

the tie-rod, r is the radius of the disc, and z is the distance between the center of the disc and
the starting end of the tie-rod.
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The distance between the center of the disc and the starting end of the tie-rod is:
z=rcos@+Icosa (3.2)
where @1s the angular distance of the disc and a is the angular distance of the tie-rod,
while the ratio of the radius of the disc and the length of the tie-rod is defined by
Equation (3.3):

r A
s=T= (3.3)
where s is the disc radius-to-tie-rod length, r is the radius of the disc, / is the length of
the tie-rod, and 4 is the amplitude of the reciprocation motion.

The mean change in the angular distance of the disc is:

O=wt=2rxft 3.4)
where @ is the angular velocity, fis the frequency of the reciprocation motion, and 7 is time.

After expanding Equation (3.1) into the Taylor series and neglecting all terms
except the first, the displacement of the reciprocating plate stack can be described as
follows:

yzA(l—cosZﬂfl)+%Asin2 2r ft (3.5)
The reciprocating plate stack velocity has the following form:
u, =%=27zAfsin27rft(1+scos27rﬁ) (3.6)

where us is the reciprocating plate stack velocity.
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4. THE PRESSURE VARIATION AT THE BOTTOM OF
RECIPROCATING PLATE COLUMNS

A theoretical analysis of pressure change and power consumption in a single-
phase (liquid) system was performed by Hafez and Prochazka (1974a, 1974b). In the
case of two-phase (gas-liquid) systems, the theoretical analysis is more complex due
to the compressibility of the gas phase. By neglecting the change in gas density due
to the change in the pressure in the column at low gas velocities and agitation
intensities, the limiting case of the simplified system behavior analysis is reached.
The pressure variations observed at the column bottom are influenced by a
combination of forces, as outlined in previous research (Hafez and Prochazka,
1974a; Hafez and Baird, 1978). These forces include:

(a) Inertia force resulting from the reciprocating plate movement and the motion

of the liquid adjacent to the plates.

(b) Friction force arising from mechanical contacts between the plates and the
column wall and between the liquid and moving and stationary components
within the column.

(c) Gravity force due to the weight of the reciprocating plate stack.

(d) Buoyancy force caused by the difference in pressure between the top and
bottom of an immersed reciprocating plate stack, resulting from displacing a
particular liquid volume.

Except for the pressure resulting from gravitational and buoyancy forces, the
pressure variation at the column bottom has a periodic character. Hence, the induced
liquid flow is in a non-steady state. At the same time, the reciprocating plate stack is
also moved unsteadily.

The instantaneous pressure on the column bottom can be related to the
instantaneous force applied to the perforated plate stack with the help of a momentum
balance for a controlled volume of the reciprocating plate column filled with a liquid
between z = z1 and z = z; (Figure 4.1). In addition, for a continuous reciprocating
plate column, both boundary surfaces are sufficiently far from the top and bottom
plates of the reciprocating plate stack, so the flow through the column can be
regarded as an ideal plug flow. Moreover, the system is closed as its boundaries move
with the liquid.

In other words, it is assumed the controlled volume does not undergo
acceleration. However, a slight liquid displacement occurs for a batch reciprocating
plate column when the perforated plate carrier enters the controlled volume at z = z;.
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This effect can be ignored as the cross-sectional area of the perforated plate carrier
is much smaller than that of the column. Furthermore, the system includes the
reciprocating plate stack, so the forces that act between the perforated plates and the
liquid, being the inner ones, are not included in the momentum balance. This
frictional force is negligible in the case of liquids of low viscosity (Kazi¢, 1979).

l/".u

z Pressure P

—b:m
i |

27727 2272

LA LNl Wil

Pressure P,

J 1
1.‘\ir
(a)

(b)

Figure 4.1 The momentum balance for the controlled volumes in a batch reciprocating plate
column (Bankovic¢-Ili¢, 1993): (a) an entire column with the reciprocating plate stack and
(b) a column part comprising the liquid surrounding a reciprocating plate.

The pressure variation at the column bottom can be determined from the

momentum balance for the controlled volume shown in Figure 4.1a:
ms%+m,ﬂ:(pl—p2)Ac+FS+(ms+m,)g 4.1)

dt dt
where ms and us are the mass and velocity of the perforated plate stack, m and u are
the mass and superficial velocity of the liquid, p1 and p2 are the pressures at z = z)
and z = z, F; is the force exerted by the perforated plate stack on the system, Ac is
the cross-sectional area of the column, g is the gravitational acceleration, and ¢ is
time.

For a particular case of a constant superficial liquid velocity (u1 = const.),
Equation (4.1) is simplified as follows:

di
m == (p = p) A+ E +(m o m)g (4.2)

26



The momentum balance for a moving plate in the controlled volume shown in
Figure 4.1b is as follows:
m, QZS:R—Fp—ﬂ+msg (4.3)
where F, and Fy, represent the force of interaction between the perforated plate stack
and the system and the buoyancy force exerted by the system on the perforated plate
stack, respectively.

The directions of forces, velocity, and acceleration in Equations (4.1), (4.2), and
(4.3) are with a positive orientation pointing downwards. Only the normal
components of the forces are considered.

The force corresponding to the friction of the perforated plates against the
column wall is excluded. The analysis excludes the frictional forces between the
perforated plates and the column wall (solid-solid friction). These forces represent
an additional load on the drive motor shaft but are not considered in the plates and
liquid interaction. A practical method involves measuring two forces to eliminate the
influence of solid-solid friction: the total force exerted on the plate carrier during
regular operation and the force generated when the plates move through an empty
column with a wetted wall. A net force value that effectively isolates the impact of
solid-solid friction is derived by subtracting the latter force from the former.

Regarding the liquid flow unsteadiness in the column, the analysis exclusively
accounts for flow variations induced by the perforated plate movement. This
approach aligns with the established understanding that the overall liquid flow within
the column remains in a steady-state condition. Therefore, the only factor
contributing to unsteady liquid flow is the motion of the perforated plates.

The buoyancy force exerted by the liquid on the perforated plate stack in motion
is defined by the following expression:

F="pg (4.4)
o)

s

where ps and pi are the densities of the perforated plate stack and of the liquid,
respectively.

The force acting between a perforated plate and the system for the steady-state
liquid flow is obtained by combining Equations (4.2), (4.3), and (4.4):
F,=[(p=p)-pgl]a -m g (4.5)

Yo,

s

where [ is the distance between sections 1 and 2 (Figure 4.1a). The first term of the
right side of Equation (4.5) depends on the perforated plate movement and consists
of inertial and frictional components, which have a phase difference of 90°
(Prochazka and Hafez, 1972):
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[(pz _p])_plg(zz —Z ):| A4, = |:@ J‘ 5;,'0 dZ+f]}2:|AL, (46)

t

where u1, is the local instantaneous liquid velocity through the plate openings and
fi2 is the total mechanical energy losses per unit volume of liquid between cross-
sections 1 and 2 (Figure 4a). The integral on the right side of Equation (4.6) expresses
the effect of unsteady liquid flow through the plate openings. Therefore, for a stack
of n, perforated plates, Equation (4.6) should be multiplied by #,.

Calculating the integral in Equation (4.6) presents challenges due to the
complexity of the velocity profile within the system under analysis. An empirical
parameter known as ‘equivalent plate thickness’ (s¢) was introduced as a pragmatic
solution to simplify this calculation. It is defined as the height of the liquid column
that, when passing through the plate opening, shows an inertia equal to that of the
integral mentioned above. By adopting this concept, the inertial term can be
expressed as follows (Hafez and Baird, 1978):

tou,, l1—&( du,
p,j 5;’ dz=pns ( di j (4.7)

2
where C, is the plate opening coefficient (also known as the orifice coefficient), s is
the equivalent plate thickness, 7, is the number of perforated plates, and ¢ is the
fractional plate-free area.

Hafez and Prochazka (1974b) correlated the equivalent plate thickness with the
reciprocating amplitude and frequency, plate opening diameter, and fractional plate-
free area. This empirical correlation was derived from experimental data for the
equivalent plate thickness se using a quasi-steady-state flow model, assuming that
the pressure drop attributed to the flow resistance is approximately the same for
steady-state and unsteady-state flows.

Therefore, the friction term of the pressure variation at the column bottom is
1, (4.8)
2C, ¢

In the derivation of Equation (4.8), it was assumed that the plate opening is constant

Jia= n,p

K

throughout the cycle of the reciprocating movement of the perforated plate stack, and
the fluid flow is fully developed. However, the plate opening coefficient varies with
time depending on the instantaneous perforated plate stack velocity.

Based on Equations (4.6), (4.7), and (4.8), the instantaneous pressure variation
at the column bottom is:

B 1-¢&( du, &
(pZ_pl)_plg(ZZ_Zl)_plnpSeT E +nppl 2C02€2 us

u,| (4.9)
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The inertial component of the pressure variation reaches its maximum at the ends
of the stroke and is proportional to A7. In one cycle of the reciprocating plate
movement, the average inertial component equals zero since there is no overall
acceleration of the liquid in the column. On the other hand, the frictional component
reaches its maximum halfway through the stroke when the reciprocating plate
velocity is the highest and is proportional to (Af)*. In practical conditions, the
maximum of the frictional component is always larger than the maximum of the
inertial component (Hafez and Baird, 1978) by at least two orders of magnitude
(Harikrishnan and Varma, 1992).

Adopting the assumptions of the quasi-steady-state flow model, the

instantaneous pressure variation at the column bottom (Ap) is:
2

l-¢
Ap=n,p, szu

The average pressure variation at the column bottom (Ap ) in one cycle of the

(4.10)

reciprocating plate movement (from ¢t =0 to = 7) is:
1 T
Ap =— | |Apgdt 4.11
p= ! |Apld (4.11)

By combining Equations (3.6) and (4.11), the average pressure variation at the
column bottom is (Bankovié—Ilic’ et al., 1995):

Mpy =1 p == amap ) [— ﬁi) 4.12)

2C2 ? 3z 8

where s is the ratio of the reciprocating amplitude and the length of the tie-rod.

The total pressure variation at the column bottom is defined as the sum of the
pressure variation during the reciprocating plate movement towards the bottom and
top of the column:

AP = AD, +| AP, (4.13)

where Apmin and Apmax are the pressure variations at the column bottom
corresponding to the upstroke and downstroke of the plate stack, respectively. A
typical instantaneous pressure variation at the column bottom for a non-gassed
system (water) is shown in Figure 4.2.

According to Equation (4.10), the pressure variation at the column bottom during
the downward and upward reciprocating plate movement is symmetrical, so it
follows:

n,p, 1= or Ary (4.14)

2C2 2(

while the total pressure variation at the column bottom is:

AP = AD | =
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. l-¢
Ap = }’lpp, w(zﬂAf)z (415)
0

where 4 and f are the amplitude and frequency of reciprocating plate movement; the
product of amplitude and frequency (4f) is referred to as reciprocating intensity.

15

Figure 4.2 A typical instantaneous pressure variation at the column bottom Ap for a non-
gassed system (water, 4 = 2.35 cm, and /= 2.5 s}).

However, it was shown that Apmax>Apmin regardless of the reciprocating intensity
(Bankovi¢-Ili¢ et al., 1995). The pressure variation at the column bottom is
asymmetrical due to the slightly faster reciprocating plate downward movement
caused by the weight of the reciprocating agitator (Rama Rao and Baird, 1988).

Based on Equations (4.15) and (4.12), the ratio of the total and average pressure
variations at the column bottom is as follows:

Apt 2 (4.16)
Ap, 1, 4s s
2 3z 8

Table 4.1 provides a comprehensive overview of the underlying theoretical
Equations used to compute pressure variations at the bottom of pulsed columns and
reciprocating plate columns. However, it is worth noting that the absence of a fully
established physical model presents a challenge in the context of gas-liquid and gas-
liquid-solid phase systems. For gas-liquid systems, the Equations for the pressure
variation at the column bottom are corrected for the liquid holdup (Bankovi¢-Ili¢ et
al., 1995; Boyle, 1975; Veljkovi¢ and Skala, 1986). Empirical correlations in Table
4.2, moving beyond pure theory, are based on these foundational Equations to
provide more practical estimates for pressure variations at the bottom of
reciprocating plate columns.

30



Table 4.1 Theoretical correlations for the pressure variation at the bottom of pulsation and
reciprocating plate columns.

Column Phase flow Correlation Reference
type arrangement
PBC n,p(1=e*)(ay\ Thornton
NAp =" " 7|27
PV 207 (dtj (1957)
PBC n,p(1-&)(1- &) , Miyauchi
Ap = 3 u, and Oya
2€, (1965)
RPC Af=0 n,pu’(1—¢") Noh and
Ap = T o0 Baird (1984)
™ _ nppz(”/o ulo‘_ulz)
b= 22

_mp (=) 1-5 QrAf)

Y
“2Ce |lve 2

. (-¢)

+u) }(ZﬂAf) <<

_mp, [4(1—6) 2z Af _1} Qraf)>> (111'

o 2C,) e’ , £)
RPC Af=0 npp[ulz(l—gz) Yang et al.
bp = Y (1986a)
RPC ™ npl-e)|2( 1 1 1-¢( 1 1
ST Hc *gx)“ﬁ“”u[cux coxj@””"’)z}
RPC ™ n,p,(1 ) ) Harikrishnan
™ 4 :W(u_%) and Varma
’ (1992)
RPC Batch n,p(1-g”) 1 4s 52 Bankovi¢-
\p,, = "216,7282(2”141()2 {2+37r+8] 1li¢ et al.
° (1995)

Abbreviations: PBC — pulsed bubble column and RPC — reciprocating plate column.

Many factors inherently influence the pressure variations encountered at the
column bottom. These encompass the physical and rheological properties of the
liquid, the specific operating conditions employed, the number and geometry of
plates within the system, and the prevailing hydrodynamic flow conditions. As a
tangible illustration, consider Prochazka-type reciprocating plate columns: in cases
where perforated plates feature segmental passages, the total pressure variation at the
base is notably reduced, typically by a factor of 10 to 15 when compared to
perforated plates lacking such segmental passages (Boyle, 1975; Landau et al.,
1976).
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Table 4.2 Empirical correlations for the pressure variation at the column bottom of recipro-

cating plate columns.

System

Correlation

Reference

‘Pure’ liquid Distilled water, sucrose solution, Ap" o 1., (Af)*

and a model dextran fermentation
broth
Water

Water

Water

CMC (1%) solution

Water

Sunflower oil (batch)

Sunflower oil (continuous)

Ap' =0.113n,p,(Af)
Ap,, =0.0317n,p,(Af)
Ap" =0.082n,p,(Af)’
ap,, =0.023n,p,(Af)’
Ap" =657.2(4F)
Ap,, =457.8(A41)"°
A" =314.5(41)"*
Bp,, =115(41)"

Ap” =899 (A1)
Ap,, =615.6(Af)°

Ap” =2.081(4f)">
Bp,, =0.542 (A1)
Ap' =1.652(4f)"
op,, =0.591(A41)"

Veljkovi¢ and Skala
(1986)

Bankovic¢-Ili¢ et al.
(1995)

Bankovi¢-Ili¢
(1999)

Aleksic et al.

(2002a)

Vasic¢ et al. (2005a)

Stamenkovi¢ et al.
(2010)

Gas-liquid

Air-water

Air-water

Air-water

Air-CMC (1 %) solution

Air-water

Air-CMC (0.5 %) solution

Air-CMC (1 %) solution

Ap" =0.0647n, p, (1, )(Af )
Ap,, =0.0176n,p,(1—&,)(Af )’
Ap" =0.1087n, p,(1—£,)(Af )
Ap,, =0.0322n, p,(1—&,)(Af)’
pp" =711.9(41)"

Bp,, =425.4(41)"

Bp =321.5(41)""

Ap,, =115.1(4f)"

Ap” =899(1—5,)(Af)""

Ap,, =615.6(1—&,)(Af )’

Ap' =862.3(1—5,)(Af)'
Ap,, =473.4(1-5,)(Af)"™

Ap" =T740.6(1— &, )(Af)
Ap,, =390.9(1-&,)(A)""

Bankovic¢-Ili¢ et al.
(1995)

Bankovic¢-Ili¢
(1999)

Aleksic et al.
(2002a)

Vasic¢ et al. (2005a)

Liquid-solid

Water-solid (spheres, 8.4 mm, 5
spheres per each second or third
interplate space)

Ap" =0.279n,p,(Af)
Ap,, =0.0322n,p,(Af)*

Bankovi¢-Ili¢ et al.
(1993)
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Continuation of Table 4.2 Empirical correlations for the pressure variation at the column

bottom of reciprocating plate columns.

System Correlation Reference
Liquid-solid Water-solid (spheres: 8 mm, Ap' =699.7(Af)"* Aleksi¢ et al.
0.35-3.2%) (2002a)

CMC (1%) solution-solid
(0.35-3.2%)

Water-solid (spheres: 8.4 mm,
3.8%)

Water-solid (6.6%)

CMC (0.5%) solution-solid (3.8%)
CMC (0.5%) solution-solid (6.6%)

CMC (1%) solution-solid (3.8%)

CMC (1%) solution-solid (6.6%)

Bp,, =458.4(41)"”
Ap* =248.4(4f)""
Ap,, =92.3(4)"°
Ap" =610.7(Af)"
Ap,, =324.6(4f)""
Ap" =425.5(4f)"
Ap,, =265.4(4)”
Ap" =683.7(Af)"**
Ap,, =419.6(Af)
Ap" =416.9(41)""
Ap,, =187.2(4)""
Ap =1276.4(4Af)"
Ap,, =676.1(4)""
Ap,, =255(4f)""
Ap" = 479(41)*

Vasic et al. (2005a)

Gas-liquid-  Air-water-solid (spheres, 8 mm,
solid 0.35-3.2%)

Air-CMC (1% solution-solid (0.35-
3.2%)

Air-water-solid (spheres: 8.4 mm,
3.8%)

Water-solid (6.6%)
Air-CMC (0.5%) solution-solid
(3.8%)

Air-CMC (0.5%) solution-solid
(6.6%)

Air-CMC (1%) solution-solid
(3.8%)

Air-CMC (1%) solution-solid
(6.6%)

Ap” =413.8(Af)*

Ap,, =327.5(4f)"*

Ap" =173(Af)*

bp,, =70.1(41)""

Ap" =610.7(1—¢&,)(Af)"!
Ap,, =324.6(1-&,)(A)"™"
Ap" =425.5(1—¢£,)(A4)"”
Ap,, =265.4(1—¢, (A"
Ap" =683.7(1-g,)(A4f)™
Ap,, =419.6(1-¢,)(A4)
Ap" =416.9(1—¢,)(A/)""
Ap,, =1872(1—&, (A"
Ap" =1276. 41—, )(A)™
Ap,, =676.1(1—¢, (A"
Ap" =947 (1-g,) (4"
Ap,, =255, )(Af)"

Aleksic et al.
(2002a)

Vasic¢ et al. (2005a)

Liquid-liquid Sunflower oil-methanol (1:6
mol/mol)

Ap" =1.158(1—&,)(Af)">
Ap,, =0.428(1—&,)(Af)"

Stamenkovic et al.
(2010)
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The rheological properties of the liquid significantly influence the pressure
variations at the column bottom (Aleksi¢ et al., 2002a; Bankovi¢-1li¢, 1999; Vasic et
al., 2005a). Table 4.3 gives an overview of liquids and their physical properties,
which have been used in researching the hydrodynamics of reciprocating plate
columns. Regardless of the column diameter, the pressure variation at the column
bottom directly correlates with the liquid's viscosity due to the more intense friction
between the liquid and the reciprocating plates. For Newtonian liquids in the
turbulent flow regime (Re > 50), the pressure variation at the column bottom exhibits
a nearly quadratic relationship with the reciprocating intensity, as illustrated in
Figure 4.2.

Table 4.3 Physical properties of liquids (20 °C) used in the hydrodynamic research in
reciprocating plate columns.

Liquid Density, Surface Viscosity,
kg/m? tension, N/m mPas
Distilled water 998 0.0726 1.05
n-Butanol,* 0,5% 997 0.0568 1.22
Sodium sulfite,* 0,8 mol/L 1099 0.0831 1.34
Glycerol,* 40% 1102 - 3.8
Glycerol,* 64% 1166 0.0773 14.6
Glycerol 1258 0.0634 942
CMC,** 1% (D. = 9,2 cm) 1004 - K=0.128 K=0.274
n=0.77° n=10.664
CMC,*® 1% (D, = 2,54 cm) 1005 - K=0.128 K=0.274
n=0.77° n=0.66¢
CMC,** 2% (D. = 9,2 cm) 1009 - K=0.643 K=1.017
n=0.72° n=10.634
CMC,** 2% (D. = 2,54 cm) 1010 - K=1.022 K=1.022

n=0.66° n=0.664
@ Aqueous solutions. ® CMC — Sodium salt of CMC; the solutions have pseudoplastic behavior; K —

coefficient of consistency (Pa-s"); n — flow index (-). © One-phase and two-phase (gas-liquid)
systems. ¢ Two-phase (gas-solid) and three-phase (gas-liquid-solid) systems.

This observation lends credence to the applicability of the quasi-steady-state flow
model (Hafez and Prochazka, 1974a, 1974b). Furthermore, it implies that frictional
losses play a pivotal role in determining the pressure variations at the column bottom.
However, when dealing with non-Newtonian liquids, a departure from this
established model becomes evident, with a more pronounced deviation arising as the
fluid becomes increasingly pseudoplastic. Within the laminar flow regime,
exemplified by a 2% CMC solution, characterized by Re values below 10, the
dependence of the pressure variation at the column bottom on the reciprocating
intensity is almost linear (Bankovi¢-Ili¢, 1999).
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In gas-liquid systems, it is observed that the pressure variations at the column
bottom are relatively smaller when compared to single-phase systems ("pure’ liquid)
(Aleksi¢ et al., 2002a; Baird and Rama Rao, 1997; Bankovi¢-Ili¢ et al., 1993, 1995,
1996, 2004a; Boyle, 1975; Lounes and Thibault, 1993; Stamenkovi¢ et al., 2004;
Vasic et al., 2005a; Veljkovi¢ and Skala, 1986). This difference arises primarily due
to the lower dispersion density and weaker interactions between the reciprocating
plates and the two-phase system, in contrast to the interactions observed in "pure"
liquid systems. Notably, an increase in the superficial liquid velocity (Baird and
Rama Rao, 1997; Rama Rao and Baird, 1986), coupled with a reduction in superficial
gas velocity (Aleksi¢ et al., 2002a; Bankovi¢-I1i¢, 1999), contribute to an increase in
the pressure variation at the column bottom of three diameters 2.54 ¢cm, 9.2 ¢cm, and
16.6 cm, as illustrated in Figures 4.3, 4.4 and 4.5. It is worth noting that this effect
remains consistent regardless of the rheological properties inherent to the liquid
phase (Aleksic et al., 2002a). Furthermore, an increase in the superficial gas velocity
results in a decrease in dispersion density and frictional interactions within the
system, thereby reducing pressure variations at the column bottom. Additionally,
following Equations (4.11) and (4.14), an increase in the number of plates coupled
with a decrease in fractional free plate surface leads to an escalation in the pressure
variations at the column bottom (Rama Rao and Baird, 1986).
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Figure 4.3 Dependence of the total and mean pressure variation at the column bottom filled
with "pure" liquids on the reciprocating intensity: D. = 2.54 cm (A p” — open symbols and
A pay — black symbols; water — circles, glycerol — triangles, 0.5% n-butanol — squares, 0.8 M
Na,SO4 — rthombuses, 1% CMC — stars, and 2% CMC— crosses) (Bankovi¢-Ili¢, 1999).
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Figure 4.4 Dependence of the total and mean pressure variation at the column bottom filled
with "pure" liquids on the reciprocating intensity: D. = 9.2 cm (Ap" — open symbols and
A pav — black symbols; water — circles, glycerol — triangles, 0.5% n-butanol — squares, 0.8 M
Na,SO4 — rthombuses, 1% CMC — stars, and 2% CMC — crosses) (Bankovi¢-Ili¢, 1999).
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Figure 4.5 Dependence of the total (open symbols) and mean (close symbols) pressure
variation at the column bottom filled with "pure" liquids on the reciprocating intensity: D, =
16.6 cm, water — circle, 0.5% CMC — triangle, and 1.0% CMC — square (Vasic et al., 2005a).

The effect of increasing reciprocating intensity on the pressure variation at the
column bottom exhibits an interesting behavior (Bankovi¢-Ili¢, 1999; Bankovi¢-Ili¢
et al., 1995; Rama Rao and Baird, 1986; Veljkovi¢ and Skala, 1986). Initially, the
pressure variation at the column bottom shows a linear increase with reciprocating
intensity, but beyond a certain critical point, it reaches a maximum and subsequently
decreases, especially within the unstable operation regime. The critical reciprocating
intensity at which the pressure variation at the column bottom shows a maximum
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depends on the superficial gas velocity, the reciprocating amplitude, the number of
perforated plates (Veljkovi¢ and Skala, 1986), and the rheological properties of the
liquid (Bankovi¢-Ili¢, 1999). Up to the point of reaching this critical reciprocating
intensity, the average pressure variation at the column bottom is proportional to (4f)",
with the value of the exponent typically falling within the range of 1.67 to 2.1 for
Newtonian liquids (Bankovi¢-Ili¢, 1999; Vasi¢ et al., 2005a). In contrast, for viscous
non-Newtonian liquids, the exponent typically lies in the range of 1.2 to 1.3 (Aleksi¢
et al., 2002a; Bankovi¢-Ili¢, 1999). Notably, a decrease in the value of the exponent
suggests a transition in the flow regime, shifting from turbulent to a regime more
closely resembling laminar flow.

Enhancing the liquid flow rate (Baird and Rama Rao, 1997; Rama Rao and Baird,
1986), alongside reducing the gas phase flow rate (Aleksi¢ et al., 2002a; Bankovi¢-
1li¢, 1999), both contribute to a noticeable increase in the pressure variation at the
column bottom within the two-phase system, as depicted in Figure 4.6. Importantly,
this effect remains consistent regardless of the specific rheological properties
inherent to the liquid phase (Aleksi¢ et al., 2002a).
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Figure 4.6 Effect of the superficial gas velocity on the total (black symbols) and mean (open
symbols) pressure variation at the column bottom (distilled water: u, (cm/s): 0.5 — squares
and 1.5 — triangles; aqueous CMC solution: u; (cm/s): 0.5 — circles and 1.5 — inverted
triangles) (Aleksi¢ et al., 2002a).

When the gas flow rate through the column increases, it reduces dispersion
density and frictional interactions within the system. Consequently, this reduction
results in a decrease in the pressure variation at the column bottom. Furthermore,
augmenting the number of reciprocating plates while concurrently reducing the
fractional free plate surface has intensified the pressure variation at the column
bottom (Rama Rao and Baird, 1986), in line with the theoretical Equations (4.11)
and (4.14).
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Regardless of the type of solid phase placed in the spaces between the perforated
plates (spheres or Rashig rings), the pressure variation at the column bottom in the
case of a two-phase liquid-solid phase system is greater if the solids fraction is larger
(Aleksi¢ et al., 2002a; Bankovi¢-Ili¢, 1999; Bankovi¢-1li¢ et al., 2004a). It results
from a greater frictional interaction of solid particles with the liquid and plates. By
increasing the reciprocating intensity, the pressure variation at the column bottom
increases (Figure 4.7a).

a)

b)

ApPgy , kPa

D‘\
Af, m/s

Figure 4.7 Dependence of the mean pressure variation at the column bottom on the
reciprocating intensity for two-phase (liquid-solid) systems: (a) distilled water and (b)
aqueous 1% CMC solution (&, %: 0 —0, 0.35—0,0.87 — A, 1.74 — V, and 3.2 — O (Aleksi¢
et al., 2002a).

The slope of the straight lines depends on the solids fraction and the
characteristics of the liquid, i.e., the flow regime. In the case of Newtonian liquids,
this slope is approximately 2, regardless of the type of solid particles. In the case of
Rashig rings and Newtonian fluid, the slope decreases with increasing solids
fraction. When a solid phase is inserted into the interspaces between the plates, the
effective free cross-section of the plates through which the liquid flows decreases,
thus changing the liquid flow regime (Aleksi¢ et al., 2002a; Vasi¢ et al., 2005a). In
the case of non-Newtonian liquids (Figure 4.7b), the slope of the straight lines is less
than 2, which, based on the analogy with the behavior of "pure" liquids, is explained
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by a change in the flow regime in the presence of a solid phase. When Rashig rings
are present in the column, the slope of the straight lines is slightly lower in the
presence of solid particles (1,0) than in their absence (1,2). Hence, the contribution
of reducing the free section of the perforated plates due to the presence of solid
particles to the regime change is not significant.

Under the same operating conditions, the pressure variation at the column bottom
with a three-phase system is smaller than in a two-phase liquid-solids system due to
a lower dispersion density (Aleksi¢ et al., 2002a; Bankovi¢-1li¢, 1993, 1999;
Bankovi¢-1li¢ et al., 1993, 1996; Stamenkovi¢ et al., 2004). In the case of viscous
solutions (glycerol and CMC), the pressure variation at the column bottom is greater
than in the case of water due to greater frictional interaction (Bankovi¢-Ili¢ et al.,
1996). Reciprocating intensity, superficial gas velocity, type, and solids fraction
affect the total and mean pressure variation at the column bottom. A decrease in the
superficial gas velocity contributes to an increase in the pressure variation at the
column bottom due to a reduced gas holdup and an apparent increase in the
dispersion density (Figure 4.8). The effect of superficial gas velocity is more evident
in the case of spheres (diameter 8.3 mm) than in Rashig rings (diameter and height
each 8 mm). At the lowest superficial gas velocity, the pressure variation at the
column bottom is greater in the presence of spheres than in their absence. Increasing
the reciprocating intensity increases the pressure variation to a maximum value, then
decreases (Bankovic-1li¢ et al., 1995); Rashig rings, while the case is reversed at the
highest (Veljkovi¢ and Skala, 1986). This change is observed in a 2.54 cm i.d.
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Figure 4.8 Effect of the superficial gas velocity on the total and the mean pressure variation
at the column bottom (spheres — open symbols and Rashig rings — black symbols; u, cm/s:
0.5 — squares, and 1.5 — triangles (Aleksic et al., 2002a).
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reciprocating plate column. In the area of low reciprocating intensity, before
reaching the critical reciprocating intensity, the pressure variation at the column
bottom is proportional to (A4f)", where the exponent 7 is close to 1, regardless of the
column geometry. In the 9.2 and 16.6 cm i.d. reciprocating plate columns, a
maximum is not observed, regardless of the properties of the liquid phase. An
increase in the solids fraction contributes to an increase in the pressure variation at
the column bottom due to greater frictional interactions in the system (Bankovi¢-Ili¢,
1999; Bankovi¢-1li¢ et al., 1996; Vasi¢ et al., 2005a).

400

4

a)

4

a

o 100

, K

Ap or Ap,,

T T - — T
0.03 01 0.2

b)

kPa

Ap or Ap,, ,

0.03 0.1 0.2
Af, m/s

Figure 4.9 Influence of the properties of the liquid phase on the total and mean pressure
variation at the column bottom with a two-phase (liquid-solid) system: (a) D. =2.54 cm and
&=06.6% and (b) D.=9.2 cm and & =3.8% (A p" — open symbols and A p.y —black symbols;
water — circles, 64% glycerol — triangles, 0.5% n-butanol — squares, 0.8 M Na>SO, —
rhombuses, 1% CMC — stars, and 2% CMC— crosses) (Bankovi¢-I1i¢, 1999).
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The properties of the liquid affect the total and mean pressure variation at the
column bottom, independently of the column diameter and the type of system
(Bankovi¢-1li¢, 1999). Larger pressure variations at the column bottom are in the
case of liquids with a lower surface tension than water under the same reciprocating
intensity and superficial gas velocity (Rama Rao and Baird, 1986). More viscous
liquids increase friction between the plates and the liquid and, thus, the pressure
variation at the column bottom (Bankovi¢-Ili¢, 1999; Lounes and Thibault, 1993). In
the case of a non-Newtonian liquid (aqueous CMC solution), due to the more intense
friction between the liquid and the plates, the total and mean pressure variations at
the column bottom are higher than in the case of water (Figure 4.9) (Aleksi¢ et al.,
2002a; Bankovic-Ili¢, 1999; Stamenkovic et al., 2004; Vasi¢ et al., 2005a), under the
same operating conditions. Increasing the degree of polymerization, i.e., CMC's
molar mass, affects the pressure variation at the column bottom, regardless of the
type of system (Bankovi¢-1Ili¢ et al., 2004a).
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5. POWER CONSUMPTION IN RECIPROCATING PLATE COLUMNS

The total external energy in multiphase-agitated contactors depends on aeration
intensity and mechanical agitation. Compressed gas energy is significant at higher
gas flow rates and is calculated based on the gas flow rate. The energy of mechanical
agitation is determined based on the quasi-steady-state flow model (Jealous and
Johnson, 1955). The intensity of mechanical agitation in reciprocating plate columns
is related to the amplitude and frequency of reciprocation, the system's physical
properties, and the column's construction. An overview of the theoretical Equations
for power consumption is given in Table 5.1.

The instantaneous power consumption delivered by the reciprocating agitator to
the system is equal to the product of the instantaneous reciprocating plate stack
velocity us and the force exerted by the reciprocating plates on the system Fy:

pP= 5.1

where Ap is the instantaneous pressure variation at the column bottom and A. is the

cross-sectional area of the column.

Using Equation (4.9) for the instantaneous pressure variation at the column
bottom gives the most commonly used equation for calculating power consumption:
P=npA iu ?

P 1“7c 2C0282 N
where P is the power consumption, 7, is the number of plates, pi is the liquid density,
Ac 1s the cross-sectional area of the column, ¢ is the fractional free plate surface, Co is
the plate opening coefficient, and us is the reciprocating plate stack velocity.

(5.2)

uS

The mean power consumption is calculated by integrating the instantaneous
power consumption, assuming that C, does not vary with time (Bankovi¢-1li¢, 1993;
Lounes and Thibault, 1993):

167°
B”_Tn C2 2(Af)( j (5.3)

where P,y is the average power consumption, and s is the ratio of the reciprocating
amplitude and the length of the tie-rod.

The total power consumption (P°) in incompressible systems is defined as the
product of the total pressure variation at the column bottom and the maximum
reciprocating plate stack velocity:
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2
P = ACAp*us’m = 8713111”01/1C IC_T(;(Af)S [sin27rﬁ (1+s-cos 27rﬁ)] max (5.4)
since the pressure variation at the column bottom and the reciprocating plate stack
velocity are in phase (Hafez and Prochazka, 1974b).

At low reciprocating amplitudes, the acoustic flow model is applicable. For the
turbulent regime of fluid flow through a plate orifice, the Equation describing the
pressure variation at the column bottom due to friction (Panton and Goldman, 1976)
is modified by introducing eddy diffusivity &, which varies proportionally with the
square of the frequency of the reciprocation motion and the mixing path (Baird and
Rama Rao, 1995; Baird et al., 1996):

2

e =12xft) 1, (5.5
where f'is the frequency of the reciprocation motion and /i, is the mixing path. The
average power consumption is proportional to the third power of the frequency and
the square of the amplitude:

3z 3 ool
Po="smp Dl (2mf) 42 (5.6)
where Py is the average power consumption according to the acoustic model.

The dependence of the dimensionless power number on the Reynolds number is
also used to determine the power consumption of reciprocating plate columns. The
power number of a reciprocating agitator is analogous to the power number of a
rotary stirrer. The power number has a constant value in the turbulent flow regime
and depends on the opening coefficient C, and the fractional plate-free area &

342
PO Y b j%(ismj (57)
np(24fY D2 6 & CS\5

where @ is the power number.
In the laminar regime, the power number depends on the Reynolds number
(Lounes and Thibault, 1993):
® oc Re”’ (5.8)
In the case of applicability of the acoustic flow model, the power number is as
follows (Baird et al., 1996):
_l
8 4
The mean and total power consumption of single-phase and multi-phase systems

(5.9)

in reciprocating plate columns depends on several factors, including reciprocating
intensity, superficial gas velocity, plate number and geometry, the cross-sectional
area of the column, and the physical properties of the phases (Table 5.2).
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Table 5.2 Empirical correlations for the power consumption of reciprocating plate columns.

