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,Man sieht nur mit dem Herzen gut,

das Wesentliche ist for das Auge unsichtbar.”

Antoine de Saint- Exupéry
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ABSTRACT

Liquid-liquid extraction is a leading technology in separations, raising the economic
feasibility of separation processes, and is widely applied in the industry. Although plenty
of different extraction devices are available on the market, equipment design and
optimization is still on the research agenda since feedstocks have been changing from
fossil to biogenic raw materials in the last decades. Applications in biotechnology
demand simple design of robust equipment with stable operation under harsh operation
conditions. The novel Taylor-Couette Disc Contactor design, a hybrid solution
combining the advantages of a Rotating Disc Contactor and a Taylor-Couette Reactor
in one apparatus, contrives these needs.

This thesis deals with the hydrodynamics of different design of internals, operation
flexibility and performance of the novel extraction device. At the very beginning, the
effect of different shaft diameters on the hydraulics of a Taylor-Couette Reactor column
was examined with the aim to improve the hydraulic capacity. The hydraulic capacity
could be increased by reducing the shaft diameter, which led to higher axial dispersion
and lower residence time of the dispersed phase, though. For this reason, rotor discs
where fixed along the shaft. An increase of the rotor disc diameter led to lower axial
dispersion, higher holdup values and residence time of the dispersed phase. With these
experiments, the optimum shaft and rotor diameter for the Taylor-Couette Disc
Contactor, already suggested by CFD simulations [1], was confirmed. To acquire design
rules for the Taylor-Couette Disc Contactor, the effect of hydraulic load, rotational speed
and liquid phase ratio on residence time distribution, dispersed phase holdup and drop
size distribution were investigated for 50 mm, 100 mm and 300 mm column diameter.
Hydrodynamic correlations were thus developed via dimensional analysis for the binary
test system kerosene/water. Analysis of the residence time distribution of the continuous
phase and mass transfer experiments suggest application of the continuous stirred tank
reactor cascade for reactor design. Finally, continuous multiphase flow (liquid-liquid-
solid) for heterogeneous catalyzed reactions with simultaneous liquid-liquid extraction
was successfully implemented in the Taylor-Couette Disc Contactor with 50 mm column
diameter. The outcome of this thesis provides a simple tool for the hydrodynamic design
of the Taylor-Couette Disc Contactor and shows the potential for versatile applications

of the novel column.



KURZFASSUNG

Die FlUssig-Flussig Extraktion zd&hlt dank ihrer Wirtschaftlichkeit zu den fihrenden
Trenntechnologien die industriell weit verbreitet Anwendung findet. Obwohl eine grofie
Anzahl an Extraktionsapparaten am Markt angeboten werden, steht die Auslegung und
Optimierung der Anlagen nach wie vor auf der Forschungsagenda, vor allem durch den
zunehmenden Wechsel von fossilen hin zu biogenen Rohstoffen in den letzten
Jahrzehnten. Anwendungen in der Biotechnologie fordern ein einfaches und robustes
Apparatedesign, welches einen stabilen Betrieb auch bei harschen Betriebsbedingungen
garantiert. Das neuartige Taylor-Couette Disc Contactor Design erfullt  diese
Anforderungen in Form einer Hybridlésung, welche die Vorteile eines Rotating Disc
Contactors und Taylor-Couette Reaktors in einer Extraktionskolonne miteinander
vereint.

Im Rahmen dieser Dissertation wurden hydrodynamische Parameter unterschiedlicher
RUhrerdesigns der neuen Extraktionskolonne, sowie deren Betriebsflexibilitét und
Betriebsgrenzen untersucht. Zu Beginn wurde der Einfluss verschiedener
Wellendurchmesser auf die Hydrodynamik eines Taylor-Couette Reaktors untersucht,
mit dem Ziel dessen hydraulische Belastung zu erhdéhen. Mit kleiner werdendem
Wellendurchmesser konnte die hydraulische Belastung des Reaktors signifikant
verbessert werden, was jedoch zu erhdhter axialer Ruckvermischung und geringer
Verweilzeit der dispersen Phase fihrte. Um die axiale Ruckvermischung zu reduzieren
und die Verweilzeit zu erhéhen wurden entlang der Welle zusdtzlich Rotorscheiben
angebracht. Gréf3ere Rotorscheibendurchmesser fUhrten zur Verringerung der axialen
Ruckvermischung, Erhéhung des dispersen Holdup und zur Erhéhung der Verweilzeit
der dispersen Phase. Aus diesen Experimenten konnte ein optimaler Wellen- und
Rotorscheibendurchmesser fir den Taylor-Couette Disc Contactor, welche bereits mittels
CFD Simulation vorgeschlagen wurden, bestétigt werden. Um Designregeln zur
Auslegung des Taylor-Couette Disc Contactors zu erhalten, wurde der Einfluss der
hydraulischen Belastung, der Rotationsgeschwindigkeit und des Phasenverhélinisses auf
die Verweilzeitverteilung, des dispersphasen Holdup und der TropfengréfBenverteilung
in Kolonnen mit 50 mm, 100 mm und 300 mm Durchmesser untersucht. Mit Hilfe der
Dimensionsanalyse wurden hydrodynamische Korrelationen zur Bestimmung der

TropfengréBBenverteilung, des Sauterdurchmessers und des Holdup fir das binére



System Kerosin/Wasser abgeleitet. Durch die Auswertung von
Verweilzeitverteilungsmessungen  der  kontinuierlichen  Phase  sowie  durch
Stoffaustauschexperimente konnte gezeigt werden, dass zur Modellierung des Taylor-
Couette Disc Contactors eine kontinuierliche RUhrkesselkaskade am besten geeignet ist.
AbschlieBend konnte kontinuierliche Mehrphasenstrémung (flussig-flussig-fest) zur
heterogen katalysierten Veresterung bei gleichzeitiger FlUssig-FlUssig Extraktion
erfolgreich in einem Taylor-Couette Disc Contactor implementiert werden. Das Ergebnis
dieser Arbeit liefert einen einfachen Ansatz fir die hydrodynamischen Auslegung des
Taylor-Couette Disc Contactors und zeigt dessen Potenzial fur die vielseitigen

Anwendungsmdglichkeiten auf.



TABLE OF CONTENTS

1. INTRODUCTION & MOTIVATION

2. TwWO-PHASE TAYLOR-COUETTE CONTACTORS: HOLDUP, AXIAL
DISPERSION AND DROPLET SIZE

3. EFFECT OF ROTOR DISC DIAMETER ON HOLDUP, AXIAL
DISPERSION AND DROPLET SIZE IN A TAYLOR-COUETTE DISC
CONTACTOR

4. THE TAYLOR-COUETTE DISC CONTACTOR

5. DESIGN RULES FOR THE TAYLOR-COUETTE DisC CONTACTOR

6. HYDRAULICS AND OPERATION PERFORMANCE OF TCDC-
EXTRACTORS

7.  CONTINUOUS MULTIPHASE FLOW IN THE TAYLOR-COUETTE
DisC CONTACTOR (LIQUID-PHASE REACTION WITH LIQUID-
LIQUID EXTRACTION)

8. SUMMARY & FUTURE PROSPECTS

9.  APPENDIX



Chapter 1

Intfroduction & Motivation
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1. INTRODUCTION & MOTIVATION

Going back in history, it can be assumed that the production of perfumes and medicines
by extraction from flowers and leaves with the aid of the solvent water is one of the
humankind’s oldest separation technology [2]. Pioneers in this field were the Egyptians,
denoted as the first true chemists. Although extraction, previously summarized under the
term alchemy, was practiced during subsequent centuries, it found widespread
dissemination in Europe only 500 years ago. The big breakthrough of liquid-liquid
extraction came in the 20™ century, when liquid-liquid extraction found its first industrial
application for uranium production in the 1940s, after recognizing the power of new
organic solvents. Independent of the long history of liquid-liquid extraction it is classified
as new technology among separation techniques from an engineering perspective, since
research on potential solvents beside water, alcohols and oils, is relatively new. [3]
Nowadays, a great variety of highly selective solvents is available, enabling extraction
processes to be much more effective. Apart from the challenges of choosing the best
solvent for a specific separation task, engineers have ever since been investigating the

performance of extraction devices, dealing with two governing questions:

“What is the ideal extraction device and how can it be designed?”