System Correlation Reference

‘Pure’  Water P =2.688-10"n p 2rAf)’ Pavasovi¢

liquid « »P 27 4) (1975)
Water P, =1.742-10"n,p, 2z Af’ Kazi¢ (1979)

Distilled water, sucrose solution,
and a model dextran fermentation
broth

Water

Water

Sunflower oil (batch)

Sunflower oil (continuous)

P’ =2.567-10"n, p, 2z Af)’

P =034n,p,(4f)’
P, =0.0642n,p,(Af)’
P’ =549, p,(Af)’
P, =1.157n,p,(Af)’

P"=6.840(Af)*
P, =1345(41)""
P* =5.432(4f)*
P, =1.434(4f)*"

Veljkovi¢ and
Skala (1986)

Bankovi¢-Ili¢ et
al. (1995)

Bankovic¢-Ili¢
(1999)

Stamenkovic¢ et
al. (2010)

Gas- Air-distilled water, sucrose solution,
liquid  and a model dextran fermentation
broth
Air-water

Air-water

Air-water

P =1.804-10"n,p,(1-¢,) 27 Af )

P =0310n,p,(1-¢, ) (4f )’
P, =0.0664n,p,(1-£,)(Af)’
P =0.199n,p,(1-¢, ) Af )’
P, =0.0403n,p,(1-&,)(Af )’
P =4481n,p,(1-5,)(Af)’
P, =1.034n,p,(1-¢,)(4f)’

Veljkovi¢ and
Skala (1986)

Bankovi¢-Ili¢ et
al. (1993)

Bankovic-Ili¢ et
al. (1995)

Bankovi¢-Ili¢
(1999)

Liquid- Water-solid (spheres, 8.4 mm, 5
solid spheres per each second or third
interplate space)

P =088, p,(Af )’

P, =0.152n,p,(A4f)’

Bankovi¢-Ili¢ et
al. (1993)

Gas- Water
liquid-
solid

P =031n,p,(1-&,)(Af)’
P, =0.0664n, p,(1-&,)(Af)

Bankovi¢-Ili¢ et
al. (1993)

Liquid- Sunflower oil-methanol (1:6
liquid  mol/mol)

P =3.829(1-¢,)(Af)*”
P =1393(1-¢, YAF)*

Stamenkovié et
al. (2010)

Additionally, the type, size, and fraction of solids play a significant role (Aleksi¢

et al., 2003; Naseva et al., 2002). Furthermore, power consumption varies with the
flow regime of the liquid through the plate openings, which changes with the
viscosity of the liquid (Bankovi¢-Ili¢, 1999). In the laminar region, the total and
mean power consumption are correlated with the square of the reciprocating intensity
Af, whereas in the turbulent region, the correlation is with the third power of the
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reciprocating intensity. Empirical correlations for power consumption have the
following form:

PlorP, =k(4f) (1-¢,) (5.10)

where 7 =2 in the laminar flow regime and »n = 3 in the turbulent flow regime. Under
the same operating conditions, the power consumption is greater in a column with
an aqueous CMC solution, a non-Newtonian liquid, than with water due to the more
intense frictional interaction between the plates and the liquid (Figure 5.1).
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Figure 5.1 The influence of reciprocating intensity on the mean and total power consumption
of “pure’ liquids (Pav — open symbols and P — black symbols; distilled water — squares and
aqueous CMC solution — circles) (Aleksic¢ et al., 2003).

As can be seen in Figure 5.2, which shows the dependence of the power number
on the Reynolds number, the general conclusion, which is valid for the mixing of
"pure" liquids in stirred vessels, is also applicable to reciprocating plate column: the
power number decreases linearly with increase of the Reynolds number in the

laminar regime, so that ® «Re,®° and P o (4f)* while it does not depend on the

Reynolds number in the turbulent regime: ® =const and P« (4f)>. When the flow

regime through the plate openings changes from turbulent to laminar, the value of n
in Equation (5.10) changes from 3 to 2. The column and plate geometries have a
negligible influence on the laminar flow regime. However, as the column diameter
increases for a constant fractional plate-free area, the power number increases in the
turbulent region. Conversely, when the column diameter remains constant, the
fractional plate-free area directly impacts the power number.
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Figure 5.2 Dependence of the power number of ‘pure’ liquids on the Reynolds number: 1)
D.=14.96 cm, £=0.12 — @ and &= 0.53 — +: water (Hafez and Baird, 1978); 2) D. = 10.2
cm, €= 0.28: water — ® and 100% glycerol — A (Lounes and Thibault, 1993); and 3) D, =
2.54 cm, £=0.51: water — ©, 64% glycerol — o, 1% CMC — ®, and 2% CMC — ®; D.=9.2
cm, ¢ = 0.45: water — 0, 100% glycerol — A, 69% glycerol — 0, 64% glycerol — o, 40%
glycerol — v, 1% CMC — *, and 2% CMC — x (Bankovi¢-Ili¢, 1999).

An increase in liquid viscosity leads to higher power consumption due to
increased frictional interaction between the plates and the liquid (Bankovic-Ili¢ et
al., 1995). This effect is observed in both Newtonian liquids, such as aqueous
glycerol solutions (Bankovi¢-1li¢, 1999), and non-Newtonian liquids, such as
aqueous CMC solutions (Bankovi¢-Ili¢ et al., 1998b; Naseva, 2002). Furthermore,
with higher concentrations and degrees of polymerization under unchanged
operating conditions, a corresponding increase in power consumption occurs (Figure
5.3).

The power consumption of gas-liquid dispersion also depends on the gas holdup
in the column (Figure 5.4). Increasing superficial gas velocity generally decreases
power consumption across various reciprocating plate column geometries, as higher
gas holdup reduces frictional interaction between the fluid and reciprocating plates
(Aleksi¢ et al., 2003; Bankovi¢-Ili¢, 1999; Bankovi¢-Ili¢ et al., 1998a; Baird and
Rama Rao, 1997; Lounes and Thibault, 1993; Vasi¢ et al., 2006a; Veljkovi¢, 1985;
Veljkovi¢ and Skala, 1986). In both single-phase and two-phase systems, regardless
of column diameter or liquid type, total and mean power consumptions are generally
lower in two-phase systems under similar conditions due to reduced frictional
interaction between plates and liquid.
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Figure 5.3 Influence of the degree of polymerization and solution concentration on the total
(open symbols) and mean (black symbols) power consumption of ‘pure’ liquids (liquid:
aqueous carboxymethylcellulose solutions; PP 50: 0.5% — circles, 1% — triangles, and 2% —
squares; PP 200: 0.5% — rhombuses, 1% — inverted triangles, and 2% — +; PP 500: 0.5% —
crosses and 1% — stars; and PP 1000: 0.5% — dashes and 1% — up dashes) (Naseva, 2002).

The presence of a solid phase in the interplate spaces significantly impacts total
and mean power consumption. Due to friction between solid particles (such as
spheres or Rashig rings), the liquid, and the plates, power consumption increases in
two-phase (liquid-solid) systems with higher solids fractions (Aleksi¢ et al., 2003;
Bankovi¢-1li¢, 1999; Naseva et al., 2002). This effect holds when compared to
single-phase systems operating under identical conditions, irrespective of the
rheological properties of the liquid phase (Figure 5.5). The slope of the log(Pay)-to-
log(P") relationship on log(4f) depends on the properties of the liquid and the solids
fraction, generally decreasing with increasing solids fraction (Figure 5.6). For
distilled water, the slope of mean power consumption changes from approximately
3 in single-phase systems to 2.5 with the highest solids fraction (Aleksi¢ et al., 2003).
This change likely results from reduced effective fractional plate-free area for liquid
flow and a shift in flow regime from turbulent to transitional in the presence of solid
particles. In contrast, the mean power consumption slope for non-Newtonian CMC
solutions with pseudoplastic behavior stabilizes around 2, regardless of solids
fraction, due to laminar or transitional flow through plate openings, whether solids
are present or not (Aleksi¢ et al., 2003).

An increase in the superficial gas velocity at a constant reciprocating intensity
reduces power consumption. It occurs because the increased gas holdup decreases
frictional interaction, regardless of the liquid's rheological properties (Figure 5.7).
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Figure 5.4 Dependence of corrected total and mean power consumption of two-phase (gas-
liquid) systems on reciprocating intensity at a constant superficial gas velocity: a) D. = 2.54
cm and b) D, = 9.2 ¢cm (liquid: water; P* — open symbols and P, — black symbols; single-
phase system — dashed line, us cm/s: 0.5 — squares, 1.0 — triangles, 1.5 — squares, and 3.0 —
stars (Bankovi¢-Ili¢, 1999).

The influence of the solids fraction on the power consumption of three-phase
systems is determined by the rheological properties of the liquid, the superficial gas
velocity, and the reciprocating intensity (Figure 5.6). At a smaller solids fraction
(Naseva et al., 2002), the increase in gas holdup compensates for the intensified
frictional interaction caused by spherical particles, resulting in reduced power
consumption. For a non-Newtonian fluid with a lower CMC concentration (0.5%),
the power consumption is similar for two-phase and three-phase systems when
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Figure 5.5 Dependence of mean and total power consumption of two-phase (liquid-solid)
systems on reciprocating intensity (D. = 9.2 cm): (a) distilled water and (b) aqueous 1%
CMC solution (&5, % vol.: 0 — squares; 0.35 — circles; 0.87 — triangles; 1.74 — inverted
triangles, and 3.2 — rhombuses; P* — black symbols and P, — open symbols) (Aleksi¢ et al.,
2003).

divided by the liquid holdup. However, with a larger solids fraction, the power
consumption is higher. In a more concentrated solution (1% CMC), the presence of
a solid phase increases the corrected power consumption at the lowest superficial gas
velocity (Naseva et al., 2002, 2003), but does not affect power consumption at higher
superficial gas velocities due to the adverse effect of increased gas holdup (Naseva
et al., 2002). The solid phase in the column increases friction, leading to greater
pressure variation at the column bottom and higher power consumption.
Consequently, the power consumption of a system with introduced gas is lower than
that of a system without gas, owing to reduced frictional interaction.

The rheological properties of the liquid significantly influence power
consumption. For non-Newtonian liquids, power consumption is higher than for
water due to more intense frictional interactions between the liquid, reciprocating
plates, and solid particles (Aleksi¢ et al., 2003; Bankovi¢-Ili¢, 1999; Bankovi¢-Ili¢
etal., 1996). Under the same operating conditions, the power consumption of a three-
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phase system increases with the degree of polymerization of CMC, as the increased
viscosity leads to more intense friction between the plates, spheres, and liquid
(Naseva et al., 2003). Similarly, in Newtonian solutions, an increase in liquid
viscosity also results in higher power consumption (Bankovié-Ili¢ et al., 1996).
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Figure 5.6 Effect of a solid phase (spheres: 8.3 mm) on the total and mean power
consumption (liquid: 0.5 % CMC solution; D, = 9.2 cm; u,, cm/s: 0.5 cm/s; liquid-solid
system — squares; three-phase system: &, %: 3.84 — circles; 6.61 — triangles; P* — open
symbols and P,, — black symbols) (Stamenkovic¢ et al., 2002).
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Figure 5.7 Effect of superficial gas velocity on the power consumption of three-phase
systems (distilled water; Rashig rings (0.8 cm): 3.2%; D¢: 9.2 cm; P*— black symbols and
P, — open symbols; ug, cm/s: 0.5 — squares, 1.0 — triangles, and 1.5 — rhombuses; 1% CMC

solution: ug, cm/s: 0.5 — circles, 1.0 — inverted triangles, and 1.5 — stars) (Aleksi¢ et al.,
2003).
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The power consumption of a liquid-solid system follows a proportional
relationship of (4f)", where the exponent depends on the diameter of the column and
the type of liquid (Bankovi¢-1li¢, 1999). For Newtonian liquids, the slope of the total
and average power consumption as a function of reciprocating intensity is higher in
smaller diameter columns (approximately 3) compared to larger diameter columns
(approximately 2). This difference is likely due to increased frictional interactions
caused by a greater number of solid particles in the interplate spaces of larger-
diameter columns. In the case of non-Newtonian liquids, this slope approaches a
value of 2. Solutions with higher concentrations of CMC, characterized by greater
pseudoplasticity, exhibit deviations from values observed in Newtonian liquids
(Bankovi¢-1li¢, 1999). For three-phase systems, the slope of the power consumption
dependence on reciprocating intensity is close to 2. However, this slope tends to be
slightly smaller when there is a higher fraction of the solid particles, irrespective of
the column diameter.

Earlier research in a smaller diameter column indicated that within a solids
fraction range of 3.8-6.6%, the number of solid particles in the interplate space and
their distribution along the column height has a negligible effect on power
consumption (Bankovi¢-1li¢, 1993; Bankovi¢-Ili¢ et al., 1993; 1996; Skala and
Veljkovi¢, 1996). However, a detailed analysis of power consumption for all tested
liquids in two columns (diameters 2.54 and 9.2 c¢m) revealed that the number and
arrangement of the solid particles (Figure 5.8) do impact power consumption.
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Figure 5.8 The influence of the number of spheres (spheres: 8.3 mm) in the interplate space
on the total power consumption of a three-phase system (liquid: water; Dc: 2.54 cm; ug = 0.5
cm/s: 5 spheres per interplate space — o, 5 spheres per second interplate space — A, 5 spheres
per third interplate space — 0, and 10 spheres per second interplate space — m; u; = 1.5 cm/s:
5 spheres per second interplate space — x) (Bankovi¢-Ili¢, 1999).
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Specifically, power consumption in the three-phase system increases with a higher
solids fraction due to increased frictional interactions, with this effect being
particularly significant in the case of water.

The shape and type of solid particles significantly influence overall power
consumption (see Figure 5.9). Under nearly identical operating conditions (solids
fraction and gas flow rate) with a superficial gas velocity of 0.5 cm/s, spheres exhibit
higher power consumption compared to Rashig rings. However, at higher superficial
gas velocities, the trend reverses due to varying effects of solid particles and gas flow
rate on power consumption and gas holdup.
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Figure 5.9 The influence of the type of solid particles (D. = 9.2 cm; spheres: 8.3 mm, & :
3.8 vol.% — open symbols; and Rashig rings: 8x8 mm, & s: 3.2 vol.% — black symbols) on
the total power consumption of three-phase systems as a function of the reciprocating
intensity at different superficial gas velocities: (liquid: distilled water; ugs, cm/s: 0.5 —
squares, 1.0 — circles, and 1.5 — triangles) (Aleksic¢ et al., 2003).
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6. PLATE OPENING COEFFICIENT FOR RECIPROCATING PLATE
COLUMNS

Equation (5.3) can be used to calculate the energy required for mechanical
agitation in reciprocating plate columns, assuming that the reciprocating amplitude
exceeds the critical threshold and the plate opening coefficient is constant. Knowing
the value of the plate opening coefficient is, therefore, critical for calculating the
pressure variation at the column bottom and the power consumption. Physically, the
plate opening coefficient represents the resistance to fluid flow through the plate
openings. Under turbulent flow conditions, the average value of the plate opening
coefficient is nearly constant and independent of the Reynolds number (usually
adopted C, =0,6), while in the laminar regime, it is proportional to the square root
of the Reynolds number (Lounes and Thibault, 1993):

C, =kRe” (6.1)

The plate opening coefficient is influenced by several factors, including the
reciprocating amplitude and frequency, the geometric characteristics of the plates
(Hafez and Prochazka, 1974a,b; Hafez and Baird, 1978), the superficial liquid
velocity (Noh and Baird, 1984), the superficial gas velocity, and the physical
properties of the liquid (Lounes and Thibault, 1993; Boyle, 1975), as shown in Table
6.1. Therefore, calculating the average power consumption using Equation (5.3) is
reliable only when the experimentally determined values of the plate opening
coefficient are known.

The mean value of the plate opening coefficient in the turbulent regime of liquid
flow through the plate openings can be calculated using Equations (4.11) and (4.14).
This calculation is based on measured values of the total and mean pressure
variations at the column bottom. It can be performed using individual measurements
of these pressure variations at the corresponding reciprocating intensity:

r 0,5

- 1-& (2z4fY)

Co = _nppl (1—8g)?A—p* (62)
| (1 as 2\rar) ]

= l-¢ s S V4

C, = 1- -+t |— 6.3
nr’pl( ‘gg) 2g? (2+37r+8j Ap.. } (6.3)

or from the slope of the linear relationship between the pressure variations at the
column bottom and the squared reciprocating intensity (Bankovi¢-Ili¢ et al., 1997).
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This calculation method is not applicable in laminar and transitional flow regimes
due to the dependence of the plate opening coefficient on the Reynolds number.
Instead, Equation (6.1) is substituted into Equation (4.9) and then integrated into the
calculation. The mean value of the plate opening coefficient in these regimes is
determined as follows (Lounes and Thibault, 1993):

c, {znppl(l_gg)(l_fzﬂ (24f) (6.4)

Ap,, 3

Bankovi¢-Ili¢ et al. (1997) developed a procedure to calculate the plate opening
coefficient independently of the fluid flow regime. This method assumes that the
plate opening coefficient varies with time during one cycle of the reciprocating
motion. The variation in the plate opening coefficient over time is due to changes in
the reciprocating plate stack velocity, and consequently, the liquid velocity through
the plate openings (Hafez and Prochazka, 1974a, b; Hafez and Baird, 1978). First,
the instantaneous value of the plate opening coefficient is calculated based on the
instantaneous pressure variation at the column bottom and the instantaneous
reciprocating plate stack velocity (Bankovi¢-lIli¢ et al., 1997):

0.5
1-¢&* u,|u,
C, {nppl(l—gg) T A } (6.5)
Then, its average value is calculated as follows:
1 T
C.=|=|C.(t)dt 6.6
{Tj (1) } (6.6)

where C, v is the time-averaged plate opening coefficient, Co(?) is the instantaneous
plate opening coefficient, 7T is the period of time under consideration, and ¢ is time.
A recorded or processed signal of the pressure variation at the column bottom can be
used in this calculation.

Figure 6.1 illustrates typical variations in the square of the plate opening
coefficient, the pressure variation at the column bottom, and the reciprocating plate
stack velocity over one movement cycle. The pressure changes asymmetrically
during the up-and-down movement of the reciprocating plates (Bankovi¢-Ili¢ et al.,
1995; Rama Rao and Baird, 1988). The figure shows the recorded and processed
pressure signals, along with the square of the plate opening coefficient calculated
using Equation (6.5). The maxima of all the curves are in phase, indicating that the
plate opening coefficient reaches its peak value when friction losses are at their
highest and drops to zero when the reciprocating plate stack velocity and pressure
variation at the column bottom are zero. Consequently, the maximum values of the
plate opening coefficient, calculated based on the processed pressure variation signal
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at the column bottom, are approximately 30% higher than the corresponding mean
value (Table 6.2).
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Figure 6.1 Changes in the vibrating plate velocity, the pressure at the column bottom, and
the square of the plate opening coefficient with time during one cycle of reciprocating

motion (liquid: distilled water; D. = 9.2 cm; f= 5,9 Hz; Ap and CO2 : solid line — recorded
signal, and dashed line — processed signal) (Bankovi¢-1li¢ et al., 1997).

The values of the plate opening coefficient calculated from the processed
pressure signals are slightly lower (by 4.5%) than those determined from the
recorded pressure signals at the column bottom (Figure 6.2). Occasionally, the plate
opening coefficient exceeds 1, which is not unexpected, particularly at higher
frequencies and in two-phase gas-liquid systems. At higher frequencies, interference
occurs between the plates and the fluid streams through the individual openings.
When the plates move quickly, the time required to reach maximum column pressure
is too short, which would otherwise be attained if the plates were moving at a
constant speed (Lounes and Thibault, 1993).

The values of the plate opening coefficient vary depending on whether they are
calculated based on the total or mean pressure variation at the column bottom.
Additionally, different researchers have reported varying findings. For instance,
Bankovi¢-Ili¢ et al. (1997) found that, in the turbulent flow regime, the plate opening
coefficient calculated from the mean pressure variation at the column bottom is
slightly higher (about 6.9%) than that calculated from the total pressure variation at
the column bottom, regardless of column geometry and liquid properties (Table 6.2).
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Figure 6.2 Comparison of plate opening coefficients determined based on the processed and
recorded pressure signals at the column bottom: (a) gas-liquid and (b) liquid (D., cm: 2.54 —
black symbols, and 9.2 — open symbols; water — circles, 0.5% n-butanol — triangles, 0.8M
sodium sulfite — squares, 40% glycerol —+, 64% glycerol — inverted triangles, 100% glycerol
—*, 1% CMC — rhombuses, and 2% CMC — + squares and X squares, respectively; adapted
from Bankovi¢-Ili¢ et al., 1997).

Conversely, other researchers (Rama Rao and Baird, 1988; Lounes and Thibault,
1993) reported that, for water, the plate opening coefficient calculated from the total
pressure variation at the column bottom is significantly higher than the value
calculated from the mean pressure variation at the column bottom.

In the turbulent liquid flow regime (single-phase system), the mean plate opening
coefficient calculated using Equation (6.6) based on the processed pressure signal is
16.2% lower than the mean plate opening coefficient calculated from the mean
pressure variation at the column bottom using the same Equation (Table 6.2). This
discrepancy is due to different assumptions made in deriving these equations.
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Equations (6.2) and (6.3) assume a single, constant value of the plate opening
coefficient throughout the reciprocating cycle, whereas Equation (6.6) accounts for
the time-varying nature of the plate opening coefficient. Additionally, the mean plate
opening coefficient calculated using Equation (6.3) is 9.9% lower than the maximum
value in both single- and two-phase systems. Conversely, in the laminar flow regime,
there is relatively good agreement between the values of the plate opening coefficient
calculated using Equations (6.4) and (6.6), as shown in Figure 6.3.
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Figure 6.3 Comparison of the value of the plate opening coefficient calculated based on
Equations (6.4) and (6.6) for the laminar regime of the liquid flow (symbols the same as in
Figure 6.2) (Bankovi¢-Ili¢ et al., 1997).

6.1. Influence of reciprocating intensity

Figure 6.4 shows the dependence of the plate opening coefficient, calculated
from the processed signal of the pressure variation at the column bottom, on the
reciprocating intensity for single-phase systems. For low-viscosity liquids (water and
aqueous solutions of n-butanol, sodium sulfite, and 40% glycerol) and medium-
viscosity liquids (64% glycerol solution), the plate opening coefficient remains
constant across the entire range of reciprocating intensity. In this case, the plate
opening coefficient is independent of the liquid phase properties, as indicated by the
data in Table 6.2. However, for more viscous liquids (glycerol and CMC solutions),
the plate opening coefficient increases with increasing reciprocating intensity. In this
case, the plate opening coefficient decreases with increasing viscosity due to the
more intense frictional interaction between the perforated plates and the liquid.

As the viscosity of the liquid increases, the flow regime through the plate
openings changes, as illustrated in Figure 6.5. This figure shows the dependence of
the plate opening coefficient, calculated from the instantaneous pressure variation at
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Figure 6.4 The influence of reciprocating intensity on the plate opening coefficient for (a)
Newtonian liquids of low and medium viscosity and (b) highly viscous Newtonian and non-
Newtonian liquids (symbols as in Figure 6.2) (Bankovi¢-Ili¢ et al., 1997).

10

Re,

Figure 6.5 Dependence of the plate opening coefficient calculated based on the processed
pressure signal on the Reynolds number (symbols as in Figure 6.2; Lounes and Thibault,
1993: water ® and glycerol [1) (Bankovi¢-1li¢ et al., 1997).

the column bottom, on the Reynolds number in the plate opening. For Reynolds
numbers greater than 50, the flow regime is turbulent, and the plate opening
coefficient is constant and close to 1. Conversely, a laminar regime exists for
Reynolds numbers less than 10. Based on data for the plate opening coefficient in
the case of glycerol and CMC solutions in reciprocating plate columns of different
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diameters, the following dependence was established: the plate opening coefficient
is proportional to the square root of the Reynolds number:
C,,, =0,30Re™ (6.7)

aligning relatively well with the findings of Lounes and Thibault (1993), as indicated
by the dashed line in Figure 6.5.

6.2. Effect of superficial gas velocity

Figure 6.6 illustrates the dependence of the plate opening coefficient, calculated
based on the mean pressure variation at the column bottom (Equation 6.3), on the
reciprocating intensity at different constant superficial gas velocities. In contrast,
Figure 6.7 shows the dependence of the plate opening coefficient calculated from the
slope of the linear part of the log [Ap/(1-&)]-to-log (A4f) relationship. An increase in
the plate opening coefficient with increasing reciprocating intensity and superficial
gas velocity is observed, regardless of the liquid's rheological properties. The plate
opening coefficient is higher in two-phase systems than in single-phase systems at
the same reciprocating intensity because the pressure variation at the column bottom
decreases with increasing superficial gas velocity due to the lower density of the gas-
liquid dispersion. This effect is further enhanced by the increased local gas holdup
near the plate at higher frequencies and superficial gas velocities, leading to a further
reduction in pressure variation at the column bottom and an increase in the plate
opening coefficient above one (Lounes and Thibault, 1993).
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Figure 6.6 The dependence of the plate opening coefficient calculated from the mean
pressure variation at the column bottom on the reciprocating intensity (D. = 9.2 cm; u,, cm/s:
0.5 — open symbols, 1.0 — black symbols, and 1.5 — bullet symbols; water — circles, 64%
glycerol — triangles, and 1% CMC — squares) (Bankovi¢-Ili¢ et al., 1997).
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Figure 6.7 Dependence of the mean plate opening coefficient, calculated based on the slope
of the linear part of the log [Ap/(1-&)] versus log (Af) relationship, on the superficial gas
velocity (symbols the same as in Figure 6.2) (Bankovi¢-Ili¢ et al., 1997).

6.3. Effects of solid phase

Figures 6.8 and 6.9 show the dependence of the mean plate opening coefficient,
calculated from the mean pressure variation at the column bottom, on the Reynolds
number for three-phase and two-phase (liquid-solid) systems in reciprocating plate
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Figure 6.8 Dependence of the mean plate opening coefficient on the Reynolds number in
two-phase (liquid-solid phase: water — circles and 64% glycerol — tringles) and three-phase

(gas-liquid-solid: water — squares and 64% glycerol — rhombuses; 14, cm/s: 0.5) systems (D.
=2.54 cm; & %: 6.6 —open symbols and 3.8 — black symbols) (Bankovi¢-Ili¢, 1999).
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columns of varying diameters. In the case of a liquid-solid system in a column with
a 2.54 c¢cm diameter, the mean plate opening coefficient remains approximately
constant with increasing Reynolds number until a certain point, after which it
increases. This breaking point corresponds to the critical reciprocating intensity,
where the minimum pressure during the upward movement of the reciprocating
plates approaches absolute vacuum. If the reciprocating intensity exceeds this critical
value, the mean pressure variation at the column bottom becomes lower than
expected based on lower reciprocating intensities, leading to an apparent increase in
the mean plate opening coefficient beyond the breaking point.

In three-phase systems, the plate opening coefficient increases continuously with
increasing reciprocating intensity, similar to two-phase (gas-liquid) systems. The
higher plate opening coefficient in three-phase systems compared to gas-liquid
systems is attributed to gas compression and increased local gas holdup at higher
frequencies, which reduce the pressure variation at the column bottom. The mean
plate opening coefficient also decreases with a higher solids fraction, regardless of
column diameter, due to increased pressure variation at the column bottom.
Compared to three-phase and one-phase systems, the mean plate opening coefficient
in two-phase (liquid-solid) systems is lower (0.99; Bankovi¢-Ili¢ et al., 1995) due to
greater pressure variation at the column bottom.
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Figure 6.9 Dependence of the mean plate opening coefficient on the Reynolds number in
two-phase (liquid-solid) and three-phase (gas-liquid-solid) systems (D, = 9.2 cm; symbols
as in Figure 6.8) (Bankovic¢-Ili¢, 1999).
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In a 9.2 cm diameter column, the plate opening coefficient increases with the
Reynolds number, regardless of the liquid and solids fractions. For a two-phase
system (glycerol-spheres), this relationship can be represented by an Equation of the
following form:

Co =kRe" (6.8)
where m is 0.54 and 0.62 for the solids fraction of 3.8% and 6.6%, respectively.
Equations (6.7) and (6.8) exhibit a similar form, indicating that both the presence of
solid particles and the physical properties of the liquid have comparable effects on
the plate opening coefficient.
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7. GAS HOLDUP IN RECIPROCATING PLATE COLUMNS

The gas holdup is a key hydrodynamic parameter in multiphase reactors, as it
influences both the mean gas retention time and the specific gas-liquid interfacial
area. Methods for measuring gas holdup in reciprocating plate columns can be
categorized into continuous and discontinuous techniques (Skala, 1980). Continuous
methods include light, radioactive, manometric, mean retention time, and electrical
resistance approaches. In contrast, the discontinuous method involves halting both
the gas flow and reciprocating plate motion after reaching a steady state within the
column. The gas holdup is then determined by the ratio of the dispersed gas volume
to the total dispersion volume.

Vg
£g = v (7.1)

Designing multiphase reactors is greatly enhanced when a reliable correlation for
gas holdup is available. Numerous correlations have been proposed to relate gas
holdup in reciprocating plate columns to operating conditions, fluid properties, and
column geometry (see Table 7.1). These efforts to establish a universal correlation
for gas holdup in two-phase reciprocating plate columns can be categorized into two
main approaches.

The first approach involves using the general hydrodynamic equation with a
modified relative velocity (Rama Rao et al., 1983; Rama Rao and Baird, 1988):

i e
Yo Mt A 055 % o9 (7.2)

&, l—eg l-¢

where ug and u are the superficial gas and liquid velocities, respectively, 4 and f are
the amplitude and frequency of the reciprocation motion, respectively, and &, is the
gas holdup.

Equation (7.2) is applicable for countercurrent fluid flow in reciprocating plate
columns within a specific range of diameters (5.08 cm and 9.3 cm), plate opening
diameters (0.3—1.4 cm), and the fractional free plate surface (9-57%) provided that
the gas holdup is less than 0.2. However, this correlation does not accurately reflect
the changes in gas holdup with varying reciprocating intensities. Depending on the
context, the gas holdup either remains constant (Rama Rao and Baird, 1988; Yang
et al., 1986a) or decreases (Rama Rao et al., 1983; Veljkovi¢ and Skala, 1986) as the
reciprocating intensity increases at specific superficial gas and liquid velocities.
Veljkovi¢ (1985) demonstrated that this type of Equation does not hold under all
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aeration and agitation conditions, particularly when examining a broader range of
operating conditions and different geometries with varying physical properties.

Dhanasekaran and Karunanithi (2012a) developed a hybrid column integrating
features from bubble columns, stirred tanks, and reciprocating plate columns through
a novel bevel gear arrangement. This hybrid design modified the internal geometry
of the gas-liquid contactor by combining rotary and reciprocating motions. Their
study revealed that, under countercurrent conditions, the gas holdup in the hybrid
column mirrored that of a traditional reciprocating plate column for an air-water
system. Key parameters such as reciprocating intensity, superficial gas and liquid
velocities, perforation diameter, and plate spacing significantly influenced gas
holdup in both the mixer-settler and emulsion regions. Specifically, the gas holdup
in the hybrid column was found to be 1.2—1.7 times higher in the mixer-settler region
and 2.1-2.7 times higher in the emulsion region compared to reciprocating plate
columns.

A Box-Behnken experimental design within the response surface methodology
was employed to predict the relationship between experimental variables—
reciprocating intensity, superficial gas and liquid velocities, plate opening diameter,
and plate spacing—and the resulting gas holdup (Dhanasekaran and Karunanithi,
2012b). The study analyzed the linear, quadratic, and interactive effects of these
variables on gas holdup. The reciprocating intensity and plate spacing were found to
have a particularly strong influence, while the interaction between reciprocating
intensity and plate spacing, as well as the plate perforation with superficial gas and
liquid velocities, showed significant effects on gas holdup. The correlations between
these experimental parameters and gas holdup were effectively modeled using the
response surface methodology.

Another approach involves using an empirical equation based on power
consumption and superficial gas velocity to calculate gas holdup in both stirred
vessels (Calderbank, 1958) and pulsation columns (Baird and Garstang, 1972). Skala
and Veljkovi¢ (1987b) were the first to develop a correlation specifically for gas
holdup in reciprocating plate columns of this type:

£g =k(P) u,” (7.3)

where & is the gas holdup, P* is the maximum power consumption, u is the
superficial gas velocity, and a, b, and k are the parameters. This correlation, derived
from data on the volume mass transfer coefficient (Skala and Veljkovi¢, 1988), is
valid within the homogeneous regime. In this context, power consumption influences

gas holdup less than gas flow energy, as mechanical energy in reciprocating plate
columns is primarily dissipated near the plates. When aeration is the dominant factor
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over agitation (4f < Af.), the gas holdup is dependent solely on the superficial gas
velocity.

In two-phase reciprocating plate columns, at lower reciprocating intensities, the
gas holdup either decreases (Bankovi¢-Ili¢ et al., 1995; Lounes and Thibault, 1993;
Rama Rao et al., 1983; Sundaresan and Varma, 1990a; Veljkovi¢ and Skala, 1986)
or remains constant (Boyle, 1975; Rama Rao and Baird, 1988; Yang et al., 1986a)
until there is a change in the dispersion structure. This decrease is attributed to the
combined effects of gas bubble and reciprocating plate velocities, which enhance
bubble movement, lead to coalescence, and result in the accumulation of bubbles
beneath the plates (segregated dispersion). When solid particles (such as spheres or
Rashig rings) are introduced, the gas holdup increases with higher reciprocating
intensity and superficial gas velocity (Aleksi¢ et al., 2002; Bankovi¢-Ili¢, 1999;
Naseva et al., 2002; Skala and Veljkovi¢, 1987a; Skala and Veljkovi¢, 1996; Skala
et al., 1993; Veljkovi¢ et al., 1996). Unlike two-phase systems, however, a distinct
transition from segregated to homogeneous dispersion is not typically observed.
Following the minimum gas holdup, there is a near-linear increase with further
increases in reciprocating intensity. This rise is marked by a sharp transition from a
homogeneous to an unstable regime. At higher reciprocating intensities, the gas
holdup increases significantly due to the comminution of bubbles, which is a result
of enhanced shearing forces and increased resistance to gas flow through the plate
openings, leading to prolonged gas retention in the column (Veljkovi¢ and Skala,
1986).

The 'critical' reciprocating intensity is the point at which gas holdup in a two-
phase system reaches its minimum value. This intensity is influenced by factors such
as the type of plates, the physical properties of the liquid, and the superficial gas
velocity. In a Karr-type reciprocating plate column, the 'critical' reciprocating
intensity is relatively insensitive to changes in superficial gas velocity (Veljkovi¢
and Skala, 1986). The transition from segregated to homogeneous dispersion is
determined by the properties of the gas-liquid system and the geometry of the plates
(Rama Rao et al., 1983). In contrast, for a Prohaska-type reciprocating plate column,
the 'critical' reciprocating intensity increases with higher superficial gas velocity
(Gomaa et al., 1991). For a vibrating disc column, however, it is more dependent on
the physical properties of the liquid (Miyanami et al., 1978).

Typical relationships between gas holdup and reciprocating intensity at a given
superficial gas velocity in a three-phase reciprocating plate column are illustrated in
Figure 7.1. At low reciprocating intensities, gas holdup measurements were not
taken, so the characteristic transition from segregated to homogeneous dispersion
observed in two-phase systems was not recorded. Generally, for reciprocating
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intensities greater than approximately 4 cm/s, gas holdup increases with increasing
reciprocating intensity, regardless of the column diameter, because enhanced mixing
promotes bubble dispersion through shear forces, leading to a more homogeneous
bubble distribution between the plates.