To answer the first part of the question, there is no ideal extraction device since the best-
suited type of contactor solely depends on the separation task and the properties of the
liquids. Understanding the hydrodynamic behavior and mass transfer of a two-phase
liquid system is still far from complete, and so umpteen types of extraction devices are
offered on the market with the aim to find the best performance for a given application
[4]. However, all extraction devices are designed for a specific purpose, namely to show
high separation performance and high hydraulic capacity, which is closely related to a
high mass transfer area between the two liquid phases. High mass transfer area is
provided by dispersing a liquid in a second immiscible liquid, either with or without
energy input. The easiest extraction device for liquid-liquid extraction with energy input
is a stirred batch tank reactor. Though industry does prefer continuous operation, as it
is simpler to control automatically, tank reactors are avoided if possible [3, 5]. The

simplest continuous liquid-liquid extraction unit is the mixer-settler type extractor, a
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combination of a stirred tank and a settler, corresponding to an extraction efficiency of
one theoretical stage. Industrial mixer-settler devices are used to obtain very high
throughputs when a small number of stages are needed [6]. They provide stable and
easy to control operation. For higher separation efficiency, several mixer-settlers can be
connected in series to form a mixer-settler cascade [7]. However, apart from high
investment cost and solvent cost, the main problem of mixer-settler batteries is the
horizontal arrangement, resulting in a large area requirement for the equipment [7 - 9].
In order to avoid waste of area, mixer-settler apparatuses were designed as a tower,
but the mode of operation is very complex and increases process control cost. Simple
process operation and minimum space requirement can be realized with column type
extraction devices, which primarily work in countercurrent operation mode to make use
of the sedimentation forces by different density of the two liquids. Column type devices
basically allow free choice of mass transfer direction, just depending on the decision
which phase is dispersed in the second phase of an immiscible binary system [10]. In
general, column type devices can be categorized into columns without energy input
(static devices), pulsed columns or columns with agitated internals. Agitated columns
have to be highlighted since they are very suitable for a wide range of application due
to their flexible operation mode and reasonable capacity. Droplet size and thus the
degree of mixing can easily be adjusted by the rotational speed of the rotating internals.
For mixing liquid systems that tend towards emulsification, for highly viscous or particle-
laden liquids or liquids that are sensitive to mechanical stress, the most suitable energy
input can be realized with Taylor-Couette Reactors (TCR) or Rotating Disc Contactors
(RDC). A TCR consists of two concentrically arranged rotating cylinders and forms
banded two-phase flow due to formation of Taylor-Couette vortexes. Although the
benefits of banded two-phase flow as well as the benefits of the simple design are known
since many years, this extraction device could not establish in industrial scale. Because
of a suggested minimum ratio of the diameter of the rotating shaft (ds.) to the diameter
of the column (D) of ds./D > 0.75, the hydraulic capacity of a Taylor-Couette reactor is
very limited [11]. A similar flow pattern to banded two-phase flow is obtained in RDC
columns, whereby the flow pattern is induced by rotor discs and stabilized by stator rings
in order to increase residence time and decrease axial backmixing. The RDC design is
well established in industrial scale, nevertheless the design suffers from some

uncertainties regarding the optimum ratio of the shaft diameter to the column
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diameter [12]. The shaft diameter is sized as small as possible because of fearing loss
of active cross section area [9]. As a consequence of this design weakness the dispersed
phase tends to form stable coalesced layers at the shaft since limited vortex strength
cannot keep the solvent phase dispersed in the toroidal vortexes [1]. Hydrodynamic
dead zones at stator rings cannot be avoided, resulting in crud accumulation and
fouling. A schematic drawing of the TCR, RDC as well as several different extraction

devices established in industry are shown in Fig. 1.
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Figure 1 — Schematic drawing of different types of extraction devices (modified from [9, 13-14])
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Due to the variety of different extraction equipment, the question arises whether it is
necessary to spend money and time on new equipment design, or if existing devices
may suffice the needed requirements of stable operation at high capacity and separation
efficiency. Even though the commercial launch of new equipment can be cost- and time
intensive, the answer is considered to be yes, since there are still engineering challenges
waiting for appropriate solutions. For example, the complexity of internals of many
devices is not attractive and may lead to problems in operation and maintenance and
limit the hydraulic capacity [15]. Maintenance and investment costs increase with
increasing complexity of internals. Furthermore, the global change of raw materials
from fossil to biogenic raw materials has become inevitable in the last decades. The
change of feedstock needs adjustment of equipment design since biogenic raw materials
evidently show different properties in comparison with fossil raw materials. They can be
highly viscous, suffer from bad interface properties, suffer from deficiency in chemical
and thermal stability, may be sensitive to mechanical stress or contain high amount of
solids. The varying quality of fermentation broth requires robust device for harsh

operation conditions and flexible operation.