In a column with a small diameter (2.54 cm), solid particles act similarly to
perforated plates at low reciprocating intensities, helping to prevent bubble
coalescence and thus maintaining lower gas holdup. As reciprocating intensity
increases, the dispersion of bubbles improves due to more intensive agitation and
interactions with solid particles, causing a sharp rise in gas holdup until it reaches a
plateau. In contrast, in a larger column (9.2 cm diameter), solid particles primarily
facilitate bubble comminution, regardless of superficial gas velocity or solids
fraction. In the largest column (16.6 cm diameter), however, a higher gas holdup is
observed at higher superficial gas velocities with a smaller solids fraction. It is due
to changes in the liquid flow regime through the plate openings, resulting from a
reduction in the effective free section of the plates caused by the presence of solid
particles (Vasi¢, 2005).

The effect of the superficial gas velocity on the gas holdup is very pronounced,
regardless of the type of system and column geometry (Figure 7.1). At low
superficial gas velocities (less than 3 cm/s), the gas holdup increases proportionally
with increased superficial gas velocity due to increased resistance to gas flow
through the plate openings. So it was before in columns of different diameters in the
presence of liquids with different rheological behavior (Aleksi¢ et al., 2002b, 2004;
Bankovi¢-1li¢, 1999; Bankovi¢-1li¢ et al., 1994, 1995, 1996, 2004b; Gomaa et al.,
1991; Lounes and Thibault, 1993; Rama Rao and Baird, 1988; Rama Rao et al., 1983;
Stamenkovi¢ et al., 2005; Vasi¢ et al., 2005b, 2006b; Veljkovi¢ and Skala, 1986;
Skala and Veljkovi¢, 1987a). At higher superficial gas velocities, regardless of the
type of system, gas "plugs" appear in the reactor, and the gas holdup reaches its
maximum value and does not change when the superficial gas velocity is further
increased (Bankovi¢-1li¢ et al.,, 1995; Skala et al.,, 1993). In Prohaska-type
reciprocating plate columns, the gas holdup does not depend on the superficial gas
velocity if it is greater than 10 cm/s (Gomaa et al., 1991).

The impact of superficial liquid velocity on gas holdup in two-phase systems
remains debated. Some studies suggest no significant effect of superficial liquid
velocity on gas holdup (Chen et al., 1986; Rama Rao et al., 1983; Sundaresan and
Varma, 1990a; Yang et al., 1986a), while others argue that increasing superficial
liquid velocity enhances gas holdup (Boyle, 1975; Gomaa et al., 1991; Rama Rao
and Baird, 1988; Veljkovi¢ and Skala, 1986). Notably, this enhancement is typically
observed at superficial liquid velocities exceeding 1.2 cm/s (Skala, 1980). Additi-
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Figure 7.1 Dependence of gas holdup on reciprocating intensity: (a) D. = 2.54 cm, (b) D, =
9.2 ecm (Bankovi¢-Ili¢, 1999), and (¢) D. = 16.6 cm (Vasi¢, 2005) (liquid: water; &, %: 0 —
lines [ug, cm/s: 0—---,0.5 —----, and 1.5 ——], 3.8 — black symbols, and 6.6 — open symbols;
ug, cm/s: 0.5 — circles, 1.0 — triangles, and 1.5 — squares).
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onally, concurrent upward flow generally achieves higher gas holdup compared to
counter-current flow under similar operating conditions (Sundaresan and Varma,
1990a). Conversely, the influence of superficial liquid velocity on gas holdup in
three-phase systems appears negligible (Skala and Veljkovi¢, 1987a; Skala et al.,
1993).

The geometry of the plate plays a crucial role in determining gas holdup within
the column. In segregated mode, bubble size is primarily governed by the diameter
of the plate openings, whereas in homogeneous mode, it is influenced by the bubble
dispersing process. Increasing the diameter of the plate openings in segregated mode
leads to a decrease in gas holdup, while in homogeneous mode, the impact is
negligible. Conversely, increasing the number of plates, thereby decreasing the
distance between them, enhances gas holdup by reducing mean bubble diameter and
increasing resistance to bubble movement (Gomaa et al., 1991; Rama Rao and Baird,
1988; Rama Rao et al., 1983; Veljkovi¢ and Skala, 1986). Irrespective of the
rheological properties of the liquid and the presence of a solid phase, reducing the
fractional plate-free area (Figure 7.2) results in increased gas holdup. This occurs
because reduced fractional plate-free area facilitates gas dispersion and impedes the
flow of gas and liquid through the plate openings (Aleksi¢, 2006).

R / w

fn‘ b)
0.00

0.10 0.15 0.00 0.0

0.00 *
0.00 0.0

0.15

5 5 0.10
Af, m/s Af, m/s

Figure 7.2 The influence of the free surface of the plate on the gas holdup of the two-phase
systems: a) distilled water and b) 1% CMC solution (&, %: 45,4; u,, cm/s: 0,5 —m, 1,0 — @,
and 1,5 — A; & %: 31,9; ug, cm/s: 0,5 - ¥, 1,0 — 4, and 1,5 — *; & %: 26,3; ug, cm/s: 0,5 —
0; 1,0 — o, and 1.5 — A) (Aleksic, 2006).

The presence of solid particles significantly impacts gas-liquid dispersion. The
reciprocating movement of the plates forces the solid particles to move, which helps
equalize the turbulent forces between the plates, prevents coalescence, and promotes
bubble reduction. This movement of solid particles also reduces the intensity of
backmixing and stabilizes column operation (Skala and Veljkovi¢, 1987a). As a
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result, gas holdup is higher in a three-phase column compared to a two-phase column
under identical operating conditions (Figure 7.1). The difference in gas holdup
between three-phase and two-phase columns increases with higher reciprocating
intensity.

Increasing the fraction of Rashig rings in the spaces between the plates up to
3.2% enhances gas holdup as the solids fraction increases (Figure 7.3). For spherical
particles up to 11.2%, gas holdup initially rises, peaks at a solids fraction of 6.6%,
and then declines (Skala et al., 1993). This variation in gas holdup is attributed to the
effect of solid particles on bubble dispersion and coalescence. At lower solids
fractions, particles can move relatively freely between the plates, following the
reciprocating motion. This movement reduces bubble size and increases gas holdup.
However, as the solids fraction increases, particles occupy more space between the
plates, restricting their movement and forming a 'vibrating layer.! At higher
superficial gas velocities, this 'vibrating layer' cannot effectively disrupt the gas
stream, leading to channeled gas movement and the formation of larger gas bubbles,
which decreases gas holdup (Skala et al., 1993).
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Figure 7.3 Influence of the fraction of Rashig rings on the gas holdup: ug, cm/s: a) 0.5, b)
1.0, and ¢) 1.5 (Af, cm/s: 0.045 — circles, 0.06 — triangles, 0.08 — squares, 0.1 — rhombuses,
and 0.12 — inverted triangles) (Aleksic et al., 2002b).

An increase in the size of Rashig rings affects gas holdup (Figure 7.4) due to the
higher input power at the same reciprocating intensity (Bankovi¢-Ili¢ et al., 2004b).
Additionally, Rashig rings disperse gas more efficiently than similarly sized spheres
in reciprocating plate columns of the same geometry under identical operating
conditions (Figure 7.5).

The physical properties of the liquid significantly influence gas holdup. In
solutions of n-butanol, glycerol, and sodium sulfite, the gas holdup is higher than in
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Figure 7.4 The effect of the size of Rashig rings on the gas holdup (distilled water; €, %:
45.4; &, % vol.: 2.66; diameter of Rashig rings, mm: 8 — open symbols and 12 — black
symbols; u,, cm/s: 0.5 — squares, 1.0 — circles, and 1.5 — triangles) (Bankovi¢-Ili¢ et al.,

2004b). e
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Figure 7.5 Comparison of the effect of solid particles on the gas holdup (distilled water; &,
%: 45.4; ug, cm/s: 0.5 — squares, 1.0 — circles, and 1.5 — triangles; Rashig rings with a
diameter of 8 mm: black symbols; &, % vol.: 3.20; spheres with a diameter of 8.3 mm: open
symbols; &, % vol.: 3.80) (Aleksi¢, 2006).

water, regardless of the system type (Bankovi¢-Ili¢, 1999). Pure liquids tend to
promote bubble coalescence, while the presence of dissolved substances, such as
electrolytes and aliphatic alcohols, inhibits coalescence (Petrovi¢, 1989). The highest
gas holdup is observed in n-butanol solutions due to the prevention of bubble
coalescence, with water exhibiting the lowest gas holdup, irrespective of column
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diameter. In non-Newtonian solutions of CMC, gas holdup depends on the solution
concentration and the molar mass of CMC, reflecting changes in the rheological
properties of the liquid phase (Naseva et al., 2002).

Regardless of the degree of polymerization, gas holdup in a two-phase system
decreases with more concentrated solutions (Figures 7.6 and 7.7). For instance, gas
holdup decreases as liquid pseudoplasticity increases (i.e., as the flow index
decreases, as shown in Table 7.2) due to higher CMC concentrations. This trend has
been observed in CMC solutions within a bubble column (Kawase et al., 1992) and
an air-lift reactor with external liquid recirculation (Gavrilescu et al., 1998), resulting
from enhanced bubble coalescence in viscous solutions. Similar effects of
rheological properties on gas holdup were observed in a three-phase system with
CMC PP 200 solution (Figure 7.6).

Table 7.2 Physical properties of CMC solution (Naseva et al., 2002).

Property CMC PP 200 CMC PP 1000

0.5% 1.0 % 0.5% 1.0 %
Density (kg/m?) 1003 1006 1003 1006
Coefficient of consistency (Pas") 0.0154 0.0671 0.4585 3.435
Flow index 0.93 0.85 0.60 0.46
Surface tension (N/m) 0.0871 0.087 0.0883 0.0789

&g

Af, m/s

Figure 7.6 Effect of CMC (PP 200) concentration on gas holdup of two-phase and three-
phase systems at u, = 0.5 cm/s (&, %: 0 — circles, 3.84 — triangles, and 6.61 — squares; CMC,
%: 0.5 — open symbols and 1.0 — black symbols; adapted from Naseva et al., 2002).
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The gas holdup in the three-phase system using a CMC (PP 1000) solution
(Figure 7.7) is influenced by the combined effects of reciprocating intensity,
superficial gas velocity, solids fraction, and the rheological properties (viscosity) of
the liquid on bubble dispersion and coalescence in the spaces between the plates.
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Figure 7.7 Effect of CMC concentration (PP 1000) on the gas holdup of two-phase and three-
phase systems at (a) ug= 0.5 cm/s and (b) u, = 1.5 cm/s (&, %: 0 — circles, 3.84 — triangles,
and 6.61 — squares; CMC, %: 0.5 — open symbols and 1.0 — black symbols) (Naseva et al.,
2002).

In a solution of lower concentration (0.5%), gas holdup in a three-phase system
is higher than in a two-phase system, regardless of superficial gas velocity. However,
at lower superficial gas velocities, gas holdup remains similar for both solids
fractions (Figure 7.7a). In contrast, at higher superficial gas velocities, gas holdup
increases with a higher solids fraction (Figure 7.7b). This suggests that at lower
superficial gas velocities, the spheres' contribution to bubble comminution reaches
its maximum effect at a smaller solids fraction, so increasing the number of spheres
does not further enhance gas holdup (Figure 7.7a). Conversely, at higher superficial
gas velocities, the additional dispersing capacity of a larger number of spheres
becomes effective, leading to increased gas holdup (Figure 7.7b).

In a higher concentration solution (1%), gas holdup is similar in both two-phase
and three-phase systems with a smaller solids fraction (Figures 7.7a and 7.7b)
because the positive effect of the spheres on bubble comminution is offset by the
negative effect of increased viscosity, which promotes bubble coalescence.
However, increasing the number of spheres between the plates enhances the
dispersing capacity, leading to an increase in gas holdup as the solids fraction rises
from 3.84% to 6.61% by volume.
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In a three-phase system with a CMC (PP 1000) solution, gas holdup is higher in
more concentrated solutions across the entire range of reciprocating intensities at
lower superficial gas velocities (Figure 7.7a) and at lower reciprocating intensities
(< 7 cm/s) at higher superficial gas velocities (Figure 7.7b). This effect of liquid
viscosity on gas holdup (Naseva et al., 2002) is attributed to a shift in the flow regime
toward laminar conditions. Consequently, the 'maximum' dependence of gas holdup
on the solids fraction (Skala et al., 1993) occurs at higher solids fractions.

The effect of the degree of polymerization of CMC on gas holdup is influenced
by solution concentration, reciprocating intensity, and solids fraction (Figure 7.8).
For instance, in both two-phase and three-phase systems with a 0.5% CMC solution,
a higher degree of polymerization results in lower gas holdup due to increased
pseudoplasticity, which promotes bubble coalescence (Figure 7.8a). In systems with
a 1% CMC solution and a solids fraction of 3.84%, the degree of polymerization
does not significantly impact gas holdup at low reciprocating intensities. However,
at higher reciprocating intensities, gas holdup is reduced in solutions with a higher
degree of polymerization.
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Figure 7.8 The influence of the degree of polymerization of the CMC solution on the gas
holdup of two-phase and three-phase systems at u; = 1 cm/s: a) 0.5 % CMC and b) 1.0 %
CMC (&, %: 0 — circles and 3.84 — triangles; CMC: PP 200 — open symbols and PP 1000 —
black symbols) (Naseva et al., 2002).

Figure 7.9 compares gas holdup in Karr-type reciprocating plate columns of
different diameters. At identical specific power consumption and superficial gas
velocity, gas holdup remains roughly consistent across three reciprocating plate
columns with similar geometric characteristics (Vasi¢ et al., 2005b).
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Figure 7.9 Dependence of the gas holdup on the specific power consumption (u,, cm/s: 0.5
—circle, 1.0 — triangle, and 1.5 — square): D. =2 .54 cm — black symbols; D = 9.2 cm — open
symbols (Bankovi¢-Ili¢, 1999); and D. = 9.2 cm — crossed out symbols (Vasi¢ et al., 2005b).

Comparisons of gas holdup between reciprocating plate columns and other two-
phase contactors, such as bubble columns, packed columns, and tray columns, reveal
that reciprocating plate columns achieve significantly higher gas holdup.
Specifically, gas holdup in reciprocating plate columns is 50-60% greater than in
pulsed bubble columns and approximately 25% higher than in vibrating disc columns
under similar operating conditions (Gomaa et al., 1991). This enhanced gas holdup
in reciprocating plate columns with segmental passage plates, compared to bubble
columns and stirred vessels, is attributed to the effective mixing and bubble
comminution facilitated by gas passage through the plate openings (Boyle, 1975).

Figure 7.10 illustrates gas holdup data for various systems, including stirred tanks
(ST), bubble columns (BC), air-lift reactors with concentric draft tubes and external
loop circulation (ALCDT and ALELC, respectively), and reciprocating plate columns.
Reciprocating plate columns achieve the highest gas holdup at lower superficial gas
velocities, due to the impact of mechanical mixing on the bubble comminution
process (Bankovi¢-Ili¢, 1999; Bankovi¢-Ili¢ et al., 2001b). As a result, reciprocating
plate columns are particularly well-suited for complex reactions in three-phase (gas-
liquid-solid) systems.
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Figure 7.10 Comparison of gas holdup in different reactors (system: gas-liquid) (Bankovi¢-
Ili¢, 1999): RPC1 — D, = 2.54 cm (Bankovi¢-Ili¢, 1999), RPC2 — D, = 9.2 cm (Bankovi¢-
I1i¢, 1999), BC (Stegeman et al., 1996), ALCDT (Al-Masry and Dukkan, 1998), ALELC
(Gavrilescu et al., 1997, and ST — stirred tank (Gagnon et al., 1998).
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8. BUBBLE SIZE IN GASSED RECIPROCATING PLATE COLUMNS

The dispersion state is influenced by processes involving the formation,
dispersion, and coalescence of gas bubbles (Sundaresan and Varma, 1990a). Bubble
formation occurs due to instabilities in the gas flow as it passes through openings in
the plate, causing the flow to break into individual bubbles. The dispersion of these
bubbles is governed by energy dissipation from reciprocating plates, influenced by
the balance between stabilizing surface tension forces and disruptive local forces
such as shear (Veljkovi¢, 1994). Non-uniform dynamic forces on the bubble surface
can lead to deformation and eventual breakup. According to Kolmogorov's model of
isotropic turbulence (Kolmogorov, 1941), the maximum stable size of a bubble in a
turbulent field depends on the liquid's surface tension and the dissipated energy:

0.6
o

d3.2 - k p102 (P/I/l )0_4 (8‘ 1)
where d5 is the Sauter bubble diameter, P is the power consumption, V1 is the liquid
volume, p is the liquid density, o is the surface tension, and £ is the constant; k& =
0.36 for Karr-type plates (Baird and Lane, 1973) and £ = 0.36 for KRIMZ, GIAP,
and Prochazka-type plates (Kostanyan et al., 1980).

As illustrated in Figure 8.1, the bubble diameter decreases with increasing
dissipated energy, regardless of the column diameter. As the total specific power
consumption—encompassing mechanical agitation and aeration—increases, the
Sauter bubble diameter aligns well with Equation (8.1) for water and glycerol
solutions. However, this agreement is less accurate for n-butanol and sodium sulfite
solutions.

Bubble coalescence occurs due to the increased bubble density in the space
between the plates and is influenced by the physical properties and composition of
the liquid, as well as the characteristics of the gas-liquid interface. For instance,
electrolytes, polyalcohols, and fatty acids in aqueous solutions can reduce
coalescence (Veljkovi¢, 1994). Comminution and coalescence are particularly
notable at higher reciprocating intensities and flow velocities. The impact of these
processes is affected by operating conditions (such as agitation intensity and gas and
liquid flow rates), the geometric features of the device and the reciprocating agitator,
and the physical properties of the liquid. These effects are also reflected in the
correlations for bubble size in reciprocation devices, as summarized in Table 8.1.
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Figure 8.1 Effect of agitation on bubble size (Experiments — symbols; Equation (8.1) — lines;
D., cm: 9.2 — open symbols and 2.54 — black symbols; water — circles, solid line, 64%
glycerol — triangles, solid line, 0.5% n-butanol — squares, dotted line, and 0.8M Na,SO, —
rhombuses, dashed line) (Bankovi¢-Ili¢, 1999).

Table 8.1 Empirical correlations for Sauter and mean bubble diameters.

Type of  System Correlation Reference
device
RPC Air-water u 2 Parthasarathy
d;, =1.15(4)*° [J (1981)
1
RPC Air-water  Segregated dispersion - [(4f) < 5cm/s]: Sundaresan and
d,, =0.65( Af)”’m ugo.os uﬁ).zos dofo.lgo.zl Varma (1990a)
Homogeneous dispersion - [(Af )> Scm/ s]:
d}vz — 0'42(Af)—0.l7ug0.3u1—0.38d0—0.180.]6
RPC, SP  Air-water 0.044y *° Gomaa et al.
For ug <0.1 m/s: 4, , = 2 (1991)
2 140.052(4f — 41,
Forug > 0.1m/s: d,, = 0.088 X
© 14+8.716(Af - Af,)"
HRRPC  Air-water w \"8 Dhanasekaran
d =2.778 (—*’j and Karunanithi
(2012¢)
VDC COs-water Af<(APer = 2.4 crvs: d,, =d, (= 0.55cm) ;fl(;j’(;:t)al.
a
Af > (Af) e d,, =d, +0.02624f
VDC COx-water ¢, <0.21: Miyanami et al.
-0.97 2 -0.32 ( 1 978)
d,,=0.12d, [d"j -{p rdf) ddj
’ D, o

Abbreviations: HRRPC — hybrid rotating-reciprocating plate column, RPC — reciprocating plate
column, SP — segmental passages, and VDC — vibrating disc column.
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The photographic method is commonly employed to determine bubble size in
reciprocating plate columns. To minimize the effects of reflection and refraction, a
chamber filled with distilled water is placed around the column. Multiple images are
captured for each operating condition, with a minimum of 250 bubbles analyzed. For
ellipsoidal bubbles, the longer (d1) and shorter (d2) axes are measured, and the
equivalent spherical diameter is then calculated using the following Equation (Skala,
1980):
d=\d  d, (8.2)

The bubbles are then classified based on their diameters. Given that bubble sizes
are typically non-uniform, the mean bubble diameter is computed from the individual
bubble measurements as follows:

n
Snd
i

d, =— (8.3)
Z”f

or Sauter bubble diameter:
Z n;d i3

d3p =1 (8.4)

n

an—diz

where n, is the number of babbles having the size of 4, .

As illustrated in Figure 8.2, increasing reciprocating intensity leads to a reduction
in mean bubble diameter in reciprocating plate columns and vibrating disc columns
due to the enhanced external energy input driving bubble comminution (Bankovi¢-
Ili¢, 1999; Gomaa et al., 1991; Skala, 1980; Sundaresan and Varma, 1990a;
Veljkovi¢ and Skala, 1988; Yang et al., 1986a). This reduction is more pronounced
with higher liquid flow rates, as the turbulent forces contribute significantly to
bubble comminution. The effect of bubble size reduction through turbulent forces is
generally greater than that achieved by bubble collisions with plates (Skala, 1980).
Additionally, the Sauter bubble diameter decreases with increasing reciprocation
acceleration 4/, as the turbulent forces in the plate openings become more effective
at reducing bubble size (Veljkovi¢ and Skala, 1988). When the total power
consumption is below a critical value, the Sauter mean diameter remains unaffected
by agitation intensity. However, when power consumption exceeds this critical
threshold, the mean diameter decreases (Veljkovi¢ and Skala, 1988). The reduction
in bubble size with increased reciprocating intensity is further enhanced in the
presence of coalescence inhibitors (Veljkovic¢, 1985).
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An increase in gas flow rate significantly impacts bubble size due to enhanced
coalescence (Bankovi¢-1li¢, 1999; Gomaa et al., 1991; Veljkovi¢ and Skala, 1988;
Yang et al., 1986a), particularly noticeable at low superficial gas velocities (Gomaa
etal., 1991). Higher superficial gas velocities lead to a broader distribution of bubble
sizes, often manifesting multiple peaks at elevated gas flow rates (Sundaresan and
Varma, 1990a).

There is disagreement among researchers regarding the influence of liquid flow
rate on bubble size. One group suggests this influence can be disregarded (Gomaa et
al., 1991; Rama Rao and Baird, 1988; Rama Rao et al., 1983), whereas others argue
that bubble size decreases with increasing superficial liquid velocity, attributed to
turbulent forces generated at plate openings (Yang et al., 1986a; Veljkovi¢ and Skala,
1988). Increased superficial liquid velocity promotes narrower bubble size
distributions, influencing dispersion formation (Sundaresan and Varma, 1990a).
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Figure 8.2 Dependence of the Sauter bubble diameter on reciprocating intensity (liquid:
water; D., cm: 2.54 — black symbols and 9.2 — open symbols; u,, cm/s: 0.5 — circles, 1.0 —
triangles, and 1.5 squares) (Bankovi¢-Ili¢, 1999).

The effect of liquid properties on bubble size is visually demonstrated in Figure
8.3, which displays photos of dispersed air bubbles in a gassed reciprocating plate
column filled with water or aqueous solutions of glycerol, n-butanol, and sodium
sulfite. These images were taken at comparable reciprocating plate movement
frequencies (approximately 3 cm/s) and a superficial gas velocity of 0.5 cm/s. In
comparison to water (Figure 8.3a), bubbles are smaller in liquids that either enhance
bubble reduction due to viscous forces (e.g., aqueous glycerol solutions, Figure 8.3b)
or inhibit bubble coalescence through interfacial phenomena (e.g., aqueous solutions
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of n-butanol and sodium sulfite, Figures 8.3c and 8.3d). This difference is more
pronounced in these aqueous solutions with the increased reciprocating intensity,
leading to more efficient mixing. Under identical aeration and agitation conditions,
bubble sizes are smaller in aqueous solutions of n-butanol and sodium sulfite
compared to aqueous glycerol solutions. In the bubble dispersion process, interfacial
phenomena have a greater impact on bubble size than viscous forces.

c) d)

Figure 8.3 The effect of liquid properties on bubble size in a gassed reciprocating plate
column (D. = 9.2 cm) filled with (a) water, (b) 64% glycerol, (c) 0.8 M Na,SOs, and
(d) 0.5% n-butanol (f=3 s, ug = 0.5 cm/s).

The influence of liquid properties on bubble size can be quantified using the
Sauter mean bubble diameter under consistent aeration and agitation conditions
(Bankovi¢-Ili¢, 1999). The Sauter mean bubble diameter decreases with an increase
in the plate opening diameter and a decrease in the fractional plate-free area
(Sundaresan and Varma, 1990a). In a segregated mode of operation, the bubble size
in the column decreases, whereas it remains unchanged in the homogeneous mode
(Sundaresan and Varma, 1990a). Skala et al. (1993) explored the relationship
between mean bubble diameter and solids fraction. They observed that an increase
in the solids fraction from 4% to 6% results in a slight increase in the mean bubble
diameter. However, when the solids fraction is increased to approximately 12%, the
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mean bubble size increases significantly. Additionally, the mean bubble diameter
decreases with an increase in reciprocating intensity and a decrease in superficial gas
velocity in a three-phase system.

Dhanasekaran and Karunanithi (2012¢) developed a correlation to determine the
mean bubble diameter in an air-water system, achieving 94% accuracy across the
tested experimental conditions (see Table 8.1). When comparing their findings with
the correlations from Rama Rao et al. (1983) and Sundaresan and Varma (1990a) for
calculating bubble diameters in reciprocating plate columns, it was observed that the
hybrid column yielded smaller and more uniformly distributed bubbles.

Bubble size distribution in reciprocating plate columns is typically represented
by normal, lognormal, and Gamma distributions (Rama Rao and Baird, 1988; Skala,
1980; Sundaresan and Varma, 1990a; Veljkovi¢ and Skala, 1988; Yang et al.,
1986a). The bimodal distribution of bubble size is explained by the balance between
bubble dispersion and coalescence (Skala, 1980). Under high or low mixing
intensities, a polydisperse system is created, characterized by a single peak either in
the small or larger bubble diameter range. At low gas flow rates, in water and
aqueous solutions of sodium sulfite, n-butanol, and glycerol, bubble coalescence is
prevented, leading to the presence of numerous tiny bubbles (Figures 8.4a and 8.5).

Increasing the reciprocating intensity shifts the maximum of the distribution
curve towards smaller bubble diameters (Figure 8.4b). At high superficial gas
velocities, bubble coalescence is favored, and with high power consumption, bubble
comminution becomes significant. This results in the presence of both large and
small bubbles in the gas-liquid dispersion, producing a distribution curve with two
maxima (Veljkovi¢ and Skala, 1988). This bimodal distribution is evident when the
bubble size distribution widens, showing two peaks on the histogram (Figure 8.4c,
Bankovi¢-Ili¢, 1999). In aqueous solutions of sodium sulfite, n-butanol, and glycerol,
a single peak in the small bubble size range is observed on the distribution histogram
(Figure 8.5).

For a 9.2 cm i.d. reciprocating plate column, the presence of a large number of
tiny bubbles in all tested liquids is notable (Figures 8.6, 8.7, and 8.8). In water, the
bubble size distribution histogram exhibits one peak in the area of tiny bubbles and
another peak in the area of larger bubble diameters, irrespective of agitation intensity
(Figures 8.6a and 8.6b). Without agitation, a multimodal distribution is observed at
all gas flow rates (Figure 8.7a) and at the highest gas flow rate with the highest
reciprocating intensity (Figure 8.7b). For other Newtonian liquids and the non-
Newtonian CMC solution, an unimodal distribution is observed, with a peak in the
area of tiny bubbles (Figure 8.8).
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11i¢, 1999).
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Figure 8.5 Bubble size distribution histograms: (a) 64% glycerol, /= 1.8 s7!, (b) 0.5% n-
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1li¢, 1999).
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9. AXIAL MIXING

In real column-type multiphase contactors, there is no ideal plug flow of the
liquid phase. Deviations from ideal plug flow occur due to channeling, recirculation,
or the formation of immobile zones. Flow non-ideality is often quantified by the
intensity of mixing in the direction of or perpendicular to fluid flow, i.e., by the axial
or radial mixing (dispersion) coefficients. In an ideal plug flow, there is no axial
mixing, and the axial mixing coefficient is zero. Conversely, in flow with ideal
mixing, the axial mixing coefficient is maximal. In smaller-diameter columns, radial
mixing is usually negligible.

When designing column-type chemical reactors with countercurrent flow, a
slight degree of axial dispersion is desirable to maintain a high concentration gradient
(driving force) in the axial direction.

9.1. Flow models

The following models are used to describe the actual flow in continuous
reactors (Skala and Mi¢i¢, 1982):
e Combined model: Includes ideal mixing, channeling, and plug flow in
different proportions.
e Convective model: Characterized by a defined velocity distribution.
e Dispersion model: Based on the analogy between fluid mixing during flow
and the diffusion process.
e Compartmental (backflow) model: Consists of a series of N-compartments
with ideal mixing that are interconnected, forming a cascade.
e Circulation model: Assumes varying flow velocities inside the reactor that
change over time.
The dispersion model is suitable for processes where continuous differential
contact occurs between the phases, while the cascade model is appropriate for
devices composed of multiple compartments.

9.1.1. Dispersion flow model

The dispersion flow model, also known as the diffusion model, uses the same
mathematical expressions to describe mixing as those used for diffusion mass
transfer. The model is based on the following assumptions (Pratt and Baird, 1983):
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e The backmixing of each phase can be characterized by a constant turbulent

diffusion coefficient.

e The velocity and concentration of each phase are constant across the cross-

section.

e The volumetric mass transfer coefficient is constant, or its mean value in the

column can be used.

e The volumetric flow rates of the phases are constant.

e The equilibrium relation is linear.

The dispersion model defines two extreme cases depending on the turbulence
intensity, i.e., the mixing intensity in the column: ideal plug flow and ideal mixing.
Due to variations in the axial dispersion coefficient, which is influenced by the
reciprocating intensity, the required volume of a reciprocating plate column is
slightly larger than that predicted for no backmixing and significantly larger if
complete mixing occurs in the column. Assuming a constant fluid flow rate through
the reciprocating plate column and negligible radial mixing, the residence time
distribution is a symmetric function similar in shape to the Gaussian normal
distribution (Levenspiel, 1979).

EZL(EJO’S e,qo[__f"’(l‘@)zl ©.1)

2\« 4

where E is the residence time distribution, Pe is the Peclet number, and &is the
normalized time.

9.1.2. Model of a series of N-compartments with ideal mixing

In the case of reciprocating plate columns, a compartmental model can be
effectively employed, consisting of a series of N perfectly mixed compartments of
equal volume, with or without backflow between compartments. The tracer impulse
response, which represents the tracer concentration in the output flow of these
compartments, provides information about the residence time density distribution of
the fluid (Skala and Mici¢, 1982). The model parameters, such as the intensity of
backmixing (¢) and the number of compartments (V), are determined by solving a
system of N differential Equations. When backflow intensity is negligible, the
reciprocating plate column can be represented using a one-parameter model, where
N is the sole parameter derived from solving the system of Equations.

9.2. Determination of model parameters

Regardless of the model used to describe fluid flow in reciprocating plate
columns, the model parameters can be determined using various methods, including
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the linear method, the method of moments, or the "fitting" of experimental data to
the theoretical fluid flow model. The different flow models and the methods for
calculating their parameters in reciprocating plate columns are summarized in Table
9.1.

9.3 Coefficient of axial dispersion in reciprocating plate columns

The efficiency of multiphase reciprocating plate columns depends significantly
on fluid flow characteristics and is optimized when flow approaches the ideal plug
flow. Increased axial mixing tends to reduce the impact of mechanical agitation on
the mass transfer rate of the gaseous reactant (Baird et al., 1992; Lounes and
Thibault, 1993, 1996; Yang et al., 1986b).

In reciprocating plate columns, high mass transfer rates and relatively low axial
dispersion coefficients can be achieved. While extensive literature exists on axial
dispersion for 'pure' liquids, particularly in the context of extraction columns, recent
studies have expanded to multiphase systems. However, findings across different
studies often appear contradictory, which remains challenging to reconcile:

e The coefficient of axial dispersion either increases (Kagan et al., 1973;

Miyauchi and Oya, 1965) or decreases (Kim and Baird, 1976a; Stevens and

Baird, 1990) with an increase in the distance between plates.

o The axial dispersion coefficient may increase (Miyauchi and Oya, 1965) or
decrease (Mar and Babb, 1959) with larger plate openings.

o The axial dispersion coefficient either shows no significant dependence on
column diameter (Kagan et al., 1973; Kim and Baird, 1976b) or exhibits a weak
dependency (Karr et al., 1987).

o The axial dispersion coefficient generally increases approximately linearly with
reciprocating intensity (Kim and Baird, 1976a; Miyauchi and Oya, 1965;
Stevens and Baird, 1990; Lounes and Thibault, 1993), though higher
amplitudes also appear to influence this increase (Lounes and Thibault, 1993).

e Turbulent fluid flow between plates and circulation caused by gas bubbles
enhance axial mixing compared to single-phase systems (Baird and Rama Rao,
1991).

e Increasing the superficial gas velocity in a gas-liquid system results in a higher
axial dispersion coefficient, with a more pronounced effect at elevated
superficial gas and liquid velocities (Nikoli¢ et al., 2004).

o The axial dispersion coefficient increases with higher superficial liquid velocity
due to increased resistance to liquid and gas flow through the plate openings
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and the impact of liquid jets on mixing throughout the interplate space, which
promotes backmixing (Nikoli¢ et al., 2004).

e The presence of solid particles between plates significantly affects the axial
dispersion coefficient's dependence on the superficial gas velocity at low
reciprocating intensities, though this effect diminishes with increased
reciprocating intensity. Additionally, the axial dispersion coefficient in a three-
phase system decreases with rising reciprocating intensity, irrespective of
superficial gas velocity (Nikoli¢ et al., 2004).

Empirical correlations for calculating the axial dispersion coefficient in single-
phase and two-phase systems are provided in Table 9.2. These correlations apply
only to the continuous (liquid) phase and the specific column types in which the axial
dispersion studies were conducted. Variations among the correlations arise from
differences in column geometries, reciprocating plate designs, and operating
conditions. Therefore, it is crucial to use these literature correlations with caution, as
they apply only to particular systems and column geometries (Stevens and Baird,
1990).

9.4 Comparison of reciprocating plate columns with other multiphase devices

Figure 9.1 compares the axial dispersion coefficients of different multiphase
contactors, including reciprocating plate columns, bubble columns, and packed
columns. The type of contactor, its geometric characteristics, and operating
conditions significantly influence the axial dispersion coefficient. Two reciprocating
plate columns with nearly identical diameters (Nikoli¢, 2003; Parthasarathy et al.,
1984) show similar axial dispersion coefficients within the same range of
reciprocating intensities (Figure 9.1a), despite differing flow velocity ranges (Figure
9.1b). A similar pattern is observed for two additional reciprocating plate columns
of comparable diameter under the same operating conditions (Nikoli¢, 2003; Lounes
and Thibault, 1996) (Figure 9.1c). In contrast, packed columns (Satter and
Levenspiel, 1966) and bubble columns (Baird and Rice, 1975) exhibit less
pronounced backmixing compared to reciprocating plate columns.
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2
L, Cm’/s

D, cm’/s

D,, cm’/s

Figure 9.1 Comparison of the axial dispersion coefficient of different multiphase devices:
dependence of the axial dispersion coefficient on (a) reciprocating intensity, (b) superficial
liquid velocity, and (c) superficial gas velocity: reciprocating plate column: 1) D. =2.54 cm
(Nikoli¢ et al., 2004); 2) D. = 2.54 cm (Skala, 1980); 3) D. = 9.2 cm (Nikoli¢, 2003); 4) D,
= 9.3 cm (Parthasarathy et al., 1984); 5) D. = 10.2 cm (Lounes and Thibault., 1996); packed
column (Rashig rings): 6) D. = 5.1 cm (Michell and ¢, 1972); 7) D. = 10.2 cm (Sater and
Levenspel, 1966); and bubble column: 8) D. = 1.97 cm (Cova, 1974); 9) D. = 4 cm (Ohki
and Inoue, 1970); 10) D. = 6.6 cm (Kato and Nishiwaki, 1972); 11) D, =9.2 ¢cm (Baird and

Rice, 1975).
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10. VOLUMETRIC MASS TRANSFER COEFFICIENT IN
RECIPROCATING PLATE COLUMNS

The efficiency of multiphase contactors hinges on the interphase mass transfer
rate of the reactant per unit volume of dispersion, known as the volumetric mass
transfer coefficient (kia), which denotes the aeration capacity in the liquid phase.
Methods for determining volumetric oxygen mass transfer coefficient are
categorized into steady-state and non-steady-state approaches, depending on whether
the concentration of the diffusing component in the liquid phase changes over time.
Steady-state methods involve continuous liquid phase flow through the reactor.
Direct measurement involves assessing absorbed gas levels, typically oxygen, at both
inlet and outlet using suitable instrumentation. Indirect methods rely on balancing
oxygen absorption and consumption rates from the gas phase.

Non-steady-state methods are applicable when the liquid phase operates in
batches. The dynamic (absorption) method monitors dissolved oxygen changes in
the output gas stream continuously using appropriate instruments. The chemical
method utilizes reactions (e.g., sulfite oxidation) to determine oxygen mass transfer
rates. In this approach, the volumetric oxygen mass transfer coefficient is computed
based on experimentally derived oxygen absorption rates and solubility.

As the reciprocating amplitude and frequency, or reciprocating intensity,
increase, the volumetric oxygen mass transfer coefficient in the liquid also rises due
to greater power consumption and enhanced gas bubble dispersion (Bankovi¢-Ili¢ et
al., 2000, 2001a; Baird and Rama Rao, 1988; Lounes and Thibault, 1994; Rama Rao
and Baird, 2003; Skala, 1980; Sundaresan and Varma, 1990b; Vasi¢ et al., 2005;
Yang et al., 1986b). This increase is insignificant at lower and significant at higher
reciprocating intensities (Yang et al., 1986b). The change in the volumetric oxygen
mass transfer coefficient is influenced by the flow regime and typically becomes
noticeable at reciprocating intensities greater than 3 cm/s (Yang et al., 1986b) or 5
cm/s (Skala, 1980; Sundaresan and Varma, 1990b). At low reciprocating intensities,
the system operates in a segregated regime, with gas-to-liquid mass transfer
dependent primarily on aeration intensity (Lounes et al., 1995; Skala and Veljkovi¢,
1988; Veljkovic, 1985). As the gas flow rate increases, the volumetric mass transfer
coefficient reaches a maximum value due to the increased energy transferred from
the gas to the liquid. It leads to a higher gas holdup in the column and enhanced
bubble dispersion as they pass through the plate openings, causing reciprocating
plate columns to function similarly to bubble columns with perforated plates
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(Veljkovi¢, 1985). With increased reciprocating intensity and a constant gas flow
rate, the intensification of gas bubble dispersion results in a greater specific
interfacial surface area and a higher volumetric oxygen mass transfer coefficient. In
such conditions, mixing becomes the primary factor influencing the mass transfer
rate between the gas and the liquid.

There is limited data in the literature regarding the impact of liquid flow rate on
the volumetric oxygen mass transfer coefficient. Some researchers report that the
volumetric oxygen mass transfer coefficient remains unchanged with increasing
superficial liquid velocity (Sundaresan and Varma, 1990b) or do not address this
influence (Skala and Veljkovi¢, 1988; Veljkovi¢, 1985). In contrast, other studies
indicate that a higher liquid flow rate enhances the volumetric oxygen mass transfer
coefficient (Baird and Rama Rao, 1988; Yang et al., 1986b). The effect of liquid flow
rate is influenced by the geometry of the reciprocating agitator and the fluid velocity,
stemming from the turbulent currents generated as the liquid flows through the plate
openings. Additionally, the direction of phase flow affects the volumetric oxygen
mass transfer coefficient, with concurrent flow generally resulting in higher
coefficients compared to countercurrent flow (Sundaresan and Varma, 1990b).

The relationship between the volumetric oxygen mass transfer coefficient and
the properties of the liquid is complex, as these properties can influence both the
mass transfer coefficient and the specific interfacial area. For instance, adding a
small concentration of a non-electrolyte, such as alcohol, can increase the volumetric
oxygen mass transfer coefficient (Liu and Chen, 1993). Veljkovi¢ (1985) quantified
the impact of liquid physical properties on the volumetric oxygen mass transfer
coefficient in reciprocating plate columns using the dimensionless Morton's number,
which incorporates the physical properties of the liquid (Van Dierendonck et al.,
1971):

3
z=22 (10.1)
gH

where Z is Morton's number, o is the liquid density, o is the superficial tension, s
is the liquid dynamic viscosity, and g is the gravitational acceleration.

The volumetric oxygen mass transfer coefficient exhibits a slight increase with
increasing Morton's number (Veljkovi¢, 1985). For liquids with similar surface
tension and density, the coefficient decreases as viscosity increases. In sucrose
solutions, Veljkovi¢ (1985) observed that the volumetric oxygen mass transfer
coefficient decreased with higher solution concentrations, attributed to increased
viscosity, while changes in bubble size and interfacial area were minimal.

The geometrical characteristics of a reciprocating plate column significantly
impact the volumetric oxygen mass transfer coefficient. Increasing the number of
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reciprocating plates under constant aeration and mixing conditions leads to a higher
volumetric oxygen mass transfer coefficient (Skala and Veljkovi¢, 1988; Veljkovic,
1985). More plates enhance energy dissipation, reduce bubble coalescence, and
increase the specific interfacial area (Lounes and Thibault, 1994; Veljkovi¢, 1985).
Conversely, an increase in the diameter of plate openings and free surface area tends
to decrease the volumetric oxygen mass transfer coefficient, likely due to reduced
power consumption (Lounes and Thibault, 1994; Sundaresan and Varma, 1990b).

The effect of the solid phase on the volumetric oxygen mass transfer coefficient
has been explored in several studies (Bankovi¢-Ili¢, 1999; Sundaresan and Varma,
1990b). Adding Rashig rings (2.5% by volume) to each interplate space results in a
30% increase in the volumetric oxygen mass transfer coefficient. This enhancement
is attributed to the solid phase's role in improving bubble comminution (Sundaresan
and Varma, 1990b). In a three-phase system, increasing reciprocating intensity and
gas flow rate enhances the mass transfer rate, as higher power consumption promotes
more effective bubble reduction (see Figure 10.1). The volumetric oxygen mass
transfer coefficient is generally higher in three-phase systems compared to two-phase
systems due to more efficient mixing and the beneficial effects of the solid particles.
However, increasing the solids fraction does not significantly impact the volumetric
oxygen mass transfer coefficient.

Similar to other contact devices with mechanical agitation, the volumetric
oxygen mass transfer coefficient in reciprocating plate columns can be correlated
with factors such as power consumption (total, mean, or specific), reciprocating
intensity, superficial gas and liquid velocities, and geometric characteristics of the
column (see Table 10.1). The exponents for power consumption and superficial gas
velocity range from 0.25 to 0.74 and 0.44 to 1.55, respectively. At low reciprocating
intensities, mass transfer is primarily dependent on the gas flow rate, while at higher
reciprocating intensities, the influence of power consumption and agitation becomes
comparable. The correlation for volumetric oxygen mass transfer in reciprocating
plate columns with small plate opening diameters and fractional plate-free area
(Lounes and Thibault, 1994) closely matches that of turbine-mixed vessels (Gagnon
et al., 1998; Linek et al., 1987). Additionally, some correlations for the volumetric
oxygen mass transfer coefficient also incorporate superficial liquid velocity (Baird
and Rama Rao, 1988; Yang et al., 1986b).

Dhanasekaran and Karunanithi (2010b, 2012d) conducted a study using a hybrid
rotating-reciprocating plate column to investigate the effects of multiple parameters
on the mass transfer coefficient in an air-sodium sulfite solution system, specifically
focusing on the oxygen absorption from air into deoxygenated water. They employed
the response surface methodology combined with a Box-Behnken design to develop
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Figure 10.1 Dependence of the volumetric oxygen mass transfer coefficient on reciprocating
intensity (gas-liquid system — dashed line; gas-liquid-solid system — solid line) : (a) D, =
2.54 cm (Skala and Veljkovi¢, 1988), (b) D. = 9.2 cm (Bankovi¢-Ili¢, 1999), (c) D. = 16.6
cm (Vasi¢, 2005b): (liquid: 0.8 M NaxSOs, &, %: 0, ug, cm/s: 0.5 —#, 1.0 — x, and 1.5 — +;

&, %: 3.8 — open symbols, and 6.6 — black symbols, ug, cm/s: 0.5 — circles, 1.0 — triangles,
and 1.5 — squares).
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a second-order Equation that relates key experimental variables—reciprocating
intensity, superficial gas and liquid velocities, plate spacing, and perforation
diameter. The resulting response surfaces established a correlation between these
parameters and the mass transfer coefficient, validating the second-order polynomial
model Equation (Dhanasekaran and Karunanithi, 2012d).

The volumetric oxygen mass transfer coefficient is generally higher in
reciprocating plate columns compared to bubble columns, air-lift reactors, and stirred
tanks at the same superficial gas velocity, for both two-phase (Figure 10.2) and three-
phase systems (Figure 10.3). This enhancement is attributed to the effective
mechanical mixing, which improves bubble dispersion and increases the specific

interfacial area.
0.5

0.1+ 1
"
©
X
0.0
» ST 2 1
BC +ALCDE~__ [
ALELC\ —
0.00H —rry vy F— |
0.1 1 10 20
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Figure 10.2 Comparison of the volumetric oxygen mass transfer coefficient in different
devices for the gas-liquid system (Bankovi¢-Ili¢, 1999): RPC1 — D, = 2.54 cm (Veljkovic,
1985); RPC2 — D. = 9.2 cm (Bankovi¢-Ili¢, 1999); RPC3 — D, = 9.3 cm (Sundaresan and
Varma, 1990a); RPC4 — D.=5.08 cm (Yang et al., 1986); BC and ALCDT — (Al-Masry and
Dukkan, 1998; Petrovi¢, 1989); ALELC — (Weiland and Onken, 1981); ST1 — (Bouaifi and
Roustan, 1998); and ST2 — (Chavarria-Hernandez et al., 1996).

In a two-phase system, the volumetric oxygen mass transfer coefficient is
influenced by the reciprocating plate column's geometry (see Figures 10.4 and 10.5).
For instance, at the same specific power consumption (Figure 10.4), a higher
coefficient was observed in the reciprocating plate column with the largest diameter
(16.6 cm). Additionally, at higher total power consumption, the highest volumetric
oxygen mass transfer coefficient is achieved in the 9.2 cm diameter column (Figure
10.5), likely due to more efficient mixing and smaller bubble sizes.
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Figure 10.3 Comparison of volumetric oxygen mass transfer coefficient in different devices
for the gas-liquid-solid phase system: RPC1 — D, = 2.54 ¢cm (Bankovi¢-Ili¢, 1999); RPC2 —
D.=9.2 cm (Bankovi¢-1li¢, 1999); BKKC (Petrovi¢, 1989); BKSR (Posarac, 1988); and SM
(Roman and Tudose, 1997).
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Figure 10.4 Comparison of volumetric mass transfer coefficient in Karr-type reciprocating
plate columns of different geometries for the gas-liquid system: RPC1 — D =16.6 cm (Vasi¢
et al., 2007); RPC2 — D. = 9.2 cm (Bankovi¢ Ili¢, 1999); RPC3 — D, = 2.54 cm (Veljkovic,
1985); RPC4 (Rama Rao and Baird, 2003); RPC5 (Gagnon et al., 1998); RPC6 (Baird and
Rama Rao., 1988); RPC7 (Lounes et al., 1995); and RPCS8 (Lounes and Thibault., 1994).
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Figure 10.5 Comparison of the volumetric mass transfer coefficient in reciprocating plate
columns of different geometries: D. = 2.54 cm (RPC1) (Skala and Veljkovi¢, 1988) and D.
=9.2 cm (RPC2) (Bankovi¢-Ili¢, 1999).

A comparison of the effects of solid particle shape (spheres vs. Rashig rings) on
the volumetric oxygen mass transfer coefficient in reciprocating plate columns of the
same diameter (Figure 10.6) reveals that the coefficient values are approximately the

same across different superficial gas velocities.
1

ka,s"

0.1

0.01 0.1 0.2
Af, m/s

Figure 10.6 The influence of the shape of solid particles on the volume coefficient of oxygen
mass transfer (spheres with a diameter of 8.3 mm; &, % vol.: 3.80; open symbols; ug; cm/s:
0.5 — squares, 1.0 — circles and 1.5 — triangles (Bankovi¢-Ili¢, 1999); Rashig rings with a
diameter of 8 mm; &, % vol.: 3.20; black symbols; u,; cm/s: 0.5 — square, 1.0 — circle and
1.5 — triangle (Aleksi¢, 20006).
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11. SPECIFIC INTERFACIAL AREA IN RECIPROCATING PLATE
COLUMNS

The specific gas-liquid interfacial area plays a crucial role in maximizing reactor
productivity. Various methods are employed to quantify this parameter in gas-liquid
contactors, categorized into physical and chemical approaches. Physical methods
ascertain local values of the specific interfacial area, typically utilizing principles
such as light attenuation due to scattering, refraction, and reflection. Conversely,
chemical methods involve predicting the rate of gas absorption followed by a
chemical reaction with a known kinetic expression. Veljkovi¢ (1985) demonstrated
that this method determines the average specific interfacial area.

In the area of low reciprocating intensities, the interfacial area either increases
due to the decrease in bubble size (Sundaresan and Varma, 1990b) or remains
unchanged because the bubble size and gas holdup do not change (Skala, 1980;
Veljkovi¢ and Skala, 1988; Yang et al., 1986a). The mixing intensity does not affect
the interfacial area if Af < 2 cm/s (Yang et al., 1986a). At higher reciprocating
intensities, the interfacial area increases with increasing intensity due to an increased
gas holdup in the reactor and the decrease in bubble size (Figure 11.1, Bankovi¢-Ili¢,
1999).

The specific interfacial area is influenced by the fluid-dynamic conditions within
the multiphase contactor and the properties of the interacting phases. Numerous
researchers have investigated the impact of reciprocating intensity and superficial
gas velocity on the specific interfacial area in reciprocating plate columns (Al Taweel
et al., 1995; Bankovi¢-Ili¢, 1999; Bankovic-Ili¢ et al., 2001b; Gomaa et al., 1991;
Sundaresan and Varma, 1990b; Vasi¢ et al., 2006; Veljkovi¢ and Skala, 1988; Yang
et al., 1986a). The variation in the specific interfacial area with reciprocating
intensity is dependent on the flow regime within the column (Veljkovi¢ and Skala,
1988). At low reciprocating intensities, the specific interfacial area may increase due
to a reduction in bubble size (Sundaresan and Varma, 1990b) or remain constant if
bubble size and gas holdup are unchanged (Skala, 1980; Veljkovi¢ and Skala, 1988;
Yang et al., 1986a). Mixing intensity does not influence the specific interfacial area
when 4f< 2 cm/s (Yang et al., 1986a). However, at higher reciprocating intensities,
the interfacial area increases with the intensity, attributed to increased gas holdup
and decreased bubble size (Figure 11.1, Bankovi¢-Ili¢, 1999).
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Figure 11.1 Dependence of the specific interfacial area on the reciprocating intensity: (a) D
=2.54 cm and (b) D, = 9.2 cm (liquid: 0.8 M sodium sulfite, &, %: 0, ug, cm/s: 0 — *, 0.5 —
x, and 1.5 — +; &, %: 3.8 — open symbols, and 6.6 — black symbols, ug, cm/s: 0.5 — circles,
1.0 — triangles, and 1.5 — squares) (Bankovi¢-Ili¢ (1999).

The influence of superficial gas velocity on the specific interfacial area also
depends on the flow regime and is particularly significant at low reciprocating
intensities (Figure 11.1). At low superficial gas velocities, increasing the
reciprocating intensity helps to break up the bubbles, thereby increasing the specific
interfacial area (Bankovic-1li¢, 1999; Veljkovi¢ and Skala, 1986a). At higher
superficial gas velocities, where a larger volume of gas is present in the column,
bubbles grow in size and pack more densely, promoting their coalescence (Skala,
1980). Despite the increase in bubble size, the specific interfacial area can still rise
due to the greater gas holdup within the column (Gomaa et al., 1991; Sundaresan and
Varma, 1990b; Veljkovi¢ and Skala, 1988; Yang et al., 1986a).
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There is no consensus among researchers regarding the influence of superficial
liquid velocity, likely due to variations in the operating conditions of different
studies. Some researchers (Veljkovi¢ and Skala, 1988) argue that superficial liquid
velocity has a negligible effect on the specific interfacial area, as it minimally
impacts bubble size and gas holdup. In contrast, others (Al Taweel et al., 1995;
Gomaa et al., 1991; Sundaresan and Varma, 1990b; Yang et al., 1986a) report that
increasing the superficial liquid velocity enhances the specific interfacial area by
reducing bubble size. Additionally, the mode of gas and liquid flow influences the
interfacial area in reciprocating plate columns. Due to higher gas holdup, the specific
interfacial area is greater in concurrent flow compared to countercurrent flow
(Sundaresan and Varma, 1990b).

The influence of liquid properties on the specific interfacial area has been
relatively understudied. The presence of electrolytes inhibits bubble coalescence due
to the electrostatic potential at the gas-liquid interface, resulting in smaller bubble
diameters and a slight increase in specific interfacial area compared to water
(Bankovi¢-1li¢, 1999; Boyle, 1975; Veljkovi¢, 1985). However, Veljkovi¢ and Skala
(1988) indirectly concluded that the coalescent properties of the liquid do not
significantly affect the interfacial area in reciprocating plate columns, based on
similar specific interfacial area values determined by chemical and photographic
methods. It contrasts with stirred vessels or bubble columns, where liquid coalescent
properties play a more significant role. In reciprocating plate columns, the presence
of electrolytes, which prevent bubble coalescence, and the action of reciprocating
plates, which break and redisperse bubbles as they pass through the plate openings,
exert approximately equal effects. However, under the same aeration and mixing
conditions, the specific interfacial area determined by the photographic method is
smaller in a glycerol solution than in water (Bankovic-Ili¢, 1999).

The complexity of the influence of liquid physical properties on the specific
interfacial area is illustrated in Figure 11.2 (Bankovi¢-Ili¢, 1999), which shows the
relationship between gas holdup, Sauter mean bubble diameter, and specific
interfacial area with respect to Morton's number. As Morton's number increases, gas
holdup initially rises to a maximum value before decreasing, while bubble size
decreases to a minimum value before increasing again. Consequently, with
increasing Morton's number, the specific interfacial area rises to a maximum value
and then declines. Glycerol solution, due to its high viscosity, behaves differently
from other Newtonian liquids.

The geometric characteristics of the column also influence the specific interfacial
area. Increasing the diameter of the openings and the fractional plate-free area
reduces both gas holdup and the specific interfacial area. These changes occur
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despite a slight decrease in bubble size with larger opening diameters and a
significant increase in bubble size with a greater fractional plate-free area
(Sundaresan and Varma, 1990b).
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Figure 11.2 Dependence of gas holdup, Sauter bubble diameter, and specific interfacial area
on Morton's number (Z) (D. = 2.54 cm, ug, cm/s: 0.5; Af, cm/s: 5.2 — open symbols and 7.1
— black symbols) (Bankovi¢-1li¢, 1999).

Adding Rashig rings (2.5% vol.) to each interplate space increases the specific
interfacial area by about 30% (Sundaresan and Varma, 1990b). In contrast, the
presence of spheres (Figure 11.1a) does not affect the specific interfacial area,
despite higher power consumption compared to the two-phase (gas-liquid) system
under the same operating conditions (Bankovi¢-Ili¢, 1999). For example, in a column
with a diameter of 9.2 cm (Figure 11.1b), the specific interfacial area is greater with
a higher solids fraction than in the two-phase (gas-liquid) system.

Changes in the specific interfacial area with varying reciprocating intensity
reveal a 'critical' reciprocating intensity corresponding to a 'critical power
consumption. This 'critical' reciprocating intensity depends on the gas flow rate
(Skala, 1980), while 'critical' power consumption is also influenced by the 'critical'
gas holdup (Veljkovi¢ and Skala, 1988). When reciprocating intensity is below the
critical level, the specific interfacial area depends on superficial gas velocity rather
than reciprocating intensity (Skala, 1980; Veljkovi¢ and Skala, 1988; Yang et al.,
1986a). Under these conditions, reciprocating plate columns behave like bubble
columns (Veljkovi¢ and Skala, 1988). When reciprocating intensity exceeds the
critical value, the dispersion state is influenced by both aeration and agitation
intensity. It is understandable, as both aeration and agitation affect bubble breakup
and coalescence processes, which in turn impact bubble size and the interfacial area.
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Correlations for calculating the specific interfacial area in reciprocating plate
columns, as published in the literature (Table 11.1), consider both power
consumption and superficial gas velocity, with aeration having a more significant
effect on the specific interfacial area than mechanical mixing.

Comparing the specific interfacial area in reciprocating plate columns of
different diameters (Bankovi¢-Ili¢ et al., 2001b) reveals that, due to higher power
consumption, the specific interfacial area is greater in larger diameter columns, both
in two-phase (gas-liquid) and three-phase (gas-liquid-solid) systems (Figure 11.3).
At the same superficial gas velocity, the specific interfacial area in gas-liquid systems
(Figure 11.4) is several times greater in reciprocating plate columns than in stirred
vessels and column-type reactors, such as bubble columns and airlift reactors
(Bankovi¢-Ili¢ et al., 2001b). This is due to higher gas holdup and smaller bubble
sizes in reciprocating plate columns, resulting from the contribution of mechanical
mixing to bubble dispersion.
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Figure 11.3 Comparison of the specific interfacial area in reciprocating plate columns of

different geometry: D. =2.54 cm (RPC1) and D.=9.2 cm (RPC2); gas-liquid system — open
area and gas-liquid-solid system — solid area (Bankovic¢-Ili¢, 1999).

Dhanasekaran and Karunanithi (2012c) developed a correlation to determine the
specific interfacial area in an air-water system, taking into account vibration
intensity, gas, and liquid superficial velocities, and column geometric characteristics
(see Table 11.1). They observed a significant increase in the interfacial area when
transitioning from the mixer-settler regime to an emulsion regime. In the mixer-
settler region, the Reynolds number for the liquid phase plays a more prominent role
in enhancing the interfacial area, while the Weber number has equal significance in
both flow regimes.
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Figure 11.4 Comparison of the specific interfacial area of different reactors for gas-liquid
systems (Bankovi¢-1li¢, 1999): RPC1 — D. = 2.54 cm (Skala, 1980), RPC2 — D. = 9.2 cm
(Bankovi¢-Ili¢, 1999), RPC3 (Yang et al., 1986a), RPC4 (Gooma et al., 1991), BC
(Stegeman et al., 1996), ALELC (Ghirardini et al., 1992), and ST (Bouaifi and Roustan,
1998).
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12. MASS TRANSFER COEFFICIENT IN RECIPROCATING PLATE
COLUMNS

The mass transfer coefficient in the liquid film of reciprocating plate columns is
influenced by reciprocating intensity, superficial gas and liquid velocities, column
geometric characteristics, and bubble size, as can be seen in Table 12.1, where the
correlations found in the literature are summarized. When power consumption is
below the 'critical' value, then k oc(P”)** (Velikovi¢ and Skala, 1988). This

relationship is similar to that observed in vibrating disc columns, where the mass
transfer coefficient is proportional to the total power consumption with an exponent
0f 0.24 (Miyanami et al., 1978), and in classic stirred vessels, where it is proportional
to the power consumption raised to the power of 0.14-0.30 (Yoshida and Muira,
1963).

Table 12.1 Correlations for mass transfer coefficient.

Phase D. np d, & Correlation Reference
flow cm mm
T 2.54 33, 8 0.51  For Py <Py Veljkovi¢
65 k =2.94-10*P"> and Skala
g
For Py > Py (1988)
k, = 2.62-10411174)'05
k, =0.05644d,,
1 5.08 84 15 0.53 k/ =0.0119-1072 (Af)’““5 ug70.733u[0 605 Yang et al.
(1986b)
L~y or 9.3 9 3-65 0.09- Segregated dispersion Sundaresan
1 0.306  Af<5cm/s: and Varma
k o (Af)io'l ug,o,sulfo.zgfoxt (1990Db)
Homogeneous dispersion
Af>5 cm/s:
kl o (Af)*o-ﬁ ugfo.sulfo.zsgfo.z
Batch 9.2 15 8 045 k= 20.24(1321-743 Bankovic-
’ 1li¢ (1999)

When power consumption exceeds the 'critical' value, both the Sauter bubble
diameter and the mass transfer coefficient decrease (Baird and Rama Rao, 1988;
Sundaresan and Varma, 1990b; Veljkovi¢, 1985; Veljkovi¢ and Skala, 1988). In this
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regime, the mass transfer coefficient decreases with increasing power consumption
and is proportional to the Sauter bubble diameter (Veljkovi¢ and Skala, 1988). The
exponent n for reciprocating plate columns is reported as -0.05 (Veljkovi¢ and Skala,
1988) or -0.015 (Yang et al., 1986b), whereas for vibrating disc columns, it is -0.15
(Miyanami et al., 1978).

The dependence of the mass transfer coefficient on the Sauter bubble diameter
has been confirmed in vibrating disc columns (Miyanami et al., 1978), pulsating
columns (Baird and Garstang, 1972), classical stirred vessels (Miller, 1974), and
bubble columns (Akita and Yoshida, 1974). Although the decrease in the mass
transfer coefficient with increasing agitation intensity has not been fully elucidated,
it is associated with a reduction in bubble diameter (Veljkovi¢ and Skala, 1988).

The mass transfer coefficient decreases with increasing liquid and superficial gas
velocities (Sundaresan and Varma, 1990b; Yang et al., 1986b). Higher superficial
gas velocity increases gas holdup, while higher superficial liquid velocity reduces
bubble size. Both effects decrease the relative velocity between the liquid and gas
phases, leading to a reduction in the mass transfer coefficient (Sundaresan and
Varma, 1990b). Conversely, Baird and Rama Rao (1988) observed that the mass
transfer coefficient decreases with increasing bubble diameter but increases with
higher superficial gas velocity. They attributed this to the removal of adsorbed,
surface-active contaminants by turbulent forces and the ongoing breakup and
coalescence of bubbles.
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Figure 12.1 Comparison of the mass transfer coefficient in the liquid film in different devices
for the gas-liquid system (adapted from Bankovi¢-Ili¢, 1999): RPC1 — D. = 2.54 cm
(Veljkovi¢ and Skala, 1986), RPC2 — D, = 9.2 cm (Bankovi¢-Ili¢, 1999), RPC3 (Baird and
Rama Rao, 1988), PBC — pulsed bubble column (Baird and Garstang, 1972), VDC —
vibration disc column (Mianami et al., 1978), and ST (Miller, 1974).
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An increase in the fractional plate-free surface results in a decrease in the mass
transfer coefficient in the liquid film, both in segregated and homogeneous regimes
(Sundaresan and Varma, 1990b). Additionally, the mass transfer coefficient
decreases with a higher solids fraction (Sundaresan and Varma, 1990b).

Compared to stirred vessels, pulsed columns, and vibrating disc columns,
reciprocating plate columns exhibit a higher mass transfer coefficient for the same
Sauter bubble diameter (Figure 12.1). Except for one study involving reciprocating
plate columns (Baird and Rama Rao, 1988), the mass transfer coefficient generally
increases with larger bubble size, regardless of column type.

125






13. APPLICATION OF OSCILLATORY REACTORS IN BIODIESEL
PRODUCTION

Biodiesel represents a sustainable alternative to fossil diesel owing to its non-
toxic, biodegradable properties, compatibility with most diesel engines with minimal
adaptation, and renewable sourcing (Zivkovi¢ et al., 2017). It is predominantly
manufactured on an industrial scale through homogeneous base-catalyzed
methanolysis of vegetable oils, leveraging the cost-effectiveness of methanol and its
rapid reaction kinetics. During this process, triacylglycerols in vegetable oils react
with methanol in the presence of base catalysts such as potassium hydroxide, sodium
hydroxide, or methoxides, yielding fatty acid methyl esters, commonly known as
biodiesel, and glycerol.

Effective mixing plays a crucial role in methanolysis due to the immiscibility of
vegetable oil and methanol phases. Vigorous mixing enhances collision frequency
between reactants, ensures uniformity of the reaction mixture, disperses methanol as
fine droplets in the oil phase, and maximizes interfacial contact between the
immiscible reactants. This promotes efficient mass transfer of triglycerides, essential
for sustaining the reaction (Stamenkovic et al., 2007, 2008).

Biodiesel is primarily produced using two types of reactors: batch reactors and
continuous-flow reactors. Batch reactors are cost-effective, easy to operate, flexible,
and simple to clean, making them ideal for small-scale production. However, they
have several drawbacks, including limited production capacity, lower productivity,
higher energy consumption, greater labor costs, and inefficiencies due to their startup
and shutdown cycles, which can also lead to significant variations in product quality.

In contrast, continuous-flow reactors are designed to address the limitations of
batch processes, enabling large-scale biodiesel production with enhanced efficiency.
These reactors allow for better control of reaction parameters, such as temperature
and droplet size, and more effective mixing of reagents, resulting in a more consistent
quality of biodiesel. Additionally, continuous processes require fewer steps for
scaling up and involve fewer unit operations during product isolation compared to
batch processes. Continuous-flow reactors also significantly reduce residence time,
often exhibiting plug-flow behavior, which contributes to more efficient and cost-
effective production. Overall, continuous processes can produce biodiesel of
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comparable or even superior quality to batch reactors, with lower investment and
operating costs.

In recent years, the industry has increasingly focused on developing continuous
processes to replace traditional batch reactors, driven by advantages in cost, safety,
and product quality (Calabrese and Pissavini, 2011). Continuous reactors are
typically designed as either continuous stirred-tank reactors or plug flow reactors,
where reactants are continuously fed, and products are continuously removed, with
constant agitation ensuring uniform chemical composition and temperature.

Most continuous stirred-tank reactors are equipped with mechanically agitated
systems, commonly utilizing impellers. In some cases, multistage mechanically
agitated reactors, such as those equipped with six standard Rushton turbines, are used
for enhanced mixing efficiency (Leevijit et al., 2006, 2008). In plug flow reactors,
the design and flow regime of the reactor dictate the degree of mixing. Plug flow
reactors, with or without static mixers, have been extensively studied, including tube
reactors (He et al., 2007; Lertsanthapornsuk et al., 2008; Peterson et al., 2002).
Additionally, combined plug flow and continuous stirred-tank reactor configurations
have been explored (Noureddini et al., 1998).

Some studies have investigated plug flow (tubular) reactors supplied with
external energy sources for inducing oscillatory fluid flow through them, resulting
in a novel technology known as oscillatory reactors. There are two major types of
continuous oscillatory reactors: reciprocating plate reactors and oscillatory flow
reactors, albeit they achieve this in different ways. Oscillatory flow is induced in
these reactors by reciprocating plate movement or piston drive action in interaction
with the baffles while the fluid flows through the reactor. A breakdown of their major
characteristics, advantages, and drawbacks is presented in Table 13.1.

Oscillatory reactors offer several advantages over conventional reactors, such as
uniform mixing, including higher mass and heat transfer, compact reactor design,
and ease of scale-up (Abbottetal.,2013; Lo et al., 1992; Lounes and Thiboult, 1994).
It is well known that this technology offers the combined benefits of continuous
production from tubular reactors and effective mixing in stirred batch reactors. On
the other hand, it can provide a higher degree of mixing with plug flow patterns even
at a low net flow rate. The mixing intensity in these reactors is independent of the
net flow and controlled by the oscillation or reciprocating conditions (Abbott et al.,
2013; Harvey et al., 2001; Lo et al., 1992).

The flow pattern with a very high degree of mixing is created in the tubular
reactors by stationary baffles and the oscillatory fluid flow or reciprocating
movement of perforated plates. The movement of liquid within the interbaffle or
interplate spaces causes the uniform formation of vortices, which greatly enhances
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both the mass and heat transfer inside the reactor (Stephens and Mackley, 2002). The
fluid condition in these reactors can be regulated through the frequency and

amplitude of the oscillatory motion and the reactor geometry.

Table 13.1 Major characteristics, advantages, and drawbacks of oscillatory reactors.

Reciprocating plate reactors (RPRs)

Oscillatory flow reactors (OFRs)

Properties Reciprocating (up-and-down) motion Use a piston, pump, or diaphragm and
of perforated plates within the tubular ~ stationary baffles within the tubular reactor
reactor. to create oscillatory flow patterns.
Induced oscillatory flow patterns in the  Exploit hydrodynamic instability to induce
fluid, enhancing mixing and heat chaotic mixing and enhanced mass
transfer. transfer.

Advantages Effective for mixing viscous fluids and ~ Excellent for enhancing mixing and heat
achieving uniform reaction conditions.  transfer without moving parts.
Suitable for reactions where mass Suitable for reactions where mass transfer
transfer limitations are critical. limitations are critical.
Scalable from lab-scale to industrial Scalable from lab-scale to industrial
application. applications.
The possibility of applying large fluid ~ Uniform mixing at lower shear strains
flows. compared to stirred tank reactors.
Uniform liquid-liquid dispersion. Good for liquid-liquid heterogeneous

reactions.

Frequent renewal of the interfacial Low capital and operating costs.
contact area.
Higher gas hold-up, larger specific Long reactions in a significantly low
interfacial area, reduced backmixing, length/diameter ratio.
and prolonged bubble residence time
in the dispersion compared to bubble
columns.

Drawbacks  Mechanical complexity due to moving  Requires very long dimensions to create

parts (plates or surfaces).

Potential for wear and maintenance
issues over time.

Complicated design and operation in
continuous mode.

better mixing in the reactor.
Incompatibility with processes involving
very viscous liquids.

Complicated design and operation in
continuous mode.

The oscillatory reactor technology is particularly adapted to liquid-liquid

reactions, such as transesterification, because it allows good inter-phase contacting,
enhanced mixing, and sufficiently long residence times for reaction. Therefore, this
novel technology has received increasing attention in biodiesel production in recent
years. For this production, using continuous tubular reactors, achieving effective
mixing of immiscible reactants is crucial for overcoming mass transfer resistance
and maximizing biodiesel yield. Therefore, continuous reciprocating plate column-
type (Bankovi¢ Ili¢ et al., 2015, 2024; Miladinovi¢ et al., 2019; Stamenkovi¢ et al.,
2010a, 2013) and oscillatory baffled (Harvey et al., 2003) reactors have significant
potential for enhancement of biodiesel production by transesterification of
homogeneous and heterogeneous catalysts and reduction of biodiesel cost (Avilaa et
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al., 2022; Bankovi¢ Ili¢ et al., 2024; Gopi et al., 2022; Gupta et al., 2020; Masngut
et al., 2010; Mazubert et al., 2014). A high biodiesel yield or oil conversion can be
achieved under moderate conditions, such as at lower reaction temperatures, lower
methanol to oil molar ratios, and shorter reaction times with lower catalyst
concentrations by using a continuous reactor as compared with the conventional
batch reactor (Bankovi¢ Ili¢ et al., 2024).

The continuous flow reciprocating plate and oscillatory flow reactors show
considerable promise for enhancing biodiesel production via transesterification using
homogeneous catalysts, while also contributing to cost reduction (Bankovi¢ Ili¢ et
al., 2024; Harvey, 2003). These reactors enable high biodiesel yields and efficient
oil conversion under moderate operating conditions. Compared to conventional
batch reactors, continuous reactors can achieve these results with lower reaction
temperatures, reduced methanol/oil molar ratios, shorter reaction times, and lower
catalyst concentrations, making the process more efficient and cost-effective
(Bankovi¢ Ili¢ et al., 2024). Table 13.2 compares the performances of biodiesel
production in reciprocating plate and oscillatory flow reactors.