Based on the intention to develop a novel liquid-liquid extraction column that addresses
the mentioned problems of crud accumulation and sensitivity to particle laden feed in
principle, the TCR was modified and improved by reducing the diameter of the rotary
shaft to allow higher hydraulic capacity. Although higher hydraulic capacity of the TCR
could be achieved, the lack of reasonable residence time of the dispersed phase and
high axial dispersion demanded improvement of the design. The shaft diameter dg, was
fixed with 50 % of the column diameter and rotor discs were placed along the shaft in
appropriate distance. The distance between the rotor discs was deduced from CFD
analysis. Hydraulics were investigated for varying rotor disc diameter dz and varying
operation conditions. The investigation ended up by an optimized rotor disc diameter
(dr) and shaft diameter (ds.), which was already deduced from CFD analysis [1]. A novel
two-phase extractor design, called the Taylor-Couette Disc Contactor (TCDC) was
established, which in accordance to the history of design, is a hybrid solution combining

the advantages of the RDC and the TCR in one apparatus, as shown in Fig. 2.
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Figure 2 - TCDC design history

To consider the second question as mentioned above, engineers have been dealing with
the question how extraction devices can be designed reasonably. In general, reactors
with continuous feed can be designed with the ideal plug flow reactor (PFR) model or
the continuous stirred tank reactor (CSTR) cascade, as shown in equation (1) and (2).
Within these equations, the index A denotes the transferring component, F5 the molar
flow rate and Fy the volume flow rate. Vi is the volume available for reaction (mass

transfer) and Ay is the cross-section area of plug flow.

dNA

mass balance (CSTR): Fpo=Fy—14* Vg + — n
With: Fpo = Fy * Cap
dNA
mass balance (PFR): Fy=F;+dFy —14+xdVy + — 2)

With: dVR = AR * dH and dFA = FV * dCA

The rate of reaction -ry is the change in concentration (depletion) of component A over
time, as for instance is the mass transfer ny as shown in equation (3). Mass transfer ny
between the two liquid phases can be approximated with the two-film theory, as shown

in equation (4).

dc
_rA:_d_;‘:nA (3)

Mg =axkyx(ca—cy") (4)
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In this equation, a is the specific mass transfer area, k. the overall liquid-phase mass
transfer coefficient and (ca-ca*) the driving force, whereby ca represents the actual
concentration in the raffinate phase and c,* the corresponding concentration in
equilibrium. The film theory is based on the theory of linear molecular diffusion through
two stagnant thin films at the interface of two liquids. Local fluid velocities caused from
turbulences in the bulk phase of each fluid, approach zero at the phase interface and
molecular diffusion controls mass transfer [16]. Equilibrium is expressed in terms of the
Nernst distribution coefficient K for liquid-liquid equilibrium [17, 18].

However, the initial point for these calculations is given by the information about the
hydrodynamic characteristics of the reactor, defined as the specific mass transfer area
a. It provides information about the area available for mass transfer and has a direct
effect on the rate of extraction -ra. The specific mass transfer area can be calculated with
the dispersed phase holdup @ and the Sauter mean diameter ds, as shown in equation

(5). The shape of droplet is assumed to be spherical.

_ Apnase boundary _ d3, ™ =6 @ (5)
— ] — 71_ — ——
VReaction dgz 3 ds;

So far, liquid-liquid extraction columns are designed using the HTU-NTU concept as

derived from the ideal PFR balance, according to equation (6).

Hegans = HTU + NTY = [ B
Apkpa J., ca—ca®

Ideal plug flow assumes an axial flow pattern without axial dispersion. However, stirred
liquid-liquid extraction columns show distinct axial backmixing, which is a big issue in
column design and scale-up [7, 14]. The HTU-NTU concept is therefore extended by
using the height of dispersion unit (HDU) value that considers axial backmixing of the
dispersed and continuous phase, as shown in equation (7) and (8). With the dispersion
model, that explains the deviation of the real flow profile from the ideal plug flow profile
due to dispersion analogously to molecular diffusion, the HDU value can be calculated

with the aid of the axial dispersion coefficient D,,, as shown in equation (9) [14].
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Heotumn = HTU * NTU (7)

HTU = HTU + HDU (8)
D D

HDU = 28xe 4 Zaxd (9)

Ve Vg

By measuring the residence time distribution of the dispersed phase and the continuous
phase, the axial dispersion coefficient can be determined with the aid of the Bodenstein
number Bo, as shown in equation (10) [14]. In this equation u is the flow velocity, L a

characteristic length and D, the axial dispersion coefficient.