13.1 Reciprocating plate column-type reactors in biodiesel production

Given that the primary challenge in commercializing biodiesel production is its
high cost, recent research has focused on developing cost-reduction strategies. One
promising approach is the use of novel reactor designs that outperform traditional
systems, particularly in terms of energy efficiency. Energy consumption accounts for
a significant portion of the total energy input in biodiesel production. Reciprocating
plate column-type reactors, or simply reciprocating plate reactors (RPRs), are
particularly effective for enhancing the methanolysis process. They maximize the
interfacial surface area between the two immiscible reactants while maintaining
relatively low energy requirements (Stamenkovi¢ et al., 2010a). This is crucial
because the mass transfer of triacylglycerols to the interface between vegetable oil
and methanol can limit the methanolysis rate in reciprocating plate reactors, as
observed in stirred tank reactors (Stamenkovic et al., 2008).

Reciprocating plate reactors are multiphase contactors featuring equally spaced
perforated plates that move vertically to induce mixing. The plates, designed with
large holes and operated at low frequencies, ensure uniform energy dissipation
throughout the reactor. Due to their favorable hydrodynamic and mass transfer
properties, reciprocating plate reactors have been widely studied over recent decades
for their applications in various multiphase systems, including liquid-liquid. These
reactors have found commercial use in the chemical, petrochemical, and
pharmaceutical industries, supporting processes such as liquid-liquid extraction,
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multiphase reactions, aerobic bioprocesses, and biodiesel production (Baird et al.,
1994; Lo et al., 1992; Stamenkovi¢ et al., 2010a).

The energy generated by the reciprocating motion of the plates is transferred to
the liquid-liquid system, creating a dispersion of small droplets. This dispersion
results in a longer residence time and uniform shear mixing across the reactor's cross-
section. The key advantages of reciprocating plate reactors include the axial and
radial uniformity in phase dispersion and the frequent renewal of the interfacial area
(Parthasarathy et al., 1984).

The design, optimization, and operation of reciprocating plate reactors as
continuous flow systems for biodiesel production via base-catalyzed methanolysis
of vegetable oils require a detailed understanding of both reaction kinetics and key
hydrodynamic and mass-transfer characteristics. Critical factors include the
dispersed phase hold-up, drop size (Sauter mean diameter and drop size distribution),
axial dispersion of both phases, and the liquid mass transfer coefficient.

The dispersed phase hold-up and drop size are crucial in determining the
residence time of the dispersed phase and the interfacial area, both of which directly
impact the mass transfer rate between the immiscible liquid phases in the reactor. In
liquid-liquid extraction systems without chemical reactions, it is well established that
drop size influences both residence time and the column’s maximum capacity,
thereby affecting efficiency (Kumar and Hartland, 1996; Pietzsch and Pilhofer,
1985).

Historically, the ideal plug flow model has been used to describe flow regimes
in reciprocating plate reactors, but it has often failed to predict performance
accurately for many practical applications. Axial dispersion, which measures the
deviation from ideal plug flow, significantly affects reciprocating plate reactor
performance and productivity. Continuous-phase axial dispersion, in particular,
reduces the effective driving force for mass transfer.

Additional considerations for reciprocating plate column reactor design and
operation include pressure variation at the reactor bottom and power consumption
due to reciprocating plate motion. Understanding pressure variations is essential for
sizing equipment for liquid phase transport and for identifying construction
requirements, such as preventing cavitation at high agitation intensities. Average
power consumption is critical for operating cost estimation, while maximum power
consumption is necessary for selecting the appropriate driving motor.

All these characteristics are influenced by the reactor's geometry (e.g., its
diameter and height, number of perforated plates, hole diameter, and free fraction
plate area), operating conditions (e.g., reciprocating intensity and superficial
velocities of the dispersed and continuous phases), physical properties of the liquid
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phases, the presence of emulsifiers, and temperature. Optimizing reciprocating plate
reactor design involves maximizing performance by increasing the interfacial area
for mass transfer, which is directly linked to the dispersed phase drop size and hold-
up.

The hydrodynamic and mass transfer performance of reciprocating plate reactors
has been extensively studied, with much of the research focused on developing
correlations to predict key characteristics. Kumar and Hartland (1995) developed a
correlation for dispersed phase hold-up based on power input, phase flow rates,
physical properties, and column geometry for various column types, including Karr-
type reciprocating plate extraction columns. They further extended their work by
developing a unified model that correlates drop size with system parameters across
pulsed, packed, and reciprocating columns (Kumar and Hartland, 1996). These
correlations have shown reasonable accuracy in predicting dispersed phase hold-up
and drop size across a range of operating conditions and column diameters (Stella et
al., 2008).

Stella et al. (2006) also compiled available correlations for predicting the
backmixing coefficient of the continuous phase in Karr-type reciprocating plate
reactors. However, it is important to note that these correlations are generally
accurate only for the specific systems and geometries for which they were developed.
To ensure a correlation applies to the system under investigation, researchers must
compare the calculated values with experimental data.

For the methanol-sunflower oil system, whether with or without a catalyst, there
is currently scarce data available on the crucial hydrodynamic and mass transfer
characteristics of reciprocating plate reactors (Stamenkovi¢ et al., 2010a). Therefore,
the hydrodynamics of systems with and without methanolysis reactions should be
examined to assess whether simpler, non-reactive systems can effectively model the
more complex reactive systems used in biodiesel production. The selection of model
liquid-liquid systems should be based on typical conditions for base-catalyzed
methanolysis of vegetable oils, such as a methanol/oil molar ratio of 6:1 and a
potassium hydroxide catalyst concentration of 1% by oil weight. Additionally,
exploring lower methanol/oil ratios, such as 3:1, could be important for reducing
methanol distillation costs. Previous research has demonstrated that potassium
hydroxide-catalyzed methanolysis of vegetable oils in stirred tank reactors can
achieve high conversion rates at ambient temperatures within relatively short
reaction times (Stamenkovi¢ et al., 2008). Consequently, considering lower reaction
temperatures, such as 30 °C or below, could further reduce reactor heating costs
compared to industrial-scale operations, which typically operate near methanol's
boiling point (around 60 °C).
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13.1.1. Hydrodynamics of reciprocating plate reactors used for biodiesel
production

Considering the hydrodynamics of reciprocating plate reactors used in biodiesel
production will begin with analyzing the flow structure within the reactor, as it
significantly influences the breakage process of the dispersed phase (methanol).
This, in turn, plays a critical role in controlling the mass transfer rate between the
two immiscible phases. Subsequent analyses will focus on pressure variations at the
reactor bottom and power consumption in both single- and two-phase systems.
Furthermore, dispersed phase hold-up under varying operating conditions will be
addressed, followed by an analysis of Sauter-mean drop size and drop size
distribution in both reactive and non-reactive systems. Finally, the specific interfacial
area in both types of systems will be discussed.

The methanol—oil dispersion is assumed to be a pseudo-fluid with density and
viscosity defined as follows (Stamenkovi¢ et al., 2007), respectively:

Pe :8dpd+(1_8d)pc (13.1)

and

n,=U, |:1+2.56d (L(M/‘cﬂ (13.2)
lud +luc

where pq4, pc, and pe are densities of the dispersed phase (methanol), the continuous
phase (sunflower oil), and the emulsion of methanol in sunflower oil, g, t, and gz
are dynamic viscosities of the dispersed, continuous, and emulsion phase, and & is
the dispersed phase holdup. The physical properties of methanol and sunflower oil
are given in Table 13.3.

Table 13.3 Physical properties of the liquid phase (Stamenkovi¢ et al., 2010a).

Liquid Physical properties Temperature, °C
20 30
Methanol? Density, kg/m? 791.7 781.6
Viscosity, mPa's 0.58 0.51
Sunflower oil Density, kg/m? 922.0 918.5
Viscosity, mPa's 92.0 74.2

® From CRC Handbook of Chemistry and Physics, 69th ed., 1988.

13.1.1.1. Flow behavior and regime

Optimal flow in liquid-liquid reactors generally requires the continuous phase to
exhibit plug flow characteristics. The flow behavior in reciprocating plate reactors
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can be evaluated using the axial dispersion model under specified operational
conditions. With a substantial number of perforated plates (totaling 63), minimal
axial mixing is anticipated, making the axial dispersion model particularly suitable.
This model is characterized by a single parameter, either the axial dispersion
coefficient or the Peclet number of the continuous phase:

Pe, =1l
E

c

(13.3)

where Pe. is the continuous-phase Peclet number, u. is the superficial continuous
phase velocity, 4, is the dispersion height in the reactor, and E. is the continuous-
phase axial dispersion coefficient.

In an ideal plug flow reactor, axial dispersion is absent (Pe — o), whereas an
ideal continuous stirred-tank reactor exhibits complete axial dispersion (Pe =0). Real
flow reactors typically have a Peclet number between these extremes. For a
continuous phase in a flow reactor, plug flow conditions are generally considered to
be present if Pe > 100 (Kayode Coker, 2001). Based on kinetic data from a base-
catalyzed methanolysis reaction in a batch-stirred tank reactor, with a methanol/oil
molar ratio of 6:1, 1% potassium hydroxide loading (by oil weight), and a reaction
temperature of 30°C (Stamenkovi¢ et al., 2008), a conversion rate exceeding 80%
for sunflower oil is achievable with a residence time greater than 12 min. This
corresponds to a superficial continuous-phase velocity of 13.3 cm/min in a 2.54 cm
i.d. reciprocating plate reactor under consideration. For reciprocating motion with
amplitudes ranging from 1.0 to 2.35 ¢cm and frequencies between 2.0 and 4.0 Hz, the
single-phase axial dispersion coefficient, calculated using the correlation of Rama
Rao and Baird (1998), ranges from 2.4 to 11.4 cm?/s. Under two-phase conditions,
similar or even lower axial dispersion coefficients are expected (Rama Rao and
Baird, 1998). With these estimated values of single-phase axial dispersion and the
superficial continuous-phase velocity, the continuous-phase Peclet number is
calculated to range between 187 and 887, indicating that plug flow conditions are
present in the continuous-phase within the reciprocating plate reactor (Stamenkovié
etal., 2010a).

Given the applied superficial continuous-phase velocity and reciprocating
intensities, the flow of the continuous phase through the reactor is expected to be
laminar, as indicated by the bulk flow Reynolds number (Stamenkovi¢ et al., 2010a):
Re:%‘:DCIBJ (13.4)
where Re is the bulk flow Reynolds number, D. is the column diameter, u. is the
superficial continuous phase velocity, and o and g« are the continuous phase density
and dynamic viscosity, respectively.
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The range of the reciprocation Reynolds number, based on the plate opening
diameter, is given by Equation (13.3) (Stamenkovi¢ et al., 2010a):
274
Re, = 22T _ 1640 47 (13.5)
He
where Re, is the reciprocation Reynolds number, d, is the internal opening plate
diameter, 4 and f'are the amplitude and frequency of reciprocating plate motion, and
M 1s the dynamic viscosity of the continuous phase. This range (10—47) suggests the
potential for both laminar and transitional flow through the plate orifices (Aleksi¢ et
al., 2002b).

13.1.1.2. Pressure variation at the reactor bottom and power consumption

Figure 13.1 shows the total and time-averaged pressure variations at the reactor
bottom, along with the total and time-averaged power consumption under batch or
single-phase (sunflower oil) conditions at 30 °C, as a function of reciprocating
intensity. As reciprocating intensity increases—whether by increasing the amplitude
or frequency of the motion—both the pressure variations at the reactor bottom
(Figure 13.1a) and the power consumption (Figure 13.1b) rise, driven by increased
frictional losses. No significant difference is observed in pressure variations or power
consumption between batch and single-phase conditions at the same reciprocating
intensity, indicating that the frictional loss due to liquid flow through the reactor is
negligible compared to that caused by the reciprocating motion of the perforated
plate stack (Stamenkovi¢ et al., 2010a).
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Figure 13.1 Pressure variation at the reactor bottom (a) and power consumption (b) as a
function of reciprocating intensity under batch or single-phase conditions (sunflower oil;
30°C; batch reactor; 4, cm: 1.0 circle and 2.35 triangle; single-phase flow reactor; 4, cm: 1.0
square and 2.35 diamond; time-averaged pressure variation and power consumption: open
symbols; maximum pressure variation and power consumption: black symbols)
(Stamenkovi¢ et al., 2010a).
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Figure 13.2 presents the total and time-averaged pressure variations at the reactor
bottom, along with total and time-averaged power consumption, under two-phase
(methanol-sunflower oil, without catalyst) flow conditions as a function of
reciprocating intensity. Similar to the single-phase flow, both the pressure variations
and power consumption increase with higher reciprocating intensity, whether due to
increased amplitude or frequency, as a result of greater frictional losses. When the
temperature is raised from 20 °C to 30 °C, for the same methanol/oil molar ratio,
there is a decrease in both pressure variations and power consumption, attributed to
the reduction in the dispersion’s density and viscosity. Additionally, increasing the
methanol/oil molar ratio from 3:1 to 6:1 at a constant temperature, which increases
the superficial dispersed phase velocity, results in a further decrease in pressure
variations and power consumption. This reduction is due to changes in the physical
properties of the dispersion caused by its altered composition.
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Figure 13.2 Pressure variation at the reactor bottom (a) and power consumption (b) as a
function of reciprocating intensity under two-phase co-current flow conditions (A, cm: 1.0
and 2.35; sunflower-methanol molar ratio, 1:3: 20 °C - circles, and 30 °C - up triangles;
sunflower-methanol molar ratio, 1:6: 20 °C - squares, and 30°C - diamonds; time-averaged
pressure variation and power consumption: open symbols; maximum pressure variation and
power consumption: black symbols) (Stamenkovi¢ et al., 2010a).

Given their dependence on the liquid phase density, the total and time-averaged
pressure variations at the reactor bottom, as well as the total and time-averaged
power consumption divided by the system density under batch, single-phase, and
two-phase flow conditions, are correlated with the reciprocating intensity using
Equation (13.6) (Stamenkovi¢ et al., 2010a):

*

S B0 B or Py (13.6)

2

p@ pe pe pe
where Apay is the time-averaged pressure variation at the reactor bottom, Ap” is the
maximum pressure variation at the bottom of the reactor, Pay is the time-averaged
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power consumption, P* is the maximum power consumption, k — is the coefficient of
proportionality, A'f — is the reciprocating intensity, and p. is the system (emulsion)
density.

The parameters k and »n in Equation (13.6) are determined using the least squares
method, and their values are presented in Tables 13.4 and 13.5 for the total and time-
averaged pressure variations at the reactor bottom, as well as for the total and time-
averaged power consumption under batch, single-phase flow, and two-phase flow
conditions. A strong agreement between the experimental and calculated values for
both pressure variations and power consumption under batch and single-phase
conditions is evidenced by linear correlation coefficients close to or exceeding 0.99
and low standard deviations (mostly below £5%). For two-phase flow conditions,
higher but still acceptable deviations (+13% or less) were observed between the
experimental and calculated values for both pressure variations and power
consumption.

According to the quasi-steady state flow model, under steady conditions with
superimposed oscillatory and turbulent flows, the pressure variation at the reactor
bottom and the power consumption for single-phase operations follow power laws
with exponents of 2 and 3, respectively (Bankovic-Ili¢ et al., 1995; Hafez and Baird,
1978; Veljkovi¢ and Skala, 1986). In laminar flow, these exponents are 1 and 2,
respectively. For transitional flow, the exponents fall within the ranges 1 <n <2 and
2 <n <3 (Aleksi¢ et al., 2002b). Figure 13.3 and Tables 13.4 and 13.5 illustrate
slopes of approximately 1.35 and 2.35 for the pressure variation and power
consumption, respectively, indicating laminar to transitional flow through plate
orifices.

Table 13.4 Parameters of correlations for time-averaged and maximum pressure variations
at the reactor bottom, Equation (13.4) (Stamenkovic¢ et al., 2010a).

System Number AP, Ap*
of data
k n Error, R k n Error, R®

% %
Batch 60 0.542  1.32 +64 0978 2081 135 +2.0 0.999
Single-phase 23 0.591  1.39 +45 0994 1.652 131 +49 0.987
flow
Batch + 83 0.564 1.35 +25 0979 191 1.33 +22  0.990
single-phase
flow
Two-phase 19 0.428 1.37 +89 0982 1.158 128 +£12.8 0.972
flow

2 Coefficient of linear correlation for the log form of Equation (13.4).
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Table 13.5 Parameters of correlations for time-averaged and maximum power consumption,
Equation (13.4) (Stamenkovi¢ et al., 2010a).

System Number Pay P

of data k n Error R? k n Error R

% %

Batch 60 1.345 233 +50 0994 6840 2.36 +1.9  0.999
Single- 23 1434 239 +44 0998 5432 232 +49  0.996
phase flow
Batch + 83 1.391  2.35 +2.6 0994 6276 234 3.1 0.997
single-phase
flow
Two-phase 19 1.303 245 £119 0991 3829 229 128 0.991
flow

2 Coefficient of linear correlation for the log form of Equation (13.4).

Figure 13.3 shows that the total and time-averaged pressure variations at the
reactor bottom, as well as the total and time-averaged power consumption, divided
by the system density, decrease with reciprocating intensity in two-phase flow
compared to single-phase flow. This reduction becomes more pronounced as the
methanol/oil molar ratio increases. Given that the density of the methanol-sunflower
oil dispersion is less than 2% lower than that of pure sunflower oil, the observed
reductions in pressure variations and power consumption are likely due to changes
in the viscosity of the two-phase system.
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(batch conditions: circles; single phase flow: triangles; and two-phase flow: squares; time-
averaged pressure variation and power consumption: open symbols, and total pressure
variation and power consumption: black symbols; Equation (13.6) for batch and single phase
flow: solid lines, and Equation (13.6) for two-phase flow: dashed lines) (Stamenkovi¢ et al.,
2010a).

Figure 13.3 The dependences of
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Figure 13.4 illustrates the power number as a function of the reciprocation
Reynolds number, with additional data from the literature (Bankovi¢-Ili¢, 1999) for
comparison. The curve mirrors those observed in conventional stirred tank reactors.
In the laminar flow regime (approximately Re,<20), the power number decreases
with increasing the reciprocation Reynolds number, while it remains constant in the
turbulent flow regime (approximately Re,>50). The slope of the line in the laminar
flow regime is -0.5, consistent with earlier studies (Aleksic et al., 2002b; Lounes and
Thibault, 1993). Experimental data for distilled water and a 64% aqueous glycerol
solution fall within the turbulent flow regime.

The pivotal parameter in the mathematical framework of the quasi-steady state
flow model is the plate opening coefficient. It has been established that the plate
opening coefficient remains constant only under turbulent flow conditions (Lounes
and Thibault, 1993), and can be readily computed from either time-averaged or total
pressure fluctuations at the reactor bottom (Bankovi¢-Ili¢ et al., 1997). However, due
to its dependence on the reciprocation Reynolds number, this method is unsuitable
for laminar or transitional flow regimes. To address this challenge in plate opening
coefficient estimation, the approach introduced by Bankovic-Ili¢ et al. (1997) offers
a viable alternative that is independent of the flow regime. Initially, the instantaneous
plate opening coefficient is computed by Equation (6.5) using instantaneous pressure
variations at the reactor bottom and the velocity of the reciprocating plate.
Subsequently, the time-averaged plate opening coefficient is derived through the
integration according to Equation (6.6).

1a0

Slope=-0.5

o

i III] 1ao 1000 H000
Re,

Figure 13.4 The power number as a function of the reciprocation Reynolds number (present
study: sunflower oil, batch — circles, sunflower oil, single phase flow — up triangles, and
sunflower oil-methanol, concurrent flow — squares; water, batch — diamonds; and a 64%
aqueous solution of glycerol, batch — down triangles) (Stamenkovi¢ et al., 2010a).
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In both batch and continuous single-phase flow reciprocating plate reactors, the
plate opening coefficient has been shown to depend on the reciprocation Reynolds
number, with values ranging from 0.4 to 1.0 within the range of 4 <Re, <20 (Figure
13.5). For higher reciprocation Reynolds numbers in batch reciprocating plate
reactors, the plate opening coefficient slightly exceeds 1.0 (Bankovi¢-Ili¢ et al.,
1997).
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Figure 13.5 The plate opening coefficient as a function of the reciprocation Reynolds number
(present study: sunflower oil, batch — circles, and single-phase flow — up triangles; water,
batch — squares, and 64% glycerol, batch — diamonds; A, cm: 1.0 — open symbols, and 2.35
— black symbols) (Stamenkovi¢ et al., 2010a).

13.1.1.3. Dispersed phase holdup

Figure 13.6 presents experimental data on dispersed phase holdup as a function
of reciprocating intensity in a reciprocating plate reactor operated at two different
amplitudes (1.0 and 2.35 cm) and frequencies (2.0 and 3.0 Hz) of reciprocation,
along with two methanol/oil molar ratios (3:1 and 6:1) and two temperatures (20 and
30 °C). The dispersed phase holdup is observed to increase with rising reciprocating
intensity up to 5 cm/s, likely due to the intensification of drop breakage. This
nonlinear increase at relatively low reciprocating intensities (below 5 cm/s) has been
previously documented in larger diameter reciprocating plate reactors (50—450 mm)
with countercurrent phase flows (Smith et al., 2008; Stella et al., 2008). The observed
increase in holdup is probably due to drop size reduction with enhanced agitation
intensity (Baird et al., 1994). However, at reciprocating intensities exceeding 5 cm/s,
the dispersed phase holdup appears to plateau, potentially indicating a limited degree
of further drop size reduction. Additionally, holdup is higher at the oil/methanol
molar ratio of 1:6. In countercurrent phase flows through reciprocating plate reactors,
dispersed phase holdup increases not only with reciprocating intensity but also with
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the dispersed phase superficial velocity (Bankovi¢-Ili¢ et al., 1997; Stella et al.,
2008), while it remained unaffected by the continuous phase superficial velocity
(Smith et al., 2008). Due to the large variability in the experimental holdup values,
temperature effects could not be discerned.
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Figure 13.6 Dispersed phase hold-up as a function of the reciprocating intensity
(methanol/oil molar ratio; 3:1 — circles, and 6:1 — triangles; temperature: 20 °C — open
symbols, and 30 °C — black symbols) (Stamenkovi¢ et al., 2010a).

The following correlations for dispersed phase holdup were developed
(Stamenkovi¢ et al., 2010a):
— for Af <5 cm/s (£ 11.4%; 13 data)

g, =4.67-107 (Af)" u (13.7)
— for Af =25 cm/s (£ 7.9%; 8 data)

£, =4.87-10u,"* (13.8)
where Af is the reciprocating intensity and uqg is the superficial velocity of the

dispersed phase.

13.1.2. Drop size and drop size distribution

13.1.2.1. Non-reactive systems

Figure 13.7 displays the Sauter-mean drop diameter along the reactor height for
the methanol/oil system, under various conditions: two amplitudes (1.0 and 2.35 cm),
two methanol/oil molar ratios (3:1 and 6:1), two temperatures (20 and 30 °C), and
three reciprocation frequencies (2.0, 3.0, and 4.0 Hz). For 4 =2.35 cm, a temperature
of 30 °C, and frequencies of 2.0 and 3.0 Hz, drop size measurements were not
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feasible in the upper half of the reactor (h/h, > 0.6) due to the formation of an
emulsion of small drops. Regardless of the operating conditions, the Sauter-mean
drop diameter decreases rapidly from the reactor bottom to approximately one-third
of the reactor height, after which it stabilizes in the upper sections of the column.
This reduction is particularly pronounced at 30 °C and 2 Hz (Figure 13.7b and d),
where unstable, larger methanol drops form and are subsequently disintegrated by
the action of the reciprocating perforated plates. Consequently, the reciprocating
plate reactor can be divided into two zones (Stamenkovic et al., 2010a): a lower zone,
where the initial large drops are broken down into smaller ones, and an upper zone,
comprising most of the reciprocating plate reactor, where a stable dispersion of
methanol drops exists, characterized by a constant Sauter-mean drop diameter. The
Sauter-mean drop diameter is independent of the methanol/oil molar ratio. It is also
well-established that in reciprocating plate reactors with counter-current phase flows,
the Sauter-mean drop diameter remains unaffected by phase flow rates (Smith et al.,
2008; Stella et al., 2008).
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Figure 13.7 Sauter-mean drop diameter along the reactor at (a) 4 = 1.0 cm and 20 °C, (b) 4
=1.0cm and 30 °C, (c) 4 =2.35 cm and 20 °C, and (d) 4 = 2.35 cm and 30 °C (frequency,
Hz: 2.0 — circles, 3.0 — triangles, and 4.0 — squares; methanol/oil molar ratio: 3:1 — open
symbols, and 6:1 — black symbols) (Stamenkovi¢ et al., 2010a).
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The Sauter-mean drop diameter decreases with increasing amplitude and
frequency of reciprocation, as the enhanced external energy input at higher
reciprocating intensities promotes drop breakup. At a given amplitude and frequency
of reciprocation, larger Sauter-mean diameter drops form at higher temperatures,
while the methanol/oil molar ratio has no significant effect on the mean drop size.
The greater viscosity at lower temperatures aids in the drop breakup process, and the
reciprocating perforated plates have sufficient capacity to effectively disperse
methanol at both methanol/oil molar ratios.

Figure 13.8 illustrates the impact of reciprocating intensity on the Sauter-mean
drop diameter in the two distinct zones of the reciprocating plate reactor. As
reciprocating intensity increases, the Sauter-mean drop diameter decreases,
reflecting the positive influence of external energy on the drop breakup process. This
reduction is more pronounced in the lower zone, characterized by unstable
dispersion, and at a temperature of 30 °C, compared to the zone of stable dispersion
and a temperature of 20 °C. Additionally, the methanol/oil molar ratio does not
influence the drop breakup process in either zone. In the upper section of the
reciprocating plate reactor, the slopes of the straight lines are calculated to be -0.691
at 20 °C and -0.955 at 30 °C, both of which are lower than the value of -1.2 predicted
by the turbulent model (Baird et al., 1994).

Various equations have been developed to predict the Sauter-mean drop diameter
in agitated liquid-liquid contactors. However, most of these Equations are limited to
the specific systems and operating conditions for which they were derived. Some of
these models are based on Kolmogorov’s theory of homogeneous isotropic
turbulence, which correlates the maximum stable drop diameter with the specific
power consumption, using an exponent of -0.4, provided the contactor operates in a
fully turbulent regime. For Karr reciprocating plate extraction columns, Stella et al.
(2008) validated that the Sauter-mean drop diameter data fit the correlation proposed
by Kumar and Hartland (1996), originally developed for countercurrent flow

extraction columns:
-0.5

05 1 1

dy, = Cye 057? * 0.6
c, ["] cw (”J
Dpg Pe

where d3 is the Sauter mean drop size, ¢ is the fraction-free plate surface, i is the

; (13.9)

average power consumption per mass unit, g is the gravitational acceleration, o is
the interfacial tension, p is the continuous phase density, Ap is the density difference
between the two phases, and Cw and Cr are the parameters.
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Figure 13.8 Sauter-mean drop diameter (a) at #/h, =0.162 (a) and (b) in the upper zone of
the reactor as a function of the reciprocating intensity (methanol/oil molar ratio; 3:1 — circles,
and 6:1 — triangles; temperature: 20 °C - open symbols, and 30 °C - black symbols)
(Stamenkovi¢ et al., 2010a).

The denominator of Equation (13.9) comprises two additive terms: one
representing the ratio of buoyancy to interfacial tension forces, and the other
reflecting the energy of turbulent eddies in the continuous phase. In the context of
the reciprocating plate reactor under consideration, the first term is negligible
compared to the second, allowing Equation (13.9) to be simplified into Equation
(13.10) (Stamenkovic¢ et al., 2010a):

0.6
%:qga{iJw“ (13.10)
where the specific power consumption is defined as follows:
P
Y= (13.11)
m

e
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where Py is the average power consumption and m. is the mass of the emulsion.
Figure 13.9 illustrates the drop size in the upper reactor zone as a function of
specific power consumption raised to the power of -0.4. The Sauter-mean drop
diameter is observed to correlate with the time-averaged power consumption, as
described by Equation (13.12) (Stamenkovi¢ et al., 2010a):
d, =226-107"9* (13.12)
The average relative standard deviation between the experimental and calculated
values of the Sauter-mean drop diameter was determined to be +11.9% (17 data
points) (Stamenkovi¢ et al., 2010a).
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Figure 13.9 Dependence of Sauter-mean drop diameter on time-averaged power
consumption (positions along the reactor higher than 4/h, = 0.162) (Stamenkovi¢ et al.,
2010a).

For the reactor and the systems under consideration, ¢ = 0.51 and p. = 920 kg/m?
(Table 13.3). Assuming that the interfacial tension of methanol/sunflower oil is
equivalent to that of methanol/soybean oil, which is 0.00382 N/m (Wu et al., 2007),
the calculated value of C¢Crn= 0.596 from the slope of Equation (13.10) closely
matches the value of C¢Cri= 0.637 reported by Kumar and Hartland (1996), resulting
in a relative error of 6.3%.

The Sauter-mean drop diameter for the upper reactor zone and the lower third of
the reactor is correlated with the time-averaged power consumption, and the
following correlations are derived, respectively (Stamenkovi¢ et al., 2010a):

The Sauter-mean drop diameter for the upper reactor zone and the lower third of
the reactor is correlated with the time-averaged power consumption. The following
correlations are derived for each zone, respectively (Stamenkovi¢ et al., 2010a):

d,, =0.179 P)* (13.13)
and
150



d, =0214p* (13.14)

with the mean relative standard deviation between experimental and calculated
values of + 18.8% (98 data) and + 17.5% (21 data), respectively.

Equations (13.13) to (13.14) require clarification due to the transition from
laminar to transitional flow through perforated plates. The mechanism of drop
breakage in the reciprocating plate reactor depends on agitation intensity, involving
several key factors: shear forces acting on drops passing through plate perforations,
collisions of drops with plates, and gravitational flow of drops in the interplate spaces
(Joseph and Varma, 1998; Sovova, 1990). Under high agitation intensity, turbulent
eddies generated by the reciprocating motion of perforated plates predominantly
cause drop disintegration, while under low agitation intensity, all three mechanisms
contribute effectively (Sovova, 1990). Equation (13.9) addresses the dissipation rate
of energy via turbulent eddies under high agitation intensity. In cases where the
dispersed phase viscosity, such as methanol and sunflower oil (/e = 0.0063), is
significantly lower than that of the continuous phase, the shear force required for
drop rupture is substantial, limiting drop breakage to regions with high turbulence
intensity (Sajjadi et al., 2002).

In axial dispersion models for both single-phase (Stevens and Baird, 1990) and
two-phase (Stella et al., 2008) flows, the reciprocating plate reactor is conceptualized
as comprising well-mixed regions around perforated plates and poorly-mixed
interplate spaces. Therefore, turbulent eddies induced by the reciprocating plate
movement are confined to these well-mixed regions. This results in a locally higher
energy dissipation rate around each perforated plate compared to the average rate
across the interplate spaces. This two-region model explains the enhanced drop
breakage near perforated plates, where the shear forces are stronger due to well-
mixed conditions (drops passing through plate holes or colliding with plates), in
contrast to the "pure" laminar flow in interplate spaces. This localized energy
dissipation and shear force action around perforated plates intensify the drop
breakage process, highlighting the significance of agitation intensity in the efficiency
of drop disintegration within the reciprocating plate reactor.

To fully characterize liquid-liquid dispersions, the drop size distribution must be
considered in addition to the Sauter-mean drop diameter. Figure 13.10 presents drop
size distributions along the reactor height for non-reactive systems under three
reciprocating frequencies (2.0, 3.0, and 4.0 Hz), two temperatures (20 and 30 °C),
and two methanol/oil molar ratios (3:1 and 6:1). Figure 13.11 provides photographs
of dispersions along the reactor height for a methanol/oil molar ratio of 6:1 at 2.0 Hz
and 30 °C.
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Across all operating conditions, an unimodal distribution is observed. At higher
reciprocation frequencies (3.0 and 4.0 Hz), the distributions are uniform throughout
the reactor height. In contrast, at the lowest frequency (2.0 Hz), uniformity is
observed only in the upper part of the reactor. As the reciprocation frequency
increases, the drop size distribution becomes narrower with the peak shifting towards
smaller drop sizes. At the highest frequency, the distributions are more symmetric,
with significantly reduced tails on the large drop size side, particularly evident in
systems with a methanol/sunflower oil molar ratio of 6:1 (Figures 13.11a, ¢, and e).
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Figure 13.10 Drop size distribution in non-reactive systems for oil-to-methanol molar ratios
of 1:3 (a, ¢, and e) and 1:6 (b, d, and f) at reciprocation frequencies of 2 Hz (a and b), 3 Hz
(cand d) and 4 Hz (e and f) ( 4 = 1.0 cm; h/hy: 0.162 — circles, 0.478 — triangles, and 0.876
- squares; temperature, °C: 20 - open symbols, and 30 — black symbols) (Stamenkovi¢ et al.,
2010a).
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Figure 13.11 Photographs of the dispersion in the non-reactive (a, ¢ and e) and reactive (b
and d) systems along the reactor height 4/A,: 0.162 (a and b), 0.318 (c and d), and 0.876 (e)
(4 =1 cm; f= 2.0 Hz; temperature, °C: 30; and methanol/sunflower oil molar ratio: 6:1)
(Stamenkovi¢ et al., 2010a).

At 20 °C, the drop size distributions are narrower with higher peaks at smaller
drop sizes and shorter tails compared to those at 30 °C, regardless of reciprocation
frequency and molar ratio. The methanol/oil molar ratio does not significantly
influence the shape or position of the drop size distribution or the Sauter-mean drop
diameter. Generally, reactive systems exhibit narrower drop size distributions with
higher peaks at smaller drop sizes compared to their non-reactive counterparts.

13.1.2.2. Reactive systems

Figure 13.12 illustrates the variations in the Sauter-mean drop diameter along the
reactor height during the methanolysis reaction at 20 and 30 °C with methanol/oil
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molar ratios of 3:1 and 6:1. Due to the formation of an emulsion with very small
drops, measurements in the upper half of the reactor (above 0.4) were not feasible.
For comparison, the variations in non-reactive systems are also shown.
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Figure 13.12 Sauter-mean drop diameter along the reactor at 20 °C and methanol/oil molar
ratio of (a) 3:1 and (b) 6:1, as well as at 30 °C and methanol/oil molar ratio of (c) 3:1 and (d)
6:1 (4 = 1.0 cm; f, Hz: 2.0 — circles and 3.0 — triangles; system without reaction — open
symbols, and system with reaction — black symbols) (Stamenkovi¢ et al., 2010a).

The curve shapes for the Sauter-mean drop diameter along the reactor height are
similar for both reactive and non-reactive systems. However, in the upper part of the
reactor, the Sauter-mean drop diameter appears smaller in the non-reactive systems
compared to the reactive systems under the same conditions. This difference is
attributed to the presence of emulsifiers (monoglycerides, diglycerides, and soaps)
formed during the methanolysis reaction, which stabilize the smaller drops
(Stamenkovi¢ et al., 2007). It is reasonable to expect that the Sauter-mean drop
diameter will remain constant in the upper part of the reciprocating plate reactor
throughout its height during the methanolysis reaction.

Figures 13.13 and 13.14 display the drop size distributions in the reactive
systems. These distributions narrow and shift towards smaller sizes along the reactor
height, a trend previously observed in batch-stirred tank reactors during the
methanolysis reaction (Stamenkovi¢ et al., 2007). Figure 13.11 provides images of
the reaction mixtures, illustrating how drop size varies along the reactor height.
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Figure 13.13 Drop size distribution in reactive systems for oil-to-methanol molar ratios of
1:3 (a) and 1:6 (b) at the reciprocation frequency of 2.0 Hz (1% potassium hydroxide based
on the oil weight; 4 = 1.0 cm; A/ho: 0.162 — circles, and 0.318 — triangles; temperature, °C:
20 - open symbols, and 30 — black symbols) (Stamenkovi¢ et al., 2010a).
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Figure 13.14 Drop size distribution in reactive systems for the oil-to-methanol molar ratio

of 1:6 at the temperature of 20 °C (h/ho: 0.162 — circles, and 0.318 — triangles; A = 1.0 cm; f,
Hz: 2.0 - open symbols, and 3.0 — black symbols) (Stamenkovi¢ et al., 2010a).
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13.1.3. Specific interfacial area

The specific interfacial area increased with increasing both the reciprocating
intensity and the sunflower oil-to-methanol molar ratio, i.e., the dispersed phase
superficial velocity, as can be seen in Figure 13.15. It was due to the effect of the
reciprocating intensity and the sunflower oil-to-methanol molar ratio on the
dispersed phase holdup and the Sauter-mean drop diameter. The following
correlation was derived by the least square methods (+12.1%, 18 data)
(Stamenkovic et al., 2010a).
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Figure 13.15. The specific interfacial area as a function of the reciprocating intensity at
methanol/oil molar ratios of 3:1 (circles) and 6:1 (triangles) (Stamenkovi¢ et al., 2010a).

Figure 13.15 shows that the specific interfacial area increased with both higher
reciprocating intensity and a lower methanol/oil molar ratio, which reflects an
increase in the dispersed phase superficial velocity. This effect is attributed to the
impact of reciprocating intensity and the molar ratio on the dispersed phase holdup
and the Sauter-mean drop diameter. The following correlation was derived using
least squares methods (12.1%, 18 data points) (Stamenkovic et al., 2010a):
a=3.3-(A)""u,'*- (13.15)

where a is the specific interfacial area, Af'is the reciprocating intensity, and uq is the
dispersed phase superficial velocity.

13.1.4. Overview of previous research on biodiesel production in reciprocating
plate reactors

Reciprocating plate columns have been uniquely explored in Serbia for
applications as biodiesel production reactors, both at laboratory and pilot scales.
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Additionally, research has extended to their use in biosynthesizing dextransucrase,
dextran, and ethanol (Bankovi¢ Ili¢ et al., 2024).

Continuous potassium hydroxide-catalyzed biodiesel production from various
oily feedstocks (sunflower oil, rapeseed oil, and waste pig-roasting lard) with
methanol was carried out in reciprocating plate columns of different diameters
(Bankovi¢-Ili¢ et al., 2015; Miladinovi¢ et al., 2019; Stamenkovi¢, 2014;
Stamenkovi¢ et al., 2010a, 2013). The hydrodynamics of a cocurrent two-phase
upflow in a 2.5 c¢m i.d. reciprocating plate reactor were specifically investigated for
the potassium hydroxide-catalyzed methanolysis of sunflower oil (Stamenkovi¢ et
al., 2010a). As detailed in Section 13.1.1.2, this hydrodynamic study confirmed the
presence of plug flow of the continuous phase (sunflower oil) through the column,
despite the bulk flow regimes through the column and plate openings being
predominantly laminar to transitional. Additionally, pressure variation at the reactor
bottom and power consumption were shown to be influenced by reciprocating
intensity (Equation (13.6) and Table 13.4), while the Sauter-mean drop diameter
correlated with specific power consumption (Equations (13.13) and (13.14)). The
holdup of the dispersed phase (methanol) (Equations (13.7) and (13.8)) and the
specific interfacial area were linked to both reciprocating intensity and the superficial
dispersed phase velocity (Equation (13.15)). Therefore, the hydrodynamic study
demonstrated that reciprocating plate columns facilitate plug flow, effective two-
phase mixing, and rapid reactions between immiscible reactants, such as sunflower
oil and methanol, at room temperature, along with a straightforward scale-up method
consistent with Karr-type reciprocating plate columns (Stamenkovi¢ et al., 2010a)

13.1.5.1. Effect of operational parameters on biodiesel production

The impact of operational parameters, including the methanol/oil molar ratio,
temperature, and the amplitude and frequency of reciprocation, on the efficiency of
biodiesel production was investigated for the methanolysis (Stamenkovi¢, 2014) and
ethanolysis of sunflower oil (Stamenkovi¢ et al., 2010b)

Figure 13.16 illustrates the effects of reciprocation amplitude and frequency on
the methyl ester content at various reaction temperatures and methanol/oil molar
ratios during the potassium hydroxide-catalyzed methanolysis of sunflower oil in a
2.54 cm i.d. reciprocating plate reactor. Generally, methyl ester content increases
with rising temperature, methanol/oil molar ratio, and reciprocation amplitude and
frequency, particularly in the lower sections of the reactor. However, these effects
diminish in the uppermost section of the reactor. As the amplitude and frequency of
reciprocation, i.e., reciprocating intensity (4f), increase, so does power consumption.
For example, under the conditions of 4 = 2.35 cm and f'= 3 Hz, the reciprocating
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Figure 13.16 The effect of reciprocation frequency and amplitude on the methyl ester
content at different reaction temperatures and methanol/oil molar ratios: a) 20 °C and 3:1, b)
20 °C and 6:1, ¢) 30 °C and 3:1, and d) 30 °C 6:1 (2 Hz — circles and 3 Hz — triangles; and
A =1 cm—open symbols: and 4 = 2.35 cm — black symbols; D. =2.54 cm, n, = 63, and 1%
potassium hydroxide) (adapted from Stamenkovi¢, 2014).

intensity and power consumption are approximately 3.5 and 20 times higher,
respectively, compared to the conditions of 4 = 1 cm and /=2 Hz. This increased
external energy input promotes better mixing of the immiscible reactants and
comminutes the dispersed phase (methanol), enhancing both interfacial mass transfer
and reaction rate. Higher temperatures reduce the viscosity of the reaction system
(especially sunflower oil) and increase reactant solubility, further accelerating the
reaction. The formation of emulsifiers (mono- and diacylglycerols) in the reactor's
inlet region stabilizes the emulsion of small methanol droplets, maintaining a high
interfacial area and accelerating the reaction in the lower part of the reactor.
Additionally, a higher methanol/oil molar ratio increases the reaction rate, driving
the methyl ester formation upwards in the reactor.

At lower energy inputs, such as at 4 = 1 cm, an induction phase is observed in
the inlet part of the reactor, resulting in sigmoid curves that indicate the presence of
mass transfer limitations. In contrast, at higher energy inputs, like at 4 =2.35 cm, no
mass transfer limitations are observed, as evidenced by the exponential shape of the
curves. Increasing the methanol/oil molar ratio from 3:1 to 6:1 leads to a rise in both
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methyl ester content along the reactor and reaction rate in the reactor's inlet region,
with the highest methyl ester content observed at the reactor outlet.

Typically, ethanolysis of vegetable oils is conducted near the boiling point of
ethanol (approximately 78 °C). To reduce biodiesel production costs, the ethanolysis
of sunflower oil with 1% sodium hydroxide catalyst was carried out in a continuous
2.54 cm i.d. reciprocating plate column (Stamenkovi¢ et al., 2010b) at temperatures
of 30 °C, 50 °C, and 70 °C. The process employed a methanol/oil molar ratio of 6:1
and residence times of 6.5 min and 13 min. The reciprocation amplitude was set at 1
cm based on the results of sunflower oil methanolysis. The study found that neither
reciprocation frequency (3 Hz or 4 Hz) nor residence time (6.5 min or 13 min)
significantly affected the outlet ethyl ester content (Figures 13.17a and b,
respectively). Increasing the reaction temperature enhanced ethyl ester content
throughout the reciprocating plate column, as depicted in Figure 13.18. Additionally,
higher temperatures accelerated reaction rates, particularly in the lower section of
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Figure 13.17 The effects of (a) reciprocation frequency at a residence time of 13 min (3 Hz
— e and 4 Hz — o) and (b) residence time at a reciprocation frequency of 3 Hz (6.5 min — o

and 13 min — @) on the ethyl ester content along the reciprocating plate reactor (6:1
methanol/oil molar ratio, 1% NaOH, and 30 °C) (Stamenkovi¢ et al., 2010b).
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the reactor. The differences in ethyl ester contents among the three temperatures
diminished along the reactor length, resulting in outlet ethyl ester contents ranging
from 94.2% to 97.3%. Subsequently, the outlet reaction mixture underwent
gravitational separation with a residence time of 190 min. The crude biodiesel exiting
the separator contained approximately 99% ethyl esters.
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Figure 13.18 The effect of the reaction temperature on the ethyl ester content along the
reciprocating plate reactor (6:1 methanol/oil molar ratio, 1% sodium hydroxide, and 3 Hz):
30°C—e,50°C— A, and 70 °C — m) (Stamenkovic¢ et al., 2010b).

13.1.5.2. Two-step biodiesel production by a continuous base-catalyzed
methanolysis of vegetable oils

Since the maximum methyl ester content achieved at the outlet of a single
reciprocating plate reactor was below the EU biodiesel quality standard of 96.5%, a
two-stage continuous process was implemented at the laboratory scale (Stamenkovié¢
et al., 2008). The production setup, shown in Figure 13.19, consisted of two recipro-
cating plate reactors with cocurrent upward flows of the reactants, each followed by
a gravitational separator. The reaction mixture had a residence time of 13 min.

The continuous methanolysis of sunflower oil was catalyzed by 1% potassium
hydroxide in the two reciprocating plate reactors at 30 °C. The process began with
sunflower oil and the potassium hydroxide-in-methanol solution being introduced at
the bottom of the first reciprocating plate reactor. After the methyl ester phase was
separated from the methanol-glycerol phase in the first separator, it was combined
with an additional potassium hydroxide-in-methanol solution and pumped into the
second reciprocating plate reactor. The crude biodiesel was then separated from the
reaction mixture in the second gravitational separator. The methyl ester content in
the crude biodiesel was approximately 80% after the first stage and 98—100% after
the second stage.
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Figure 13.19 Schematic representation of a two-stage biodiesel production plant: 1 — Tank
for catalyst solution preparation, 2 — Catalyst solution tank, 3 — Vegetable oil tank, 4 and
6 — Peristaltic pumps for catalyst solution transport, 5 — Peristaltic pumps for oil transport,
7 — Peristaltic pumps for oil-ester phase transport, 6 — Oil and alcohol preheater, 8 and 9 —
Reciprocating plate reactors, 10 and 11 — Gravity separators, 12 — Ester tank, and
13 — Glycerol-alcohol phase tank (Stamenkovic et al., 2013).

The methanolysis of sunflower oil in a continuous two-step process was patented
nationally in 2013 (Stamenkovi¢ et al., 2013). While this process shares similarities
with the widely used Lurgi Technology, it features several key differences: (a) a
significantly shorter residence time (13 min compared to 60 min), (b) a lower
reaction temperature (30 °C versus 60 °C), and (c) vigorous agitation intensity (as
opposed to moderate).

13.1.5.3. Biodiesel production in a continuous pilot reciprocating plate reactor

The continuous homogeneous base-catalyzed methanolysis of rapeseed oil was
conducted in a pilot plant with a capacity of approximately 74 liters per hour
(Stamenkovic et al., 2010c). As shown schematically in Figure 13.20, the pilot plant's
key components include a reciprocating plate reactor and a gravitational separator.
The reactor, with an internal diameter of 16.6 cm, is fitted with 15 reciprocating
perforated plates (hole diameter: 8 mm, free fraction area: 46.6%, interplate spacing:
5 cm). Additionally, 190 polypropylene spheres, each 8.5 mm in diameter, occupy
about 3.8% of each interplate space. The reactor operates with a reciprocation
amplitude of 2.35 cm and a frequency of 2 Hz.
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Figure 13.20 Schematic representation of the pilot plant: 1 — reciprocating plate reactor, 2 —
electric motor, 3 — tank for catalyst preparation, 4 — tank for catalyst solution in methanol, 5
— tank for vegetable oil, 6 — pumps for transporting vegetable oil and catalyst solution in
methanol, 7 — heater, 8 — gravity separator, 9 — glycerol-alcohol phase tank and 10 — ester
phase tank (Stamenkovi¢ et al., 2010c).

The methanolysis reaction takes place at a relatively low temperature of 30 °C,
using a methanol/oil molar ratio of 6:1 and potassium hydroxide (1.0% by weight of
the oil) as the catalyst. Oil and methanol are pumped through a preheater to the
bottom of the reactor, where the reaction mixture is agitated by the reciprocating
plates as it flows upward through the reactor, exiting at the top. The mixture is then
separated in a gravitational separator into a methyl ester phase (crude biodiesel) and
an alcohol phase. Using rapeseed oil, the crude biodiesel leaving the separator
achieved a high methyl ester content, ranging from 96.0% to 98.3%.

Consequently, the research conducted by Stamenkovi¢ and colleagues
(Stamenkovi¢ et al., 2008, 2010a, 2010b, 2010c¢) provided valuable insights into the
optimal operating conditions for potassium hydroxide-catalyzed methanolysis of
sunflower oil and demonstrated the process's scalability for industrial applications
(Veljkovi¢ et al., 2024).
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13.1.5. Cosolvents in transesterifications in continuous flow reactors

In a typical homogeneous transesterification reaction, alcohol and vegetable oils
are immiscible at ambient temperature, resulting in a two-phase mixture. Increasing
reaction temperature enhances phase miscibility but requires significant energy.
Adding a cosolvent to the reaction mixture can enhance alcohol solubility in the oil
phase, reducing the induction period by overcoming initial mass transfer resistance
(Sawangkeaw et al., 2010). Additionally, cosolvents improve phase separation
(biodiesel and glycerol) and suppress soap formation (Sakthivel et al., 2013).

Cosolvents should be inert and non-reactive with the reactants or catalysts. Low-
molecular-weight ethers (e.g., methyl tert-butyl ether, dimethyl ether, diethyl ether)
and tetrahydrofuran have been effective in achieving a monophasic mixture when
added sufficiently (Boocock et al., 1996). Other organic compounds like propane,
heptane, n-hexane, and CO; have also been utilized. Ionic liquids have emerged as
significant cosolvents (Zhao and Baker, 2013), alongside biodiesel itself (Todorovic¢
etal., 2019).

Tetrahydrofuran is a widely used cosolvent due to its favorable properties. Its
boiling point, close to that of methanol, allows for easy recovery and reuse.
Tetrahydrofuran is also cost-effective, non-toxic, chemically inert, and enhances
glycerol separation (Boocock et al., 1996). Additionally, it can increase the rate
constant of transesterification reactions (Ataya et al., 2006; Doell et al., 2008; Kumar
etal., 2011). However, a drawback is its tendency to form peroxides during storage
(Guan et al., 2009a).

The impact of cosolvents on the conversion of vegetable oils with alcohol has
mainly been studied in homogeneously catalyzed transesterification processes using
batch reactors (Bankovi¢-Ili¢ et al.,, 2015). However, research on continuous
biodiesel production with cosolvents is limited (Table 13.6). Existing studies include
base-catalyzed methanolysis (Guan et al., 2009a; Guan and Kusakabe, 2012; Shuit,
2010), enzyme-catalyzed methanolysis (Lozano et al., 2012; Royon et al., 2007;
Shaw et al., 2008), and transesterification under supercritical CO> using methanol
(Anitescu et al., 2008; Tang et al., 2008) or ethanol (Bertoldi et al., 2009; da Silva et
al., 2010; Trentin et al., 2011a, 2011b) as the acyl acceptor. Various continuous
reactors, including tubular, microtube, and packed-bed reactors, have been used,
with static mixers added to tubular reactors to enhance mixing and prevent
channeling and plugging (Meng et al., 2008).

Using a reciprocating plate reactor for continuous methanolysis of sunflower oil
catalyzed by potassium hydroxide demonstrated that the reciprocating motion of
perforated plates ensured uniform energy dissipation and maximized the interfacial
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area between the two immiscible reactants (Stamenkovi¢, 2014; Stamenkovi¢ et al.,
2010a). Encouraged by positive results, further investigations were conducted using
tetrahydrofuran as a cosolvent in continuous reciprocating plate reactor methanolysis
(Bankovi¢-Ili¢ et al., 2015). The reaction was performed with a methanol/oil molar
ratio of 6:1, 1% potassium hydroxide (by oil mass), at 20°C, and tetrahydrofuran
concentrations of 0%, 1%, 10%, and 30% (by oil mass). Sampling valves and photo
positions were installed along the reactor to monitor the process. The systems studied
were sunflower oil/methanol/tetrahydrofuran (non-reactive) and sunflower
oil/methanol/tetrahydrofuran/potassium hydroxide (reactive).

13.3.6.1. Mean drop size and drop size distribution

Figure 13.21 displays variations in the Sauter-mean drop diameter of the
dispersed phase along the reactor for non-reactive (methanol/sunflower
oil/tetrahydrofuran) and reactive (methanol/potassium hydroxide/sunflower
oil/tetrahydrofuran) systems at different tetrahydrofuran concentrations. Figures.
13.22 and 13.23 illustrate the drop size changes with reactor height in non-reactive
and reactive systems with 1% tetrahydrofuran, respectively. In reactive systems,
drop size measurements are hindered in the upper reactor section (h/ho > 0.5) at
tetrahydrofuran concentrations of 0%, 1%, and 10%, and entirely at 30%
tetrahydrofuran due to the formation of a milky white emulsion comprising barely
visible and very fine drops.

For both non-reactive and reactive systems at all cosolvent concentrations, the
Sauter-mean drop diameter decreases in the lower part of the reactor (Figure 13.21).
In non-reactive systems, the drop diameter remains constant in the upper part, and it
is likely the same for reactive systems. This behavior, previously observed in the
absence of tetrahydrofuran (Stamenkovi¢ et al., 2010a), can be attributed to the
breakup of large drops due to shear forces, collisions, and gravitational flow through
plate perforations (Joseph and Varma, 1998; Sovova, 1990). In reactive systems, the
reaction of methanol with acylglycerols further reduces the drop size along the
reactor. In the upper part, a stable dispersion of methanol drops forms, with a
constant Sauter-mean drop diameter, due to the balance between drop breakage from
reciprocating plate motion and drop coalescence from extended residence time. The
small, stable drops, stabilized by emulsifiers formed during methanolysis and
saponification (diacylglycerols, monoacylglycerols, and soaps), increase the
interfacial area, enhancing mass transfer and methanolysis reaction rates.

At any reactor location, the Sauter-mean drop diameter is generally smaller in
the reactive system than in the non-reactive one under the same conditions and
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Figure 13.21 The comparison between Sauter-mean drop diameter in non-reactive (open
symbols) and reactive (black symbols) systems at different tetrahydrofuran concentrations
(0% — o0, 1% - A, 10% — 0, and 30 % — O) (Bankovi¢-Ili¢ et al., 2015).

Figure 13.22 The photographs of the dispersion in the non-reactive systems with 1%
tetrahydrofuran along the reactor, 4/h¢: a) 0.24, b) 0.52, ¢) 0.7, and d) 0.91 (Bankovi¢-1li¢ et
al., 2015).
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Figure 13.23 The photographs of the dispersion in the reactive systems with tetrahydrofuran
1% along the reactor, i/hy: a) 0.24, b) 0.52, ¢) 0.7, and d) 0.91 (Bankovi¢-Ili¢ et al., 2015).

decreases with increasing cosolvent concentration. In the non-reactive system, a 1%
tetrahydrofuran concentration has little effect on drop size, while a 10%
concentration leads to a slight reduction of about 7% throughout the reactor. At 30%
tetrahydrofuran, the drop size noticeably decreases along the reactor, due to
tetrahydrofuran's positive impact on reactant solubility and the drop breakage process.

Figures. 13.24 and 13.25 show the drop size distributions along the reactor height
for non-reactive and reactive systems, respectively. Both systems exhibit an unimo-
dal distribution, with a single peak in the low drop size range at all tetrahydrofuran
concentrations and reactor locations. In the non-reactive system (Figure 13.24), at
low tetrahydrofuran concentrations (0% and 1%), the highest frequency of small
drops is observed in the lower third of the reactor. At 30% tetrahydrofuran, the
distribution peaks at around 52% frequency indicate a shift toward a stable
homogeneous emulsion of smaller drops. Drop size distributions are narrower with
shorter tails on the larger drop side as the tetrahydrofuran concentration increased
from 0% to 10%. At tetrahydrofuran concentrations <10%, the distribution remained
uniform in the reactor's upper part, whereas at 30% tetrahydrofuran, a milky-white
emulsion of fine drops formed, preventing accurate measurement.
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Figure 13.24 Drop size distribution in non-reactive systems at different tetrahydrofuran
concentrations: a) 0%, b) 1%, ¢) 10%, and d) 30% (A/ho: 0.24 — 0, 0.44 — A, 0.7 — V, and
0.91 — *) (Bankovi¢-1li¢ et al., 2015).

In the reactive system (Figure 13.25), the drop size distribution becomes
narrower along the reactor height, consistent with previous observations in systems
without cosolvent (Stamenkovi¢ et al., 2010a) and in a batch stirred tank reactor
(Stamenkovi¢ et al., 2007). The presence of tetrahydrofuran further shifts the
distribution towards a stable homogeneous emulsion of smaller drops.

13.3.6.2. Kinetic modeling of the potassium hydroxide-catalyzed methanolysis
of sunflower oil in a reciprocating plate column in the presence of a
cosolvent

Controversial findings exist regarding the influence of cosolvents on the kinetics
of base-catalyzed transesterification of vegetable oils in batch reactors. Karmee et al.
(2006) reported no significant rate increase with tetrahydrofuran in pongamia oil
methanolysis, suggesting a homogeneous mixture without tetrahydrofuran.
However, other studies (Ataya et al., 2006; Doell et al., 2008; Kumar et al., 2011)
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Figure 13.25 Drop size distribution in the reactive system for different tetrahydrofuran
concentrations: a) 0%, b) 1%, and c) 10 % (h/h: 0.24 — 0, 0.32 — A, 0.44 — V , and 0.52 — *)
(Bankovi¢-Ili¢ et al., 2015).

have shown that tetrahydrofuran notably enhances the reaction rate, with the effect
varying across oils, being highest for soybean, followed by canola, mahua, and
jatropha oils. This enhancement is attributed to improved oil solubility in methanol
and enhanced reactant contact area (Refaat, 2010; Todorovi¢, 2013). This
enhancement is attributed to improved oil solubility in methanol and enhanced
reactant contact area (Refaat, 2010; Todorovi¢, 2013). Trentin et al. (2011b) first
modeled continuous ethyl ester production under supercritical conditions in
microtube reactors using a mass balance approach, assuming first-order reactions.
The overall potassium hydroxide-catalyzed sunflower oil methanolysis reaction

can be presented by the following stoichiometric equation:
Catalyst

A+3B &= 3R+S (13.16)
where A is triacylglycerols, B is methanol, R is fatty acid methyl esters, and S is
glycerol.

The kinetics of potassium hydroxide-catalyzed sunflower oil methanolysis in
continuous flow reactors, with and without tetrahydrofuran, is modeled under the
following assumptions:
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(a) Methanolysis progresses through initial heterogeneous followed by pseudo-
homogeneous regimes, controlling the kinetics by mass transfer and chemical
reaction, respectively. These regimes align with findings in batch reactors with
mechanical stirrers (Stamenkovi¢ et al.,, 2008) and ultrasound irradiation
(Avramovic et al., 2012). They are characterized by sigmoidal fatty acid methyl
ester and triacylglycerol concentration variations, observed both with and without
cosolvent (Ataya et al., 2006; Avramovi¢ et al., 2012; Boocock et al., 1996, 1998;
Kumar et al., 2011; Todorovi¢ et al., 2013). In a continuous reciprocating plate
reactor, the former regime takes place in the lower part of the reactor, and the
latter regime occurs in the upper part of the reactor (Stamenkovi¢ et al., 2010a).
Also, the flow pattern changes gradually along a microtube reactor where the
potassium hydroxide-catalyzed sunflower oil methanolysis occurs in both the
absence and presence of diethyl ether as a cosolvent (Guan et al., 2009b).

(b) In the chemical control regime, the methanolysis behaves as an irreversible
second-order reaction initially (Avramovi¢ et al., 2012; Darnoko and Cheryan,
2000), becoming reversible near equilibrium (Stamenkovi¢ et al., 2008). Reverse
reactions are negligible in the early period due to excess methanol and low
product concentrations. The second-order mechanism for both forward and
reverse reactions near equilibrium has already been demonstrated (Vicente et al.,
2005, 2006).

(c) Steady-state plug flow through the reciprocating plate reactor is assumed but
verified under specific amplitude and frequency conditions (Stamenkovi¢ et al.,
2010a).

(d) A free fatty acid neutralization reaction is negligible due to the low oil content in
the oil (Avramovi¢ et al., 2012; Stamenkovic et al., 2008).

(e) Saponification reaction is also negligible at low temperatures and initial catalyst
amounts (Vicente et al., 2004), ensuring constant catalyst concentration
throughout.

Mass transfer controlled regime: According to assumption (a), mass transfer
initially limits the overall reaction rate near the bottom of the reactor. Thus, the
triacylglycerol disappearance rate equals its transfer rate from the oil phase into
methanol drops across the interfacial area. Assuming plug flow, the kinetic equation
is as follows:

d
(—rA):—ﬁzkca(cA—cA’s) (13.17)

where k. is the triacylglycerol mass transfer coefficient, a is the average specific
interfacial area, ca and ca s are the triacylglycerol concentrations in the oil phase and
on the interfacial area, respectively, and 7is the residence time.
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The chemical reaction is faster than the mass transfer, cas = 0, and Equation
(13.17) is simplified into the following one:

a:Cy (13.18)

The triacylglycerol concentration is related to the triacylglycerol conversion
degree as follows:

cAchO(l—xA) (13.19)
where ca, is the initial triacylglycerol concentration and xa is the triacylglycerol

conversion degree.
Equation (13.18) can be transformed into Equation (13.20):

dxA

dr ( A) ( )
The residence time is defined by Equation (13.21):
hA

T=— (13.21)

v

o
where 7is the residence time, 4 is the reactor length, v, is the volumetric flow rate,
and A. is the cross-sectional area of the reactor, or in a differential form:
A
C

dr="<dh (13.22)
1%

[

Thus, Equation (13.20) can be transformed into Equation (13.23):

%z%kca(l—xA) (13.23)

which can be integrated by giving Equation (13.24):

—ln(l—xA):%kca-h (13.24)
Equation (13.24) can be transformed into a dimensionless equation as follows:

—In(1-x,)= h‘;AC kca-[hij (13.25)

where /£, is the total reactor height. The dependence of —In(1—x4) versus (h/ho) is
h A
linear with the slope ——k.a from which the volumetric triacylglycerol mass
v

o

transfer coefficient, k.a, can be calculated.
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Chemical reaction controlled regime: In the pseudo-homogeneous reaction
regime, where the chemical reaction is slower than the triacylglycerol mass transfer

(assumption b), the triacylglycerol conversion rate can be expressed as follows:
%zkcho(l—xA)z (13.26)
where k> is the rate constant of the irreversible pseudo-second-order reaction.

After including Equations (13.19) and (13.21) into Equation (13.26) and
integration, one obtains Equation (13.27):

1-x,

1 h. A
=Lkcho-£h£J+C1 (13.27)
where C is the integration constant. The reaction rate constant k> and the integration
constant Ci can be estimated from the slope and intercept of the linear dependence
of 1/(1 —x4) versus h/ho, respectively.

According to assumption (b), the methanolysis reaction rate close to the

equilibrium is the reversible second-order reaction:
de, -— —
(—rA):—d—;zkchcB—kchcs (13.28)

where k, and k, are the reaction rate constants for the forward and reverse reactions,

respectively, and ¢, cr and cs are the actual concentrations of methanol, fatty acid
methyl esters, and glycerol, respectively. The initial concentrations of fatty acid
methyl esters and glycerol are zero, and the initial concentration of methanol is czo.
Since ¢, =¢,, —3c,,x,, ¢, =3c,,x,, and ¢; =c, x,, it follows:

dx

=k, (1= x,)(cy, =3¢ %) = 3kyc X (13.29)
T

Upon integration, the following equation is obtained:
[6M(1—K)xA —(1+3M) —\/—AJ .

In; - =k,cp TN-A+C, (13.30)
[6M(1 —K)x, —(1+3M)+ \/—A]

where K = k_z / /?2 is the reciprocal value of the equilibrium constant for the overall
methanolysis reaction, M = cao/co is the initial molar ratio of triacylglycerol-to-
methanol (=1/6). A=4-3M(1-K)-(1+3M)* <0, and C, is the integration
constant.

Substituting Equation (13.23) into Equation (13.29) and dividing by 4., Equation
(13.31) is obtained:
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1 [6MA=-K)x, —(1+3M) A ] L W C
—In = —ke, SNA- =2 (1331
h, [6M(1—K)xA—(1+3M)+\/—A} )=k, v, w132

o o

The reaction rate constant l-cw2 can be calculated from the slope of Equation
(13.31). The constant K can be calculated from the equilibrium triacylglycerol
conversion degree, x4., which can be experimentally determined since it is:

di; =kycp, [ (1= x,)(1-3Mx )~ 3KMx,” |=0 (13.32)

or

3Mx,,> —(1+3M)x,, +1
3Mx,’

Methanolysis reaction analysis: Figure 13.26 depicts fatty acid methyl ester
concentration variations during methanolysis, varying tetrahydrofuran (0% to 30%)
and residence times (13 and 26 min). At 0% and low tetrahydrofuran (1% and 10%),

K=

(13.33)
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Figure 13.26 The variation of the fatty acid methyl ester concentration along the reactor
height for two residence times (13 min — open symbols, and 26 min — black symbols) at
different tetrahydrofuran concentrations (0% —o, 1% —A, 10% — o, and 30 % — ¢) (Bankovi¢-
Ili¢ et al., 2015).
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low fatty acid methyl ester levels (below 10%) in the first third of the reactor reflect
mass-transfer limitations at the oil-methanol interface. Higher tetrahydrofuran
enhances the interface area by reducing drop size and promotes the reactions in the
liquid phase, thus causing higher reaction rates. Concentration profiles shift
downwards with increasing tetrahydrofuran, alleviating mass transfer limits entirely
at 30%. Along the reactor height, the fatty acid methyl ester concentration started to
increase rapidly because the interface area was increased by the dispersion action of
reciprocating plates, which increased the reaction rate. In the upper part of the
reactor, the reaction approached the equilibrium, and the fatty acid methyl ester
concentration reached a maximum value. The maximum fatty acid methyl ester yield
increased with increasing tetrahydrofuran concentration. Guan et al. (2009a) and
Meng et al. (2008) noted the same variations for the potassium hydroxide-catalyzed
methanolysis of sunflower and rapeseed oils, respectively.

For all tetrahydrofuran concentrations, fatty acid methyl ester concentrations for
the two residence times (13 and 26 min) are identical at any reactor location (Figure
13.26), confirming steady-state flow (assumption c). At the reactor exit, maximum
fatty acid methyl ester concentrations of 78-80% for low (0-1%) and 81-86% for
higher (10-30%) tetrahydrofuran concentrations are observed. This suggests: 1)
tetrahydrofuran concentration primarily affects the reaction rate and slightly
influences equilibrium fatty acid methyl ester concentration, 2) a second reactor is
needed to achieve higher fatty acid methyl ester yield (over 96.5% fatty acid methyl
esters) to meet biodiesel standards, and 3) a separation unit is necessary to remove
glycerol from the exit mixture to favor fatty acid methyl ester synthesis. Therefore,
the biodiesel production process should involve two reciprocating plate reactors in
series with glycerol separation after each reactor. Additionally, Figure 13.26 shows
that equilibrium is reached within the reactor, indicating the reactor column could be
shorter and should be designed according to transesterification reaction kinetics.

The fatty acid methyl ester concentration curves along the reactor are sigmoidal
for 0%, 1%, and 10% tetrahydrofuran concentrations but exponential for 30%
tetrahydrofuran (Figure 13.26). The sigmoidal curves confirm the existence of
different kinetic regimes in the reactor: triacylglycerol mass transfer controls the rate
in the lower part, while the chemical reaction controls the upper part. The exponential
curve at 30% tetrahydrofuran suggests a reaction-controlled regime without mass
transfer limitations, where the system transitions from an accelerated to a decelerated
phase as it approaches equilibrium. Thus, it is essential to consider reaction kinetics
at different reactor heights.

Kinetic models: The kinetic models described by Equations (13.25), (13.27), and
(13.31) correspond to mass transfer control, irreversible second-order reaction, and
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reversible second-order reaction, respectively. Figure 13.27 shows the linear
relationships of —In(1-xa), 1/(1-xa), and f{xa) (the left-hand sides of Equations
(13.25), (13.27), and (13.31)) with the relative reactor height (/4/ho) for different
tetrahydrofuran concentrations. The strong correlation between the kinetic equations
and experimental data (R > 0.92) across all tetrahydrofuran concentrations validates
the proposed models.
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Figure 13.27 The kinetic models of triacylglycerol methanolysis (straight lines) at different
tetrahydrofuran concentrations: a) 0%, b) 1%, c¢) 10%, and d) 30% (experimental data: mass

transfer — o; irreversible second-order reaction — ®; and reverse second-order reaction — *)
(Bankovi¢-1li¢ et al., 2015).

At low tetrahydrofuran concentrations (<10%), in the reactor's initial section, a
heterogeneous system with poor triacylglycerol mass transfer from the bulk of oil to
the interface is observed (assumption a: heterogeneous regime), limiting the overall
reaction rate. In the upper reactor section, where a stable emulsion of fine drops
forms, the kinetics are governed by an irreversible second-order reaction
(assumption b: pseudo-homogeneous regime). At the highest tetrahydrofuran
concentration (30%), the entire reactor operates under a reaction-controlled regime,
with the lower section dominated by an irreversible second-order reaction and the
upper section by a reversible second-order reaction.
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Table 13.7 presents the rate constants for three kinetic models. The overall
volumetric mass transfer coefficient in the mass transfer-controlled regime increases
with higher tetrahydrofuran concentrations due to enhanced drop breakage and
improved reactant miscibility in the presence of the cosolvent. However, the critical
relative height (A/ho)er, where triacylglycerol mass transfer ceases to control the
process, decreases as tetrahydrofuran concentration rises. Additionally, the rate
constant for the irreversible second-order reaction also increases with higher
tetrahydrofuran concentrations.

Table 13.7 The values of the volumetric mass transfer coefficient for the heterogeneous
(mass transfer controlled) regime and the rate constants for the pseudo-homogeneous
(chemical reaction controlled) regime (Bankovi¢-Ili¢ et al., 2015).?

THF Mass transfer- Chemical reaction-controlled regime h
(%) controlled Irreversible second- Reversible second-order reaction (hj]
regime order reaction
ka, R ka, R l; l‘; R
min’! L/mol'min 2 2
L/mol'min L/mol'min
0 0.044  0.960 1.551 0.991 - - 0.30
1 0.056  0.979 1.842 0.975 - - 0.30
10 0.073  0.987 6.492 0.933 - - 0.15
30 - 10.834 0.969 0.253 0.0015 0.922 0.30

2 Abbreviations: THF — tetrahydrofuran. Symbols: kca is the triacylglycerol mass transfer coefficient, k2 is the

-

reaction rate constant for the irreversible pseudo-second-order reaction, k2 is the reaction rate constant for the

forward second-order reaction, and k, is the reaction rate constant for the reversible second-order reaction.

No data on the transesterification reaction rate constant in continuous reactors is
available in the current literature, except for the study of Bankovi¢-Ili¢ et al. (2015),
which was the first attempt to investigate the kinetics of methanolysis of vegetable
oils in the presence of a cosolvent in a continuous upflow reciprocating plate reactor.
However, some studies have developed kinetic models for vegetable oil
methanolysis in batch reactors (Ataya et al., 2006; Doell et al., 2008; Kumar et al.,
2011). As shown in Table 13.8, the presence of tetrahydrofuran increases the reaction
rate constant compared to systems without the cosolvent. However, the rate-
enhancing effect of tetrahydrofuran varies significantly between different oils,
indicating that generalizations about its impact on transesterification rates cannot be
made (Kumar et al., 2011).

Simulation of the methanolysis process: Figure 13.28 illustrates triacylglycerol
conversion variations with reactor height for different tetrahydrofuran
concentrations, validating the kinetic models against experimental data. For mass
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Table 13.8 Ratios of reaction rate constants for methanolysis of vegetable oils in the
presence and the absence of THF (Bankovi¢-Ili¢ et al., 2015).