— BOd: (]O)

However, radial and axial mixing, as well as the Sauter mean diameter and the
dispersed phase holdup are not readily quantified. The scale-up of agitated columns is
often not based on fundamentals, but based on empirical correlations [5, 19]. The
separation efficiency of columns decreases with increasing column diameter because of
increasing residence time distribution [7]. Experimental results of the laboratory column
need to be corrected by empirical scale-up equations deduced from pilot-plant
experiments to be applicable for industrial scale [6, 9]. Intensive investigation of the
hydraulics of a particular column design at different operation points in laboratory and

pilot scale is thus indispensable.

1.1 FRAMEWORK

For the reasons mentioned, this thesis focuses on the hydraulic investigation of TCDC
design and performance. Hydrodynamics of 50 mm, 100 mm and 300 mm column
diameter of the TCDC was investigated for varying rotational speed, hydraulic load and
phase ratio of the liquid phases. Since the TCDC design is an improved modification of
the TCR with rotor shaft diameter ds, < 0.75*D to provide higher hydraulic capacity, the
effect of varying shaft diameter on the hydraulics of a TCR column is summarized in
Chapter 2. Although the hydraulic capacity of the TCR could be increased, low residence

time of the dispersed phase and high axial backmixing led to the installation of rotor
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discs along the shaft. The effect of varying rotor disc diameter on hydraulics was
investigated and results are summarized in Chapter 3. This study ended up by an
optimized TCDC design, which was used for all subsequent experiments. Since design
rules for the TCDC were not available, the question raised whether existing empirical
correlations, originally developed for RDC column design, are suitable for prediction of
hydrodynamics in the TCDC column. Chapter 4 presents experimental data of the Sauter
mean diameter and dispersed phase holdup, which were compared with RDC
correlations. Chapter 4 also contains experimental results of mass transfer experiments
compared with the basic design models PFR and CSTR cascade. In Chapter 5, empirical
correlations for the prediction of the hydrodynamics of TCDC columns were developed
by dimensional analysis. Dispersed phase holdup, drop size distribution as well as the
residence time distribution of an up-scaled TCDC with 300 mm column diameter are
summarized in Chapter 6. The results are compared with results of hydraulic analysis of
a 100 mm diameter column. This chapter also shows the applicability of the empirical
correlation for the prediction of the dispersed phase holdup and Sauter mean diameter
as well as the effect of varying phase ratio on hydraulics. Chapter 7 is intended for
publication. This chapter deals with the implementation of continuous multiphase flow
(liquid-liquid-solid) in a TCDC column with 50 mm column diameter. Multiphase flow
may be needed in combinations of liquid-phase catalysed reaction with product
separation by liquid-liquid extraction. To proof this concept, heterogeneously catalysed
esterification of acetic acid with methanol with simultaneous extraction of the product
methyl acetate with biodiesel was successfully performed in batch experiments. The
experiments may serve as a first example for the demonstration of industrially relevant
multiphase flow applications. Continuous multiphase flow was thus implemented in the
TCDC and results of the hydrodynamic investigation are presented in this chapter as
well. Chapter 8 provides a summary as well as future prospects, followed by an

appendix with a list of publications and supervised theses.
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ABSTRACT

The simple and robust design of Taylor-Couette contactors has been attracting interests of
research and industry since it was invented in the nineteenth century. Taylor-Couette contactors
provide flexible operation under harsh operation conditions, as needed in liquid-liquid extraction.
Nevertheless, industrial application is rather scarce, probably dating back to the historical limita-
tion of Taylor-Couette flow being a gap phenomenon with limited hydraulic performance.

In order to improve the hydraulic performance of two-phase Taylor-Couette contactors,
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a research program was performed in pilot scale. Therefore, various parameters like dispersed
phase holdup, residence time distribution as well as mean droplet size for varying radius ratio

were related to the shaft centrifugation number.