Reactor type  Oil/catalyst THF amount Tempe- Orderand  Ratio of Reference
rature,  type of rate
°C reaction constants
Batch vial Canola oil/  1.25:1 20 First 120 Ataya et al.
1% NaOH  THF:methanol (2006)
Canola oil/ Vv First 41.9
3% NaOH
Batch flask Soybean oil/  12:1 THF:oil 50 Second, 10842 Doell et al.
0.05% molar ratio forward 6322¢ (2008)
NaOCH; 57424
Batch flask Mabhua oil/ 1.25:1 28 Third, 14.6 Kumar et
1% KOH THF:methan 45 irreversible 7.5 al., 2011)
Jatropha oil/ olviv 28 5.5
1% KOH 45 3.6
Continuous Sunflower 1 wt% THF 20 First, mass 1.27 Bankovic¢-
RPR 0il/1% KOH  of the oil transfer- 1li¢ et al.
controlled (2015)
regime
Second, 1.19
irreversible
10 wt% THF First, mass 1.66
of the oil transfer-
controlled
regime
Second, 4.19
irreversible
30 wt% THF Second, 6.99
of the oil irreversible

# Taken from Kumar et al. (2011). ® Triacylglycerols to diacylglycerols. ¢ Diacylglycerols to
monoacylglycerols. ¢ Monoacylglycerols to glycerol. Abbreviations: RPR — reciprocating plate
reactor and THF — tetrahydrofuran.

and 10% tetrahydrofuran, and +2.7%, £3.4%, and +3.0% for irreversible second-
order reactions, respectively (Bankovi¢-Ili¢ et al., 2015). At 30% tetrahydrofuran,
MRPD values are £3.1% and £1.0% for irreversible and reversible second-order
reactions, respectively (Bankovi¢-1li¢ et al., 2015).

13.1.6. Biodiesel production from waste pig-roasting lard in a continuous
reciprocating plate reactor

To maximize the benefits of biodiesel, innovative approaches are essential,

utilizing inexpensive raw materials like waste lipids or non-edible oils, advanced

reactor designs for continuous operation, and optimized reaction conditions.

Integrating these elements, along with kinetic studies, represents a promising
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strategy for enhancing biodiesel production processes. For instance, biodiesel
production from waste pig-roasting lard using a continuous reciprocating plate
reactor has been demonstrated (Miladinovic et al., 2019).
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Figure 13.28 The comparison of the triacylglycerol conversion degree calculated by the
kinetic model (lines) with the experimental data (symbols) for different tetrahydrofuran
concentrations (0% — o, 1% — A, 10% — o, and 30 % — ¢ and *; mass transfer-controlled
region: open symbols and straight lines; irreversible second-order reaction: black symbols
and dash lines; and a reversible second-order reaction: stars and dot line) (Bankovi¢-Ili¢ et
al., 2015).

Waste animal fats from meat processing are cost-effective feedstocks for
biodiesel production (Bankovi¢-Ili¢ et al., 2014). Commonly used fats include waste
and raw lard (Adewale et al., 2016; Jeong et al., 2009; Shin et al., 2012; Stojkovi¢ et
al., 2016a, 2016b), beef tallow (Adewale et al., 2015; Da Cunha et al., 2009; Da Rés
et al.,, 2012), and poultry fat (Boey et al., 2011; Gameiro et al., 2015). Lard
transesterification is typically conducted with homogeneous (Jeong et al., 2009;
Stojkovic et al., 2016a), heterogeneous (Stojkovi¢ et al., 2016b) catalysts, enzymes
(Adewale et al., 2016), or under supercritical methanol conditions (Shin et al., 2012).
Batch reactors are commonly used, while continuous reactors are less frequent.
Among novel reactors, continuous reciprocating plate reactors (Bankovi¢-Ili¢ et al.,
2015; Miladinovi¢ et al., 2019; Stamenkovi¢ et al., 2010a) are promising for
biodiesel production, offering maximized interfacial mass transfer with low power
consumption. Reciprocating plate reactors enhance the process by frequently
renewing the interfacial contact area, providing uniform liquid-liquid dispersion,
near plug flow, effective two-phase mixing, and rapid potassium hydroxide-
catalyzed transesterification at room temperature (Bankovi¢-Ili¢ et al., 2015;
Miladinovi¢ et al., 2019; Stamenkovi¢ et al., 2010a).
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Since numerous factors impact both biodiesel yield and quality, analyzing each
factor individually using the one-factor-at-a-time method is labor-intensive and time-
consuming and overlooks potential interactions. Hence, statistical methods like the
response surface methodology with diverse experimental designs are increasingly
favored to optimize these intricate processes (Montgomery, 2005; Veljkovi¢ et al.,
2012). Moreover, this approach enhances understanding and evaluation of how
factors and their interactions influence the biodiesel production process.

Biodiesel production from waste pig-roasting lard in a continuous reciprocating
plate reactor presents challenges in achieving high yields and product quality,
necessitating a thorough investigation. The reaction conditions' impact on
transesterification rates and biodiesel yield is not easily generalized, making the
optimization of operating conditions essential for maximizing yield and minimizing
costs (Stamenkovi¢ et al., 2011). Given the numerous factors affecting yield and
quality, the one-factor-at-a-time method is inefficient and overlooks interactions.
Thus, statistical methods like the response surface methodology are increasingly
used to optimize these complex processes, enhancing the understanding of factor
interactions and their influence on biodiesel production (Montgomery, 2005;
Veljkovi¢ et al., 2012). On the other hand, enhancing the understanding of the
kinetics involved in biodiesel production from waste pig-roasting lard in a
continuous reciprocating plate reactor is crucial for improving energy efficiency and
product quality and reducing production costs.

Statistical and kinetic modeling have seldom been used to optimize the
transesterification conditions of waste animal fats. The batch potassium hydroxide-
catalyzed methanolysis of waste lard follows pseudo-first-order kinetics (Stojkovi¢
et al., 2016a), while the same reaction in a packed-bed reactor adheres to a
combination of changing-order and first-order kinetics for triacylglycerols and
methyl esters, respectively (Stojkovi¢ et al., 2016b).

Miladinovi¢ et al. (2019) were the first to combine low-cost waste lard with a
2.54 cm 1i.d. reciprocating plate reactor for continuous biodiesel production via
potassium hydroxide-catalyzed transesterification at 60 °C. They optimized key
process factors—including the methanol/lard molar ratio (4.5:1 to 7.5:1), catalyst
loading (0.5 to 1.0% of lard mass), and reactor height (13 to 192 cm), i.e., residence
time—using response surface methodology and factorial design to maximize fatty
acid methyl ester content. The study also evaluated existing kinetic models for
triacylglycerol conversion along the reactor height.
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13.1.7.1. Statistical modeling and optimization

Both the full and reduced quadratic model equations show a significant lack of
fit (p > 0.010), indicating they do not accurately represent the observed fatty acid
methyl ester content, and their reproducibility within the experimental region is
uncertain (Myers and Montgomery, 2002). Therefore, despite high coefficients of
determination, these models are not recommended for modeling fatty acid methyl
ester content (Veljkovi¢, 2014). While the full cubic equation was aliased, its reduced
form—excluding statistically insignificant terms—is significant (F-value = 74.7, p
<0.0001) and shows an insignificant lack of fit (p = 0.509) (Table 13.9). This model
is represented by the following regression equations (Miladinovi¢ et al., 2019):

Actual:

Y =—1340.89+293.45 X, + 2738.57 X, +37.69 X, —496.23 X, X, +1534 X X, —

~100.29 X, X, ~15.92 X,) ~1206.95 X,2 +17.27 X' X, +173.78 X, X (13.34)
Coded:

Y =83.16-7.26 X, +14.92 X, +12.83.X, ~10.64 X X, +5.42 X X, -

~5.90.X, X, —6.67 X -1027 X,” +9.71.X°X, +16.29 X X > (13.35)

where Y is the fatty acid methyl ester content, Xi is the methanol/lard molar ratio, X>
is the catalyst loading, and X3 is the normalized reactor height.

The quality of the fit for the reduced cubic model was evaluated using several
statistical criteria. An R?-value of 0.944 indicates that the model explains 94.4% of
the fatty acid methyl ester content variation, with only 5.6% due to uncontrolled
factors. The adjusted Rprea>-value of 0.910 is consistent with the predicted Ragi? of
0.932, showing strong predictive ability. A coefficient of variation of 7.8% suggests
good reproducibility, while the mean relative percentage deviation (MRPD) of
+7.1% (55 data points) indicates a close match between actual and predicted data.
The Kolmogorov-Smirnov normality test (statistic =0.171 > p = 0.072) confirms the
data are normally distributed, with no outliers detected.

The normalized reactor height, i.e., residence time, has the most significant
impact on fatty acid methyl ester content, with the highest F-value, surpassing the
effects of catalyst loading and the methanol/lard molar ratio. Catalyst loading also
has a greater positive impact on fatty acid methyl ester content than the methanol/lard
molar ratio, consistent with findings from potassium hydroxide-catalyzed
methanolysis of refined lard (Jeong et al., 2009). According to Equation (13.35),
while catalyst loading and reactor height positively influence fatty acid methyl ester
content, the methanol/lard molar ratio has a negative effect. Thus, increasing catalyst
loading and residence time enhances fatty acid methyl ester content. The positive
effect of catalyst loading is due to its influence on the reaction rate constant, which
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increases with higher catalyst concentrations. This positive impact of catalyst
concentration on fatty acid methyl ester formation has also been observed in alkali-
catalyzed transesterification of used frying oil under batch conditions (Atapour et al.,
2014).

Table 13.9 ANOVA results for the response surface reduced cubic model (Miladinovi¢ et
al., 2019).

Source Sum of squares df Mean square F-value p-value: Prob > F
Model 25738.2 10 2573.8 74.7 <0.0001
X1 524.6 1 524.6 15.2 0.0003
Xz 2215.0 1 2215.0 64.3 <0.0001
X; 4061.1 1 4061.1 117.8 <0.0001
X1 Xz 2263.8 1 2263.8 65.7 <0.0001
X1 X 394.9 1 394.9 11.5 0.0015
X2 X 469.0 1 469.0 13.6 0.0006
Xi? 564.1 1 564.1 16.4 0.0002
X2 1335.0 1 1335.0 38.7 <0.0001
Xi2X, 628.8 1 628.8 18.2 0.0001
X1X7? 1769.5 1 1769.5 51.3 <0.0001
Residual 1516.5 44 34.5

Lack of Fit 1181.4 34 34.7 1.0 0.509

Pure Error 335.0 10 335
Cor Total 27254.7 54

R?=0.944, Rig? = 0.932, Rprea® = 0.910, C.V. = 7.8% and MRPD = £7.1% (based on 55 data).

Increasing residence time by raising the reactor height leads to higher fatty acid
methyl ester content due to prolonged contact between reactants and the catalyst.
This trend is consistent with observations in a liquid-liquid film reactor, where fatty
acid methyl ester concentration increased during sodium hydroxide-catalyzed palm
oil methanolysis (Narvéaez et al., 2009). The effect of the methanol/lard ratio is more
complex and depends on the other two factors. A positive influence of the
methanol/tallow molar ratio on ester yield was noted in potassium hydroxide-
catalyzed methanolysis in a batch reactor (Mendonga et al., 2011). However,
excessive methanol can increase glycerol solubility, potentially reversing the
reaction and reducing fatty acid methyl ester content (Kafuku and Mbarawa, 2010;
Lin et al., 2009).

Equation (13.33) reveals three significant two-factor interactions influencing
fatty acid methyl ester content, involving all three process factors, indicating that
these factors do not act independently. The interaction between catalyst loading and
the methanol/lard molar ratio has the most significant impact, with the catalyst
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loading quadratic term being more influential than that of the methanol/lard molar
ratio. Interactions between catalyst loading and the methanol/lard molar ratio or
reactor height negatively affect fatty acid methyl ester content, while the interaction
between the methanol/lard molar ratio and reactor height has a positive impact.

The negative interaction between catalyst loading and methanol/lard molar ratio
may be due to decreased catalyst concentration and increased glycerol solubility in
a larger methanol amount, promoting the reverse reaction. As reactor height
increases, higher catalyst loading could lead to fatty acid methyl ester and
triacylglycerol saponification, explaining the negative interaction between these
factors. Conversely, increased reactor height enhances residence time and the
uniform emulsion zone, favoring fatty acid methyl ester synthesis at higher
methanol/lard molar ratios. The prevailing interaction depends on the relative
importance of these influences under specific process conditions. Aiming at the
achievement of the maximum fatty acid methyl ester content in the range of up to
100%, the optimal process factors in the used experimental ranges are found by
solving Equation (13.35). The optimal catalyst loading is in the range of 0.9% to 1%,
the optimal methanol/lard molar ratio is close to either the lowest or highest level
(4.5:1-4.7:1 and 7.3:1-7.4:1, respectively) and the optimal reactor height
corresponds to the reactor outlet (Miladinovi¢ et al., 2019).

Figure 13.29 illustrates the outlet fatty acid methyl ester content as a function of
catalyst loading and the methanol/lard molar ratio, presented as 3D and contour plots
from the reduced cubic model. The contour plot indicates that fatty acid methyl ester
content exceeding 96.5% can be achieved across the entire methanol/lard ratio range
if catalyst loading is sufficiently high (shadowed area). Thus, the minimum
methanol/lard ratio is a key criterion for optimizing process conditions. The optimal
conditions for achieving a fatty acid methyl ester content greater than 99% are a
catalyst loading of 0.9% (of lard mass) and a methanol/lard ratio of 4.5:1. However,
experimental results show a fatty acid methyl ester content of 96.2% with a slightly
higher catalyst loading (1.0%), suggesting the model may have overestimated fatty
acid methyl ester content at high catalyst loading and varying methanol/lard ratios.
Hoque et al. (2011) found the optimal methanol/lard ratio for batch methanolysis of
various feedstocks, including animal fats, to be between 4.8:1 and 6.5:1.

13.1.7.2. Kinetic analysis

For the kinetic modeling of potassium hydroxide-catalyzed waste lard
methanolysis, the presence of heterogeneous and pseudo-homogeneous regimes is
assumed, where the reaction is controlled by mass transfer and chemical reaction,
respectively. This behavior is similar to that observed for sunflower oil methanolysis
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with potassium hydroxide in the same reciprocating plate reactor (Bankovic—Ili¢ et
al., 2015). Two reaction mechanisms: 1) pseudo-first-order kinetics in both regimes
and 2) a changing mechanism coupled with triacylglycerol mass transfer throughout
the reactor are tested.
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Figure 13.29. Response (a) surface and (b) contour plots for fatty acid methyl ester content
as a function of methanol/lard molar ratio and catalyst loading at 4/hy =1.00 (the reduced
cubic model) (Miladinovi¢ et al., 2019).

Methanolysis converts triacylglycerols to fatty acid methyl esters and glycerol

via intermediates diacylglycerols and monoacylglycerols. Because these
intermediates are consumed faster than triacylglycerols, they are not considered in
the overall reversible reaction (Equation 13.16). The reciprocating plate reactor
operates under an ideal plug flow, as confirmed by previous tests (Bankovi¢—Ili¢ et
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al., 2015; Stamenkovi¢ et al., 2010a). With the FFA content in waste lard at only
0.53%, FFA neutralization is neglected, and saponification of triacylglycerols is also
ignored due to the high methanol/lard molar ratio.

Pseudo-first-order reaction in heterogeneous and homogeneous regimes: In
the heterogeneous regime, the reaction rate is limited by triacylglycerol mass transfer
resistance in the lower part of the reciprocating plate reactor, with the triacylglycerol
conversion rate equal to the mass transfer rate into methanol drops. Assuming plug
flow, Equation (13.25) describes the variation in conversion degree along the reactor
height (Bankovi¢-Ili¢ et al., 2015):

h A h

—ln(l—xA):“’}—ckca-[h—j (13.25)

In the pseudo-homogeneous regime, where the reaction rate is slower than the
mass transfer, it limits the overall process rate. Assuming plug flow and an
irreversible pseudo-first-order reaction, the rate equation is given by Equation
(13.27) (Bankovi¢—Ili¢ et al., 2015):

h A h
oA, kap,,(h—}cl (13.27)

\%

o

—In(1-x,)=

where kapp s the apparent pseudo-first-order reaction rate constant.

Figure 13.30 shows a linear relationship between -In(1 — xa) on A/hg. For the
lowest catalyst and methanol amounts (0.5% of waste lard and a 4.5:1 methanol/lard
molar ratio), only a heterogeneous regime was observed. For other catalyst loadings
and methanol/lard ratios, both heterogeneous and pseudo-homogeneous regimes
were present. In the initial one-third of the reactor, the reaction rate was slow due to
limited triacylglycerol mass transfer. Here, the reaction rate was independent of
catalyst concentration and methanol/lard ratio (rate = 0.036 min™). In the upper
reactor, where fatty acid methyl esters acted as a cosolvent and diacylglycerols and
monoacylglycerols as emulsifiers, the pseudo-homogeneous system formed, and the
reaction rate increased linearly with catalyst amount (Figure 13.31). The reaction
rate constant was determined to be 4.70 L/(mol-min) (R* = 0.995).

Changing mechanism coupled with triacylglycerol mass transfer:
Miladinovi¢ et al. (2014) originally developed this model for heterogeneously
catalyzed sunflower oil methanolysis. The changing mechanism was previously used

185



An(1-x,) / 1

b)

-An(1-x,) / 1

c)

-ln(1-xA)/ 1

0 T T T T
0.0 02 04 06 08 10

h/ho 11

Figure 13.30 The linear dependence of —In(l—xa) on the normalized reactor height at
different methanol/lard molar ratios: a) 4.5:1, b) 6.0:1, and c) 7.5:1 (catalyst loading, % of
waste lard: 0.50 — circles, 0.75 — triangles and 1.00 — squares; mass transfer-controlled
regime: open symbols and chemical reaction-controlled regime: black symbols)
(Miladinovi¢ et al., 2019).
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Figure 13.31 Dependence of apparent reaction rate constant on the catalyst concentration for
different methanol/lard molar ratios: 4.5:1 —@®, 6.0:1 — A, and 7.5:1 — ®) (Miladinovi¢ et
al., 2019).

for homogeneous alkali-catalyzed methanolysis (Noureddini and Zhu, 1997). This
model accounts for the effect of fatty acid methyl ester concentration on the reaction
rate, as fatty acid methyl esters act as cosolvents that improve interfacial contact and
enhance triacylglycerol mass transfer. Integrated into the steady-state mass balance
of the plug flow reciprocating plate reactor, the model yields Equation (13.36)
(Miladinovi¢ et al., 2015):

dc c
(- d;)zkm-ﬁ-(cmecR) (13.36)

A
where km is the apparent reaction rate constant, K is the model parameter that takes
the triacylglycerol affinity to the catalytical species (methoxide ions) into account,
ca 1s the concentration of triacylglycerols, cr is the concentration of fatty acid methyl
esters, and cro is the hypothetic initial concentration of fatty acid methyl esters that
corresponds to the initially available catalytical species near the interfacial area,
which is introduced to avoid the fact that ck = 0 for 7= 0.

If ca and crare expressed in terms of xa, Equation (13.34) can be transformed as
follows:

dxA_ (l—xA)'(cR0+3'cA0'xA)

dr " K+cg-(1-x,)

(13.35)
For the heterogeneous regime, where K << ca, a simplified Equation is obtained:
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ax,

L=k, -(Cﬂwa] (13.36)

Cao
The parameters in Equations (13.35) and (13.36) are determined from
experimental data using Polymath software. This software is also used to calculate
xa-values along the reactor height, which are then employed to compute ca and cr (=
3caoxa).

After calculating the parameters from Equation (13.36), they were normalized by
the initial methanol concentration (kw/cBo and K/cpo) and then correlated with catalyst
concentration (Miladinovi¢ et al., 2014). Figure 13.32 demonstrates linear relation-
ships between km/cpo, K/cpo, and catalyst concentration, with slopes indicating
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Figure 13.32 The linear dependences of kw/cgo (®) and K/cgo (M) on the catalyst
concentration for all methanol/lard molar ratios (R* = 0.95 and 0.98, respectively).

the reaction rate constant (k, = 4.54 L?/(mol® min)) and modified triacylglycerol
affinity for catalytical species (K’ = 8.73 L/mol). Notably, the k>-value for the waste
lard methanolysis in the reciprocating plate reactor is approximately a hundred times
higher than that (0.045 L%*/(mol* min)) observed for the quicklime-catalyzed
methanolysis of sunflower oil in a stirred batch reactor at 60 °C (Miladinovi¢ et al.,
2014).

Figure 13.33 illustrates the dependence of the parameter cro on the methanol/lard
molar ratio and catalyst concentration. At a constant methanol/lard molar ratio, this
parameter increases with catalyst concentration up to about 0.10 mol/L, then levels
off despite further catalyst addition. Conversely, as the methanol/lard molar ratio
increases, this parameter decreases due to dilution of the reaction mixture, which
lowers the catalyst concentration.
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Simulation of triacylglycerol and fatty acid methyl ester variation: For the
lowest potassium hydroxide concentration (0.5% of waste lard) and the lowest
methanol/lard molar ratio (4.5:1), where the reaction rate is limited by triacylglycerol
mass transfer, Equations (13.25) and (13.36) were used to calculate xa, ca, and cr.
Figures 13.34a and 13.35a compare the actual and predicted values of ca and cr,
showing acceptable agreement with MRPD values of +25.2% and +15.9%,
respectively. For other conditions, xa was calculated using Equations (13.25),
(13.27), and (13.35).

As shown in Figures 13.34b, 13.34c, 13.35b, and 13.35¢, the models fit the
experimental data well under different conditions (catalyst loading of 0.75% and
1.00% of waste lard and methanol/lard molar ratios of 6.0:1 and 7.5:1), with lower
MRPD values of +9.2% and +11.8% for the pseudo-first-order reaction and the
model incorporating changing mechanisms with mass transfer. Figures 13.34 and
13.35 also show that the fatty acid methyl ester content increases more in the middle
part of the reactor than in the upper part (A/ho > 0.70), where the increase in fatty
acid methyl ester content is less than 2%. Similar behavior was observed during the
palm oil methanolysis in a liquid-liquid film reactor (Narvaez et al., 2009).

The same model was validated for sunflower oil methanolysis in the same
reciprocating plate reactor at a 6:1 methanol/oil molar ratio, 20 °C, and 1.0%
potassium hydroxide as indicated by a low MRPD of +6.4% (Bankovi¢-Ili¢ et al.,
2015). The model’s validity with waste and sunflower oil suggests its broader
applicability for modeling the kinetics of various transesterification reactions.
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a)

b)

c)

Figure 13.34 Comparison of experimental and predicted values of triacylglycerols (black
symbols) and fatty acid methyl esters (open symbols) concentration calculated by two
correlations describing the triacylglycerol mass transfer and chemical reaction rates at
different methanol/lard molar ratios (a) 4.5:1, (b) 6.0:1, and (c¢) 7.5:1 (simulation:
triacylglycerols — solid lines, fatty acid methyl esters — dash lines; catalyst loadings, % of
waste lard: 0.5 — circles, 0.75 — triangles and 1.0 — squares).
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Figure 13.35 Comparison of experimental and predicted values of triacylglycerols and fatty
acid methyl ester concentration calculated by kinetic model for overall reaction at different
methanol/lard molar ratios: (a) 4.5:1, (b) 6.0:1, and (c¢) 7.5:1 (simulation: triacylglycerols —
solid lines, fatty acid methyl esters — dash lines; catalyst loadings, % of waste lard: 0.5 —
circles, 0.75 — triangles and 1.0 — squares).
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13.1.7. Comparison of reciprocating plate reactors with other reactor types

Comparing the performance of the reciprocating plate reactor with other reactor
types and the catalytic capabilities of potassium hydroxide versus other catalysts
(sodium hydroxide, quicklime) in methanolysis under similar conditions is
insightful. Table 13.10 summarizes the conversion (or ester yields), capacity, and
operating conditions across various reactors, including stirred (Da Cunha et al.,
2009), reciprocating plate (Bankovi¢—Ili¢ et al., 2015; Stamenkovié¢, 2014; Stamen-
kovi¢ et al., 2010a), ultrasonic (Stavarache et al., 2007), zigzag micro-channel (Wen
et al., 2009), metal foam (Yu et al., 2010), and packed bed (Miladinovi¢ et al., 2015;
Stojkovi¢ et al., 2016b) reactors.

The reciprocating plate reactor used for the waste lard methanolysis under
optimal conditions achieved a fatty acid methyl ester content of 96.2% with a
capacity of 120 kg/day. In comparison, a batch pilot reactor for the potassium
hydroxide-catalyzed methanolysis of beef tallow had a higher capacity (800 kg/day)
and similar conversion (>95%) but required a longer reaction time (3 h) with slightly
higher catalyst concentration and temperature (Da Cunha et al., 2009). Although
ultrasonic irradiation in a tubular reactor offers benefits at lower temperatures (38—
40 °C) (Stavarache et al., 2007), it requires a higher methanol/oil molar ratio (7.5:1
for edible oil, 6.0:1 for palm oil) and longer residence time (30 min) to achieve fatty
acid methyl ester content over 95% than the process in the reciprocating plate reactor.

A zigzag micro-channel reactor achieved higher reaction efficiency (99.5% fatty
acid methyl ester yield in 28 s) than the reciprocating plate reactor under optimal
conditions, likely due to more intensive mass transfer from micro-scale static mixing
(Wen et al., 2009). However, its capacity (0.28 kg/day) is significantly smaller,
requiring many reactors to match the reciprocating plate reactor output. The metal
foam reactor also reduces residence time (3.26 min) for a high ester yield (95.2%) at
an increased methanol/oil molar ratio (10:1) but has a smaller capacity (13.2 kg/day)
(Yu et al., 2010).

The reciprocating plate reactor's shorter residence time and higher production
capacity are advantages over a packed-bed reactor for waste lard methanolysis
(Stojkovi¢ et al., 2016b). However, it has a drawback in methyl ester separation from
potassium hydroxide. At a lower temperature (20 °C), the potassium hydroxide-
catalyzed sunflower oil methanolysis in the same reciprocating plate reactor yielded
a lower fatty acid methyl ester content (78-80%) under identical conditions
(Bankovi¢-Ili¢ et al., 2015). In contrast, fatty acid methyl ester content of over 99%
was achieved using two reciprocating plate reactors in series with a gravitational
separator between them (Stamenkovi¢ et al., 2013).
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Table 13.10 Comparison of various reactor and catalyst types for biodiesel production from
various feedstocks with methanol.

Reactor Feedstock Methanol/ Catalyst/  Tempe- Conversion Capa- Reference
(i.d., cm)/ feedstock  loading, rature,  (yield), %/  city,

process molar % of °C residence kg/day

type ratio feedstock time, min

RPR Waste 4.5:1 KOH/1.0 60 96.2/10 120 Miladinovié
(2.54)/ lard et al. (2019)
continuous

RPR Sunflower 6:1 KOH/1.0 20 78-84/13 98 Bankovi¢—
(2.54)/ oil Ili¢ et al.
continuous (2015)

RPR Sunflower 6:1 KOH/1.0 30 80/12° 982 Stamenkovié
(2.54), oil 100/30° 420 et al. (2013)
two in

series/

continuous

Pilot RPR  Rapeseed  6:1 KOH/1.0 30 73.6/13 70° Stamenkovi¢
(16)/ oil et al.
continuous (2010c¢)
Pilot Beef 6:1 KOH/1.5 65 >95/180¢ 800 Da Cunha et
stirred/ tallow al. (2009)
batch

Ultrasonic ~ Palm oil 6:1 KOH/- 3840 95/20 165 Stavarache
tubular/ et al. (2007)
continuous

Zigzag Soybean 9:1 NaOH/1.2 56 (99.5)/0.5 0.28 Wen et al.
micro- oil (2009)
channel/

continuous

Zigzag Soybean 10:1 NaOH/ 55 (95.2/3.26  13.2 Yu et al.
metal oil 1.0 (2010)
foam/

continuous

Packed Sunflower 6:1-18:1 Quicklime 60 98.5/60 2.1 Miladinovié¢
bed (3)/ oil bits -120 et al. (2015)
continuous

Packed Waste 6:1 Quicklime 60 >96.5/60 3.6 Stojkovi¢ et
bed/ lard bits al. (2016b)
continuous

2 The first reactor in the series; ® The second reactor in the series; ¢ dm’/h. ¢ Reaction time.

Mass transfer resistance in the inlet part of the reciprocating plate reactor slows
the transesterification reaction due to the immiscibility of waste lard and methanol
(Stamenkovi¢ et al., 2010a). This resistance results in large methanol droplets and a
small specific interfacial area, leading to slow triacylglycerol mass transfer, which
limits the reaction rate. Improving methanol dispersion in the initial part of the
reciprocating plate reactor can enhance performance. Inserting inert packing in the
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interplate spaces intensifies mixing and reduces mass transfer resistance. The
positive effects of added spheres (Aleksi¢, 2006; Bankovi¢—Ili¢ et al., 2001a, 2001b),
Rashig rings (Aleksi¢, 2006; Sundaresan and Varma, 1990b), and pall rings
(Prabhavathy et al., 1996) on mass transfer in reciprocating plate reactors have been
demonstrated for both gas-liquid and liquid-liquid systems. This approach was
successful in the rapeseed oil methanolysis in a 16 cm i.d. reciprocating plate reactor
with spherical packing in interplate spaces, achieving a fatty acid methyl ester
content of 98% (Stamenkovi¢ et al., 2010c).

13.2.8. A short overview of other applications of reciprocating plate reactors
in Serbia

Besides biodiesel production at laboratory and pilot levels (Bankovi¢-Ili¢ et al.,
2015; Miladinovi¢ et al., 2019; Stamenkovi¢, 2014; Stamenkovi¢ et al., 2010a,
2014), reciprocating plate reactors have been used in Serbia to study biosyntheses of
dextransucrase, dextran (Veljkovi¢, 1985; Veljkovi¢ et al., 1990), and ethanol
(Nikoli¢, 2013).

A 2.54 cm i.d. reciprocating plate column was used as a bioreactor for alcoholic
fermentation of a glucose medium (40 g/L) with Saccharomyces cerevisiae
immobilized on macroporous polymer particles (es = 0.236) at 30 °C and a liquid
flow rate of ~1.2 L/day (Nikoli¢, 2003). The dispersion model was validated by
comparing predicted and measured glucose concentrations at the bioreactor exit.
Axial dispersion did not affect glucose conversion with zero-order kinetics, but
positively influenced glucose conversion and ethanol yield under Monod kinetics.

Furthermore, the biosynthesis of dextransucrase by Leuconostoc mesenteroides
Zdravlje S-P strain was investigated in a 2.5 cm i.d. reciprocating plate column, a
bubble column, and a stirred vessel at 25 °C (Veljkovi¢, 1985; Veljkovic et al., 1990).
Maximum power consumption was calculated from the maximum pressure variation
at the reactor bottom (Veljkovi¢ and Skala, 1986), and volumetric oxygen mass
transfer was determined using a dynamic method during aerobic microbial growth
(Veljkovi¢ and Skala, 1988). The reciprocating plate column showed the highest
aeration capacity among the bioreactors for the same specific power consumption
and at a much lower superficial gas velocity (Veljkovi¢ et al., 1990). However, this
capacity exceeded the optimal level for maximum enzyme biosynthesis, leading to
the selection of the aerated stirred tank bioreactor for dextransucrase production
(Veljkovi¢, 1985; Veljkovic et al., 1990).
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13.2 Oscillatory flow reactors in biodiesel production
13.2.1. Reactor design and flow regime

Oscillatory flow reactors represent a subtype of continuous plug flow reactors
characterized by equally spaced orifice plate baffles within a tube, as illustrated in
Figure 13.36. Oscillatory flow within the reactor is commonly created by a piston,
which induces a pulsed flow that creates eddies in the vicinity of the baffles, thereby
improving heat transfer and mixing around the baffles (Harvey et al., 2001; Law et
al., 2018; Mackley and Stonestreet, 1995). As the piston advances, turbulence is
generated in the upstream direction through the orifices, while as the piston retracts,
turbulence occurs downstream below the baffles.

Superimposed
oscillatory flow

Ne

Figure 13.36 Oscillatory flow reactor with the most commonly used sharp-edged orifice
baffles: oscillatory flow is superimposed on bulk flow by a piston (Harvey et al., 2003).

Unlike conventional tubular reactors, where mixing depends on net flow,
oscillatory flow reactors achieve independent mixing behavior. This unique design
enables them to exhibit plug flow characteristics even under laminar flow conditions,
allowing for significantly shorter reactor lengths compared to conventional plug flow
reactors. This reduction in length/diameter ratio extends residence times effectively.
Additionally, oscillatory flow reactors offer reduced power consumption relative to
equivalent stirred tank reactors (Abbott et al., 2014). Moreover, their scalable design
suggests the potential for direct translation to large-scale production without the need
for intermediate scale-up trials (Masngut et al., 2010). Furthermore, oscillatory flow
reactors feature narrow residence time distributions, facilitating staged additions and
customizable parameter profiles along their length (Masngut et al., 2010).

The mechanism of eddy formation in oscillatory flow reactors has been well-
documented in the literature (Brunold et al., 1989; Gough et al., 1997; Mazubert et
al., 2016a; McDonough et al., 2015; Ni et al., 2002). Typical flow patterns in
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continuous oscillatory flow reactors equipped with orifice baffles are shown in
Figure 13.37. During flow acceleration (Figure 13.37a), eddies form downstream of
the baffles, causing flow separation. As the oscillatory velocity increases (Figure
13.37b), these eddies fill the baffle cavity. In the flow reversal phase (Figure 13.37c),
the eddies detach, creating a free vortex that is engulfed by the bulk flow and
interacts with vortices from previous cycles (Figure 13.37d), before the cycle repeats.

A

-~ M

(b) (c)
Figure 13.37 Eddy formation in a continuous oscillatory flow reactor equipped with orifice
baffles (McDonough et al., 2015).

Several baffle designs are used in the research of oscillatory flow reactors (Avilaa
etal., 2022), as shown in Figure 13.38. These include the most common sharp-edged
single-orifice plates (Figure 13.38), along with periodic smooth constrictions
(mesoscales), multi-orifice plates, disc-and-doughnut configurations, various helical
forms (e.g., round wires, sharp-edged and alternating ribbons, double ribbons with a
central rod), central disc baffles, and wire wool.

The geometrical parameters of oscillatory flow reactors influence the shape and
size of the vortices generated, which need sufficient space to fully expand in each
baffle cavity. The primary design parameters for oscillatory flow reactors are based
on the single orifice baffle design. Table 13.11 lists the most commonly used values,
now often considered standard design guidelines. However, it is important to note
that these values were defined under specific conditions from the original studies and
have not been optimized for a wide range of operating conditions or applications
(Avilaa et al., 2022).
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Figure 13.38 Different baffled geometries of oscillatory flow reactors (Avilaa et al., 2022).

Table 13.11 Main geometrical parameters of oscillatory flow reactor design.

Parameter Symbol Most common values
Reactor diameter D, 15-150 mm

Baffle spacing h 1.5 D

Baffle orifice diameter do 0.45-0.5 D.
Fractional free baffle area (%) € 20-25

Baffle thickness o 2-3

Oscillation amplitude A 0.25-0.6 1

13.2.2. Overview of previous research on biodiesel production in oscillatory
flow reactors

The results from previous studies on biodiesel production in oscillatory flow
reactors, summarized in Table 13.2, indicate that near-complete conversion can be
achieved in relatively short residence times. These studies predominantly use
vegetable oils like rapeseed and sunflower oil, as well as waste cooking oil, as
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feedstocks. Methanol is exclusively used, with alcohol/oil molar ratios ranging from
3:1 to 18:1, depending on the catalyst and feedstock, but most frequently at a 6:1
ratio. Alkali catalysts, primarily potassium hydroxide at a dosage of about 1% of the
oil, are commonly employed to accelerate transesterification reactions, typically at
60 °C, whereas 4-dodecylbenzenesulfonic acid has been used as an acid catalyst (Al-
Saadi et al., 2019). Some studies also utilize heterogeneous catalysts, such as basic
mixed CaO/MgO (Al et al., 2022, 2023) and calcined date seeds (Khelafi et al.,
2022), as well as an acid sulfonated glucose catalyst (Kefas et al., 2019). Masngut et
al. (2010) reported that biodiesel production directly from oilseeds like rapeseed,
jatropha, and pongamia was investigated using in situ transesterification and
examining the suspension characteristics of rapeseed particles in oscillatory flow
reactors. However, no experimental results were provided.

Residence times vary from 60 seconds to 120 minutes, influenced by the type of
catalyst, feedstock, and the reactor's design, geometry, and operational conditions.
Notably, in advanced systems combining oscillatory flow reactors with cold plasma
or hydrodynamic systems, residence times can be as short as 90 seconds (Taki et al.,
2023, 2024). To optimize operational variables, some studies employ response
surface methodology with Box-Behnken design (Al-Saadi et al., 2019, 2020;
Kouhifaiegh et al., 2024; Soufi et al., 2017; Taki et al., 2022, 2023, 2024), one-factor-
at-a-time methods (Ali et al., 2022; Kefas et al., 2019; Syam et al., 2012), and
occasionally ANN modeling (Ali et al., 2023). Additionally, incurring low capital
and running costs, mesoscale oscillatory flow reactors are particularly suitable for
screening tests and determining optimal operating conditions of transesterification
systems reactions (Al-Saadi et al., 2019; Phan et al., 2011; Zheng et al., 2007).

This configuration is particularly advantageous for multiphase reactions such as
the transesterification process used in biodiesel production (Garcia-Martin et al.,
2018; Kefas et al., 2019; Soufi et al., 2017) because the recirculation flow increases
the interfacial area in the liquid phase, which consequently enhances the rate of mass
transfer. Moreover, an oscillatory flow reactor provides better yields along with high
oscillation amplitudes and low Strouhal numbers (Harvey et al., 2003; Zheng et al.,
2007). Distinct baffle configurations also showed good multiphase contact and high
mass transfer rates, allowing for diverse applications (McDonough et al., 2015).

Oscillatory flow reactors (OFRs) have the potential to achieve higher biodiesel
yields compared to stirred tank reactors (Garcia-Martin et al., 2018). Additionally,
similar conversions can be attained between batch and continuous mesoscale OFRs
and batch-stirred tank reactors, often within approximately the same reaction times
(Zheng et al., 2007). However, a significant drawback of OFRs is the absence of an
integrated separation unit for the final products (Phan et al., 2011). Despite their
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advantages, including enhanced mixing intensity, improved heat and mass transfer,
and higher biodiesel yields, the complex design of OFRs remains a barrier to
commercial application. Furthermore, achieving optimal mixing in OFRs requires
large reactor dimensions, which adds another layer of complexity (Masngut et al.,
2010).

Among various baffle designs, the smooth constriction geometry has been shown
to achieve the highest biodiesel yield (82%), outperforming the wire wool baffle and
sharp-edged helical baffle with a central rod (74-76%). This design enables stable
conversion rates and better process performance, reaching a steady state 33% faster
than the other baffle geometries (Harvey et al., 2003; Mazubert et al., 2014; Phan et
al., 2012). A higher velocity ratio, which represents the relationship between
oscillatory and net flow, is necessary for effective liquid-liquid dispersion (Al-Saadi
etal., 2019; Mazubert et al., 2015; Phan et al., 2012).

For example, the sharp-edged helical baffles have demonstrated superior
biodiesel yields compared to the coiled wire helical baffles due to their higher shear
rates, which enhance liquid-liquid phase mixing (Phan et al., 2011). Additionally,
the helical and alternating helical baffles offer improved plug flow behavior
compared to the single orifice and disc-and-doughnut baffles while maintaining
significant shear strain rates, crucial for droplet breakup (Mazubert et al., 2016a,b).
However, vortical flow is less pronounced in the alternating helical blade, with
streamlines from the inlet occupying less reactor volume, suggesting less efficient
flow turnover near the walls, which could potentially hinder heat transfer (Mazubert
etal., 2016a).

13.2.3. Analysis of homogeneous transesterification reactions

These studies collectively demonstrate the potential of oscillatory flow reactors
in biodiesel production, offering advantages such as reduced reaction times and
improved yields through enhanced mixing and mass transfer.

13.2.3.1. Base catalysis

Harvey et al. (2003) pioneered transesterification in continuous oscillatory flow
reactors with single-orifice baffles using methanol and rapeseed oil. Operating at
temperatures of 50°C and 60°C with a methanol/oil molar ratio of 1.5:1 and a
methanol/sodium hydroxide mass ratio of 24.4:1, they achieved over 99%
conversion to methyl esters meeting EU biodiesel standards. Their residence times
of 10 min and 20 min at 50 °C and 60 °C were significantly shorter compared to
traditional stirred batch reactors (at least 75% lower).
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In early studies, researchers compared the performance of batch and continuous
oscillatory flow meso reactors with stirred tank reactors. Zheng et al. (2007)
examined this in the alkali-catalyzed transesterification of refined vegetable oil.
They observed comparable biodiesel yields across all three reactor types. The
continuous oscillatory flow reactor, operating at 60°C with a 4.2% sodium
methoxide solution in methanol at a flow rate of 126 mL/h, achieved nearly complete
conversion to biodiesel. The study concluded that this reactor is well-suited for
continuous laboratory-scale biodiesel production. Similarly, Garcia-Martin et al.
(2018) compared a batch-mode oscillatory flow reactor with a stirred tank reactor for
biodiesel production from waste cooking oil using 1% sodium hydroxide. The
oscillatory flow reactor outperformed the stirred tank reactor, achieving a 72.5%
ester yield in half the time. Optimal conditions of the oscillatory flow reactor
included a 6:1 methanol/oil molar ratio, 0.67 Hz oscillation frequency, and a 30-
minute residence time, resulting in a maximum ester yield of 78.8%. Increasing
oscillation frequency and Reynolds number further improved ester yield by
enhancing mass and heat transfer. The biodiesel's composition and properties were
independent of the reactor type.

Phan et al. (2011, 2012) explored continuous transesterification in mesoscale
oscillatory flow reactors, focusing on various baffle designs (integral, wire wool, and
helical baffles) and using potassium hydroxide and sodium methoxide catalysts.
They found that potassium hydroxide provided slightly higher conversions (97% vs.
94-96%) and faster reaction times (5 min vs. 5-10 min) (Phan et al., 2012). The
induction time decreased with increasing oscillatory Reynolds number, achieving
stable steady states in 1.5 to 4.0 residence times, depending on the baffle type.
Optimal residence times were crucial, as longer times reduced ester content due to
saponification. A conversion higher than 95 % was achieved in a residence time
lower than 5 min. To improve mixing, reactors were designed with sharp-edged
helical baffles fixed on a central rod, which outperformed standard helical baffles by
enhancing shear force and reducing phase separation (Phan et al., 2011). This design
generated faster and more uniform mixing at low flow rates and low oscillatory
Reynolds numbers.®> The resulting ester yields ranged from 70% to 90%, depending
on operational conditions, with a conversion exceeding 95% in 5 min and consistent
methyl ester quality.

5 The oscillatory Reynolds number describes the intensity of mixing in the reactor:
_274fpD,
H

Re

o
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Several research groups (Al-Saadi et al., 2020; Kouhifaiegh et al., 2024;
Mazubert et al., 2014; Muhammed Niyas et al., 2023; Santikunaporn et al., 2020;
Soufi et al., 2017; Syam et al., 2012; Taki et al., 2022) further investigated
parameters such as temperature, catalyst type, and residence time in continuous
oscillatory flow reactors, showing improvements in biodiesel yield and process
efficiency compared to conventional reactors. For instance, Syam et al. (2012)
optimized the transesterification of pre-treated jatropha oil with methanol in a
continuous oscillatory flow reactor with annular baffles. They evaluated the effects
of temperature, catalyst type, and methanol/oil molar ratio on biodiesel yield. The
optimal conditions— a 6:1 methanol/oil molar ratio, 1% potassium hydroxide, and
60°C—achieved a 99.7% ester yield in just 10 min. Similarly, Kouhifaiegh et al.
(2024) conducted optimization studies on the continuous production of biodiesel
from sunflower oil, varying parameters such as methanol/oil molar ratio,
temperature, reactor length, and catalyst concentration. Their findings identified
optimal conditions: operating at 51°C with an 8.5:1 methanol/oil ratio, 1% potassium
hydroxide catalyst concentration, and utilizing a 3-meter reactor. These conditions
achieved an actual conversion rate of 89%, closely aligned with the predicted 92%.
Soufi et al. (2017) investigated the impact of oscillation frequency, baffle spacing,
and temperature on ester yield in a 1% potassium hydroxide-catalyzed
transesterification of waste cooking oil over a 5-minute reaction period. They found
temperature to be the primary factor affecting ester yield, while interbaffle spacing
had no significant impact. The highest yield of 81.9% was achieved at an oscillation
frequency of 4.1 Hz, an interbaftle spacing of 5 cm, and 60 °C, though similar yields
were also attainable with different spacings.

Al-Saadi et al. (2020) optimized the homogeneous base transesterification of
refined and low-grade rapeseed oils. For refined rapeseed oil, they achieved 99%
conversion with a 13:1 methanol/oil molar ratio, 0.5% catalyst, 50 °C, and 16
minutes residence time. For low-grade oil, 90% conversion was attained with an 18:1
methanol/oil molar ratio, 2% catalyst, 50 °C, and 4.25-minute residence time.
Techno-economic analysis using Aspen HYSYS indicated that the single-step
process for low-quality rapeseed oil was more cost-effective than the conventional
process with refined oil or the two-step process with waste cooking oil.

Moreover, biodiesel production from waste cooking oils was studied at low
temperatures and varying operational variables (Mazubert et al., 2014;
Santikunaporn et al., 2020; Taki et al., 2022). Mazubert et al. (2014) achieved 92.1%
conversion in 6 min with a 6:1 methanol/oil molar ratio and 1% potassium hydroxide
catalyst at 40 °C, comparable to batch reactor results (95% in 10 min) but achieved
more quickly due to improved mixing. Santikunaporn et al. (2020) found that
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residence time and methanol/oil molar ratio significantly impacted ester content at
65 °C. Optimal conditions were a 60-second residence time, 3.0% potassium
hydroxide loading, and an 11:1 methanol/oil molar ratio. Taki et al. (2022) found
that among the studied variables—temperature, catalyst amount, residence time, and
methanol/oil molar ratio—the methanol/oil ratio had minimal impact on methyl ester
conversion. Increasing this ratio decreased reaction efficiency. Longer reactor
lengths and increased baffling enhanced mixing and prolonged residence time,
thereby improving efficiency. The highest biodiesel conversion achieved was 74.5%.
Specifically, Muhammed Niyas et al. (2023) found that a solar-powered rotating
flask oscillatory flow reactor achieved a 93.7% ester yield from coconut waste
cooking oil in 30 min, comparable to the yield in the stirred tank reactor, which took
60 min.

13.2.3.2. Acid catalysis

Acid catalysts have rarely been used in biodiesel production in oscillatory flow
reactors. Only Al-Saadi et al. (2019) studied the effects of operating conditions,
including methanol/oil molar ratio, catalyst/oil molar ratio, and residence time, on
methyl ester production from rapeseed oil using 4-dodecylbenzenesulfonic acid as
the catalyst. Complete conversion was achieved at 60°C using optimal conditions:
methanol/oil molar ratio of 10:1 with a catalyst concentration of 0.99 M for a 60-
minute residence time, or a methanol/oil molar ratio of 6.5:1 with a catalyst
concentration of 0.5 M for a 120-minute residence time.

13.2.4. Analysis of heterogeneous transesterification reactions

13.2.4.1. Base catalysis

Heterogeneous base catalysis in oscillatory flow reactors has been studied far
less than homogeneous catalysis (Ali et al., 2022, 2023; Khelafi et al., 2022). Khelafi
et al. (2022) found that an oscillatory flow reactor outperformed a stirred tank reactor
in sunflower oil transesterification with methanol, catalyzed by calcined data seed at
lower agitation speeds, but the stirred tank reactor was more effective at higher
speeds. To reduce biodiesel production costs, Ali et al. (2022) developed a
CaO/MgO catalyst from calcined low-cost natural dolomite and used it to
transesterify oleic acid at a 6:1 methanol/oil ratio. Optimal conditions (60°C, 4.3 Hz,
8 mm amplitude, 40 min residence) achieved 96% conversion, outperforming a
stirred tank reactor (77.4% at 60°C, 40 min). However, an ANN model predicted a
98.6% conversion under slightly adjusted conditions (Ali et al., 2023).
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13.2.4.1. Acid catalysis

Kefas et al. (2019) studied biodiesel production from palm fatty acid distillate
(over 90% free fatty acid) and methanol using a modified sulfonated glucose catalyst
in a continuous oscillatory flow reactor. Optimal conditions—9:1 methanol/oil molar
ratio, 2.5% catalyst loading, 60 °C, 50 min residence time, and 6 Hz oscillation
frequency—resulted in 97% conversion and 94.2% ester yield. The catalyst
maintained about 80% conversion after four reuse cycles.

13.2.5. Advanced oscillatory flow reactor technology

Advancements in biodiesel production technologies are aimed at achieving
higher conversion rates and shorter reaction times through several key strategies.
These include refining reactor design, optimizing reaction conditions such as catalyst
selection, and improving mixing techniques. In addition to optimizing
transesterification conditions, innovations in reactor technology have shown promise
in accelerating reactions and enhancing conversion efficiency. For example, recent
studies have investigated innovative methods, such as integrating an oscillatory flow
reactor with a hydrodynamic reactor (Taki et al., 2023) or employing cold plasma
pretreatment of the reactants before entering the reactor (Taki et al., 2024).

Taki et al. (2023) demonstrated the effectiveness of a combined oscillatory-
hydrodynamic reactor in producing biodiesel from sunflower oil. Initially, increasing
residence time led to higher biodiesel conversion rates, albeit reaching a plateau due
to the reaction's reversibility. In contrast, using only the oscillatory flow reactor
resulted in a lower conversion of 74.5%. However, by atomizing reactants with a
plasma jet (20 kV, 20 kHz) before introducing them into the reactor, conversion rates
improved significantly, reaching 94.6% under optimal conditions (Taki et al., 2024).
The study highlighted key operational variables such as methanol/oil ratio, catalyst
loading, plasma exposure time, and residence time, which critically influence
biodiesel production efficiency. Therefore, coupling an oscillatory flow reactor with
either upstream plasma pretreatment or downstream hydrodynamic reactors holds
great promise for significantly enhancing biodiesel production efficiency. This
approach offers substantial advantages over conventional reactor technologies.
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D, cm: 9.2 — open symbols and 2.54 — black symbols; water — circles, solid line,
64% glycerol — triangles, solid line, 0.5% n-butanol — squares, dotted line, and
0.8M Na,SO4 — rhombuses, dashed line) (Bankovié-Ili¢, 1999).

Figure 8.2 Dependence of the Sauter bubble diameter on reciprocating intensity (liquid:
water; D., cm: 2.54 — black symbols and 9.2 — open symbols; ug, cm/s: 0.5 —
circles, 1.0 — triangles, and 1.5 squares) (Bankovi¢-Ili¢, 1999).

Figure 8.3 The effect of liquid properties on bubble size in a gassed reciprocating plate
column (D, = 9.2 cm) filled with (a) water, (b) 64% glycerol, (c) 0.8 M Na,SOs,
and (d) 0.5% n-butanol (f~ 3 s, uy = 0.5 cm/s).

Figure 8.4 Bubble size distribution histograms: (a) u, = 0.5 cm/s and /= 3 s, (b) u, =
0.5 cm/s, and f=4.9 57!, and (c) ug = 1 cm/s and /=4 s' (D. = 2.54 c¢m; liquid:
water) (Bankovi¢-Ili¢, 1999).

Figure 8.5 Bubble size distribution histograms: (a) 64% glycerol, f= 1.8 s, (b) 0.5% n-
butanol, f=2.1s, and (¢) 0.8M Na,SOs, /=2.2 s (D. = 2.54 cm; ug = 0.5 cm/s)
(Bankovi¢-Ili¢, 1999).

Figure 8.6 Bubble size distribution histograms: (a) f=2.3 s and (b) f=3.7 s (D. =9.2 cm;
ug = 0.5 cm/s; liquid: water) (Bankovi¢-Ili¢, 1999).

Figure 8.7 Bubble size distribution histograms: (u, = 1.5 cm/s): (a) f= 0 s and (b) /=
3.2 51 (D. = 9.2 cm; liquid: water) (Bankovié-11i¢, 1999).

Figure 8.8 Bubble size distribution histograms: (a) 64% glycerol: = 2.4 s, (b) 0.8 M
NaSOs: f=2 s, and (¢) 1% CMC: f= 1.9 s' (D. = 9.2 cm; ug = 0.5 cm/s)
(Bankovi¢-Ili¢, 1999).
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Figure 9.1 Comparison of the axial dispersion coefficient of different multiphase devices:
dependence of the axial dispersion coefficient on (a) reciprocating intensity, (b)
superficial liquid velocity, and (c) superficial gas velocity: reciprocating plate
column: 1) D, = 2.54 cm (Nikoli¢ et al., 2004); 2) D, = 2.54 cm (Skala, 1980);
3) D.=9.2 cm (Nikoli¢, 2003); 4) D. = 9.3 cm (Parthasarathy et al., 1984); 5) D.
=10.2 cm (Lounes and Thibault., 1996); packed column (Rashg rings): 6) D. =
5.1 cm (Michel and Furzer, 1972); 7) D. = 10.2 cm (Sater and Levenspel, 1966);
and bubble column: 8) D.=1.97 cm (Cova, 1974); 9) D. =4 cm (Ohki and Inoue,
1970); 10) D. = 6.6 cm (Kato and Nishiwaki, 1972); 11) D =9.2 cm (Baird and
Rice, 1975).

Figure 10.1 Dependence of the volumetric oxygen mass transfer coefficient on reciprocating

intensity (gas-liquid system — dashed line; gas-liquid-solid system — solid line):
(a) D. =2.54 cm (Skala and Veljkovi¢, 1988), (b) D. = 9.2 cm (Bankovi¢-Ili¢,
1999), (¢) D.=16.6 cm (Vasi¢, 2005): (liquid: 0.8 M Na,SOs, &, %: 0, ug, cm/s:
0.5—%,1.0—x,and 1.5 —+; &, %: 3.8 — open symbols, and 6.6 — black symbols,
ug, cm/s: 0.5 — circles, 1.0 — triangles, and 1.5 — squares).

Figure 10.2 Comparison of the volumetric oxygen mass transfer coefficient in different
devices for the gas-liquid system (Bankovi¢-Ili¢, 1999): RPC1 — D. = 2.54 cm
(Veljkovi¢, 1985); RPC2 — D, = 9.2 ¢cm (Bankovi¢-1li¢, 1999); RPC3 — D, =
9.3 cm (Sundaresan and Varma, 1990a); RPC4 — D. = 5.08 cm (Yang et al.,
1986); BC and ALCDT — (Al-Masry and Dukkan, 1998; Petrovi¢, 1989);
ALELC — (Weiland and Onken, 1981); ST1 — (Bouaifi and Roustan, 1998); and
ST2 — (Chavarria-Hernandez et al., 1996).

Figure 10.3 Comparison of volumetric oxygen mass transfer coefficient in different devices
for the gas-liquid-solid phase system: RPC1 — D, = 2.54 cm (Bankovi¢-Ili¢,
1999); RPC2 — D. = 9.2 cm (Bankovi¢-Ili¢, 1999); BKKC (Petrovi¢, 1989);
BKSR (Posarac, 1988); and SM (Roman and Tudose, 1997).

Figure 10.4 Comparison of volumetric mass transfer coefficient in Karr-type reciprocating
plate columns of different geometries for the gas-liquid system: RPC1 — D, =
16.6 cm (Vasi¢ et al., 2007); RPC2 — D, = 9.2 cm (Bankovi¢ Ili¢, 1999); RPC3
— D =2.54 cm (Veljkovi¢, 1985); RPC4 (Rama Rao and Baird, 2003); RPC5
(Gagnon et al., 1998); RPC6 (Baird and Rama Rao., 1988); RPC7 (Lounes et
al., 1995); and RPCS8 (Lounes and Thibault., 1994).

Figure 10.5 Comparison of the volumetric mass transfer coefficient in reciprocating plate
columns of different geometries: D. = 2.54 cm (RPC1) (Skala and Veljkovi¢,
1988) and D. = 9.2 cm (RPC2) (Bankovi¢-Ili¢, 1999).

Figure 10.6 The influence of the shape of solid particles on the volume coefficient of oxygen
mass transfer (spheres with a diameter of 8.3 mm; &, % vol.: 3.80; open
symbols; ug; cm/s: 0.5 — squares, 1.0 — circles and 1.5 — triangles (Bankovic-
Ili¢, 1999); Rashig rings with a diameter of 8 mm; &, % vol.: 3.20; black
symbols; ug; cm/s: 0.5 — square, 1.0 — circle and 1.5 — triangle (Aleksi¢, 2006).
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Figure 11.1 Dependence of the specific interfacial area on the reciprocating intensity: (a) D
=2.54 cm and (b) D. =9.2 cm (liquid: 0.8 M sodium sulfite, &, %: 0, ug, cm/s:
0—%,0.5—x,and 1.5 —+; &, %: 3.8 — open symbols, and 6.6 — black symbols,
ug, cm/s: 0.5 — circles, 1.0 — triangles, and 1.5 — squares) (Bankovic-Ili¢ (1999).

Figure 11.2 Dependence of gas holdup, Sauter bubble diameter, and specific interfacial area
on Morton's number (2) (D, = 2.54 cm, u,, cm/s: 0.5; Af, cm/s: 5.2 — open
symbols and 7.1 — black symbols) (Bankovi¢-Ili¢, 1999).

Figure 11.3 Comparison of the specific interfacial area in reciprocating plate columns of
different geometry: D. = 2.54 cm (RPC1) and D, = 9.2 cm (RPC2); gas-liquid
system — open area and gas-liquid-solid system — solid area (Bankovi¢-Ili¢,
1999).

Figure 11.4 Comparison of the specific interfacial area of different reactors for gas-liquid
systems (Bankovi¢-11i¢, 1999): RPC1 — D, =2.54 cm (Skala, 1980), RPC2 — D,
= 9.2 cm (Bankovi¢-Ili¢, 1999), RPC3 (Yang et al., 1986a), RPC4 (Gooma et
al., 1991), BC (Stegeman et al., 1996), ALELC (Ghirardini et al., 1992), and
ST (Bouaifi and Roustan, 1998).

Figure 12.1 Comparison of the mass transfer coefficient in the liquid film in different devices
for the gas-liquid system (adapted from Bankovic-Ili¢, 1999): RPC1 — D.=2.54
cm (Veljkovi¢ and Skala, 1986), RPC2 — D. = 9.2 cm (Bankovi¢-Ili¢, 1999),
RPC3 (Baird and Rama Rao, 1988), PBC — pulsed bubble column (Baird and
Garstang, 1972), VDC — vibration disc column (Mianami et al., 1978), and ST
(Miller, 1974).

Figure 13.1 Pressure variation at the reactor bottom (a) and power consumption (b) as a
function of reciprocating intensity under batch or single-phase conditions
(sunflower oil; 30°C; batch reactor; 4, cm: 1.0 circle and 2.35 triangle; single-
phase flow reactor; 4, cm: 1.0 square and 2.35 diamond; time-averaged
pressure variation and power consumption: open symbols; maximum pressure
variation and power consumption: black symbols) (Stamenkovi¢ et al., 2010a).

Figure 13.2 Pressure variation at the reactor bottom (a) and power consumption (b) as a
function of reciprocating intensity under two-phase co-current flow conditions
(A, cm: 1.0 and 2.35; sunflower-methanol molar ratio, 1:3: 20 °C - circles, and
30 °C - up triangles; sunflower-methanol molar ratio, 1:6: 20 °C - squares, and
30°C - diamonds; time-averaged pressure variation and power consumption:
open symbols; maximum pressure variation and power consumption: black
symbols) (Stamenkovi¢ et al., 2010a).

Iy Ayt P, P . L .
f Lo , 2 , —= or — on the reciprocating intensity
Pe Pe Pe Pe
(batch conditions: circles; single phase flow: triangles; and two-phase flow:

squares; time-averaged pressure variation and power consumption: open

5«

Figure 13.3 The dependences o

symbols, and total pressure variation and power consumption: black symbols;
Equation (15) for batch and single phase flow: solid lines, and Equation (15)
for two-phase flow: dashed lines) (Stamenkovic et al., 2010a).
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Figure 13.4 The power number as a function of the reciprocation Reynolds number (present
study: sunflower oil, batch — circles, sunflower oil, single phase flow — up
triangles, and sunflower oil-methanol, concurrent flow — squares; water, batch
— diamonds; and a 64% aqueous solution of glycerol, batch — down triangles)
(Stamenkovic et al., 2010a).

Figure 13.5 The plate opening coefficient as a function of the reciprocation Reynolds number
(present study: sunflower oil, batch — circles, and single-phase flow — up
triangles; water, batch — squares, and 64% glycerol, batch — diamonds; A, cm:
1.0 — open symbols, and 2.35 — black symbols) (Stamenkovi¢ et al., 2010a).

Figure 13.6 Dispersed phase hold-up as a function of the reciprocating intensity
(methanol/oil molar ratio; 3:1 — circles, and 6:1 — triangles; temperature: 20 °C
— open symbols, and 30 °C — black symbols) (Stamenkovi¢ et al., 2010a).

Figure 13.7 Sauter-mean drop diameter along the reactor at (a) A = 1.0 cm and 20 °C, (b) 4
=1.0 cmand 30 °C, (c) 4 =2.35 cm and 20 °C, and (d) 4 = 2.35 cm and 30 °C
(frequency, Hz: 2.0 — circles, 3.0 — triangles, and 4.0 — squares; methanol/oil
molar ratio: 3:1 — open symbols, and 6:1 — black symbols) (Stamenkovi¢ et al.,
2010a).

Figure 13.8 Sauter-mean drop diameter (a) at #/h, =0.162 (a) and (b) in the upper zone of
the reactor as a function of the reciprocating intensity (methanol/oil molar ratio;
3:1 —circles, and 6:1 — triangles; temperature: 20 °C - open symbols, and 30 °C
- black symbols) (Stamenkovic et al., 2010a).

Figure 13.9 Dependence of Sauter-mean drop diameter on time-averaged power
consumption (positions along the reactor higher than h/h, = 0.162)
(Stamenkovic¢ et al., 2010a).

Figure 13.10 Drop size distribution in non-reactive systems for oil-to-methanol molar
ratios of 1:3 (a, ¢, and e) and 1:6 (b, d, and f) at reciprocation frequencies
of 2 Hz (a and b), 3 Hz (c and d) and 4 Hz (e and f) (4 = 1.0 cm; h/ho: 0.162
— circles, 0.478 — triangles, and 0.876 - squares; temperature, °C: 20 - open
symbols, and 30 — black symbols) (Stamenkovi¢ et al., 2010a).

Figure 13.11 Photographs of the dispersion in the non-reactive (a, ¢ and e) and reactive (b
and d) systems along the reactor height 4/A,: 0.162 (a and b), 0.318 (c and d),
and 0.876 (¢) (4 = 1 cm; f = 2.0 Hz; temperature, °C: 30; and
methanol/sunflower oil molar ratio: 6:1) (Stamenkovic et al., 2010a).

Figure 13.12 Sauter-mean drop diameter along the reactor at 20 °C and methanol/oil molar
ratio of (a) 3:1 and (b) 6:1, as well as at 30 °C and methanol/oil molar ratio of
(c)3:1and (d) 6:1 (4 = 1.0 cm; f; Hz: 2.0 — circles and 3.0 — triangles; system
without reaction — open symbols, and system with reaction — black symbols)
(Stamenkovic et al., 2010a).

Figure 13.13 Drop size distribution in reactive systems for oil-to-methanol molar ratios of
1:3 (a) and 1:6 (b) at the reciprocation frequency of 2.0 Hz (1% potassium
hydroxide based on the oil weight; 4 = 1.0 cm; i/ho: 0.162 — circles, and 0.318
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— triangles; temperature, °C: 20 - open symbols, and 30 — black symbols)
(Stamenkovi¢ et al., 2010a).

Figure 13.14 Drop size distribution in reactive systems for the oil-to-methanol molar ratio
of 1:6 at the temperature of 20 °C (h/h,: 0.162 — circles, and 0.318 — triangles;
A=1.0 cm; £, Hz: 2.0 - open symbols, and 3.0 — black symbols) (Stamenkovié¢
et al., 2010a).

Figure 13.15 The specific interfacial area as a function of the reciprocating intensity at
methanol/oil molar ratios of 3:1 (circles) and 6:1 (triangles) (Stamenkovi¢ et
al., 2010a).

Figure 13.16 The effect of reciprocation frequency and amplitude on the methyl ester
content at different reaction temperatures and methanol/oil molar ratios: a) 20
°Cand 3:1,b) 20 °C and 6:1, ¢) 30 °C and 3:1, and d) 30 °C 6:1 (2 Hz — circles
and 3 Hz — triangles; and 4 = 1 cm — open symbols: and 4 = 2.35 cm — black
symbols; D, =2.54 ¢cm, n, = 63, and 1% potassium hydroxide) (adapted from
Stamenkovic, 2014).

Figure 13.17 The effects of (a) reciprocation frequency at a residence time of 13 min (3 Hz
— e and 4 Hz — o) and (b) residence time at a reciprocation frequency of 3 Hz
(6.5 min — o and 13 min — @) on the ethyl ester content along the reciprocating
plate reactor (6:1 methanol/oil molar ratio, 1% NaOH, and 30 °C) (Stamenkovi¢
et al., 2010b).

Figure 13.18 The effect of the reaction temperature on the ethyl ester content along the
reciprocating plate reactor (6:1 methanol/oil molar ratio, 1% sodium
hydroxide, and 3 Hz): 30 °C — e, 50 °C — A, and 70 °C — m) (Stamenkovi¢ et
al., 2010b).

Figure 13.19 Schematic representation of a two-stage biodiesel production plant: 1 — Tank
for catalyst solution preparation, 2 — Catalyst solution tank, 3 — Vegetable oil
tank, 4 and 6 — Peristaltic pumps for catalyst solution transport, 5 — Peristaltic
pumps for oil transport, 7 — Peristaltic pumps for oil-ester phase transport, 6 —
Oil and alcohol preheater, 8 and 9 — Reciprocating plate reactors, 10 and 11 —
Gravity separators, 12 — Ester tank, and 13 — Glycerol-alcohol phase tank
(Stamenkovi¢ et al., 2013).

Figure 13.20 Schematic representation of the pilot plant: 1 — reciprocating plate reactor, 2 —
electric motor, 3 — tank for catalyst preparation, 4 — tank for catalyst solution in
methanol, 5 — tank for vegetable oil, 6 — pumps for transporting vegetable oil
and catalyst solution in methanol, 7 — heater, 8 — gravity separator, 9 — glycerol-
alcohol phase tank and 10 — ester phase tank (Stamenkovic et al., 2010c).

Figure 13.21 The comparison between Sauter-mean drop diameter in non-reactive (open
symbols) and reactive (black symbols) systems at different tetrahydrofuran
concentrations (0% — o, 1% - A, 10% — o, and 30 % — ) (Bankovi¢-Ili¢ et al.,
2015).
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Figure 13.22 The photographs of the dispersion in the non-reactive systems with 1%
tetrahydrofuran along the reactor, A/hg: a) 0.24, b) 0.52, ¢) 0.7, and d) 0.91
(Bankovi¢-Ili¢ et al., 2015).

Figure 13.23 The photographs of the dispersion in the reactive systems with tetrahydrofuran
1% along the reactor, 4/hy: a) 0.24, b) 0.52, ¢) 0.7, and d) 0.91 (Bankovi¢-Ili¢
et al., 2015).

Figure 13.24 Drop size distribution in non-reactive systems at different tetrahydrofuran
concentrations: a) 0%, b) 1%, ¢) 10%, and d) 30% (h/ho: 0.24 — 0, 0.44 — A, 0.7
— V,and 0.91 — %) (Bankovi¢-1li¢ et al., 2015).

Figure 13.25 Drop size distribution in the reactive system for different tetrahydrofuran
concentrations: a) 0%, b) 1%, and ¢) 10 % (h/hg: 0.24 — 0, 0.32 — A, 0.44 — V ,
and 0.52 — *) (Bankovi¢-lli¢ et al., 2015).

Figure 13.26 The variation of the fatty acid methyl ester concentration along the reactor
height for two residence times (13 min — open symbols, and 26 min — black
symbols) at different tetrahydrofuran concentrations (0% — o, 1% — A, 10% —
0, and 30 % — 0) (Bankovi¢-Ili¢ et al., 2015).

Figure 13.27 The kinetic models of triacylglycerol methanolysis (straight lines) at different
tetrahydrofuran concentrations: a) 0%, b) 1%, c¢) 10%, and d) 30%
(experimental data: mass transfer — o; irreversible second-order reaction — e;
and reverse second-order reaction — *) (Bankovi¢-Ili¢ et al., 2015).

Figure 13.28 The comparison of the triacylglycerol conversion degree calculated by the
kinetic model (lines) with the experimental data (symbols) for different
tetrahydrofuran concentrations (0% — o, 1% — A, 10% — o, and 30 % — ¢ and *;
mass transfer-controlled region: open symbols and straight lines; irreversible
second-order reaction: black symbols and dash lines; and a reversible second-
order reaction: stars and dot line) (Bankovi¢-Ili¢ et al., 2015).

Figure 13.29 Response (a) surface and (b) contour plots for fatty acid methyl ester content
as a function of methanol/lard molar ratio and catalyst loading at A/hy =1.00
(the reduced cubic model) (Miladinovi¢ et al., 2019).

Figure 13.30 The linear dependence of —In(1—xa) on the normalized reactor height at
different methanol/lard molar ratios: a) 4.5:1, b) 6.0:1, and c¢) 7.5:1 (catalyst
loading, % of waste lard: 0.50 — circles, 0.75 — triangles and 1.00 — squares;
mass transfer-controlled regime: open symbols and chemical reaction-
controlled regime: black symbols) (Miladinovi¢ et al., 2019).

Figure 13.31 Dependence of apparent reaction rate constant on the catalyst concentration for
different methanol/lard molar ratios: 4.5:1 -®, 6.0:1 — A, and 7.5:1 — W)
(Miladinovi¢ et al., 2019).

Figure 13.32 The linear dependences of km/cso (®) and K/cgy (M) on the catalyst
concentration for all methanol/lard molar ratios (R> = 0.95 and 0.98,
respectively).

Figure 13.33 The variation of c¢po with catalyst concentration at various methanol/lard molar
ratios: 4.5:1 - ®,6.0:1 — A, and 7.5:1 — |
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Figure 13.34 Comparison of experimental and predicted values of triacylglycerols (black
symbols) and fatty acid methyl esters (open symbols) concentration calculated
by two correlations describing the triacylglycerol mass transfer and chemical
reaction rates at different methanol/lard molar ratios (a) 4.5:1, (b) 6.0:1 and (c)
7.5:1 (simulation: triacylglycerols — solid lines, fatty acid methyl esters — dash
lines; catalyst loadings, % of waste lard: 0.5 — circles, 0.75 — triangles and 1.0
— squares).

Figure 13.35 Comparison of experimental and predicted values of triacylglycerols and fatty
acid methyl ester concentration calculated by kinetic model for overall reaction
at different methanol/lard molar ratios: (a) 4.5:1, (b) 6.0:1, and (c) 7.5:1
(simulation: triacylglycerols — solid lines, fatty acid methyl esters — dash lines;
catalyst loadings, % of waste lard: 0.5 — circles, 0.75 — triangles and 1.0 —
squares).

Figure 13.36 Oscillatory flow reactor with the most commonly used sharp-edged orifice
baffles: oscillatory flow is superimposed on bulk flow by a piston (Harvey et
al., 2003).

Figure 13.37 Eddy formation in a continuous oscillatory flow reactor equipped with orifice
baffles (McDonough et al., 2015).

Figure 13.38 Different baffled geometries of oscillatory flow reactors (Avilaa et al., 2022).
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