Introduction

At the end of the nineteenth century, Maurice Couette
constructed the first rotational viscometer, using laminar
flow between two concentrical cylinders. The flow in the
gap of the cylinders is thus called Couette flow.!"
Subsequently, G. 1. Taylor studied the instabilities of
Couette flow when increasing the rate of rotation of the
inner cylinder and he explained these instabilities theoreti-
cally and established the definition of Taylor-Couette flow
patterns.”) The pioneering work of G. L. Taylor attracted
attention of many researchers due to the structured flow
pattern of Taylor-Couette vortexes and their simple geo-
metry for mathematical modeling.””! Depending on the rate
of rotation of the outer or inner cylinder, up to 74 different
flow patterns have been identified so far, with several flow
patterns attracting applied research in chemical process
engineering.*! Although the benefits of Taylor-Couette
flow have been discussed for many decades, the industrial
application is rather scarce and has just been implemented
in photochemistry, precipitation reactions, metallurgy, and
nuclear industry, with limitation to laboratory scale in
many applications. Especially, two-phase Taylor-Couette
flow has not been investigated yet in detail. To the best of
our knowledge, only a few published papers are available
today."” The reason for the limited application may be
explained by the historical definition and probably limita-
tion of Taylor-Couette flow being classified as gap
phenomenon'® with limited free cross-sectional area, and

as a consequence limited hydraulic performance. Due to
the recommended minimum radius ratio # of the inner
cylinder radius R; to the outer column cylinder radius R of
1 > 0.75 for achieving stable toroidal vortices, %! the free
cross-sectional area is limited to a fraction of less than 44%
of the overall cross-sectional area, excluding any industrial
scale application.

Liquid-liquid extraction is a leading technology in
separations, raising the economic feasibility of separation
processes, and it is widely applied in the industry.
Although plenty of different extraction devices are offered
on the market, either providing stagewise or continuous
phase contact, equipment design and optimization is still
on the research agenda. Applications in the nuclear indus-
try and in biotechnology demand simple design of robust
equipment with stable operation under harsh operation
conditions. Two-phase Taylor-Couette contactors, just
constructed of a rotating shaft in a cylinder, would
address these needs. Although liquid-liquid extraction
in Taylor-Couette contactors is not a new idea, just
a few papers have been published.>*~”) Latest investiga-
tions cover separation of metal ions from high-level
nuclear waste by liquid-liquid extraction via Taylor-
Couette vortexes''!! and optimization of extraction per-
formance of Taylor-Couette extractors by modification of
the flow geometry.'? Taylor-Couette contactors have
mainly been used in laboratory scale with limited hydrau-
lic load due to the low free cross-sectional area. To the

CONTACT Annika Grafschafter @ a.grafschafter@tugraz.at e Institute of Chemical Engineering and Environmental Technology, Inffeldgasse 25C, Graz

8010, Austria

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/Isst.

Supplemental data for this article can be accessed here.
© 2019 Taylor & Francis Group, LLC
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best of our knowledge, the effect of different radius ratios
on two-phase Taylor-Couette flow has not been pub-
lished so far, particularly in pilot scale. This paper reports
the experimental investigation of two-phase Taylor-
Couette contactors with small radius ratio of # = 0.5,
0.6, 0.7, and 0.8. Computational fluid dynamics simula-
tions predicted formation of toroidal Taylor vortices in
spiral flow without formation of hydrodynamic dead
zones even for small radius ratio of # = 05.
Consequently, the idea of increasing the hydraulic perfor-
mance of Taylor-Couette contactors for two-phase
operation was investigated in pilot scale by decreasing
the shaft diameter. Several experiments were performed
with the aim of collecting experience in operation of two-
phase Taylor-Couette contactors with radius ratios
n < 0.8, and the results were compared with two-phase
Taylor-Couette contactors with radius ratios # = 0.8.

Experimental setup and measurement procedure

The effect of varying radius ratio (#) on the hydraulics
of two-phase Taylor-Couette flow was investigated in
terms of dispersed phase holdup (¢) measurements,
residence time distribution (RTD) measurements, and
mean droplet size measurements in a pilot plant with
1 m active column height and 0.1 m diameter. The
experimental setup consists of two concentrically

arranged cylinders. The outer column cylinder is fixed
and the inner shaft cylinder is stabilized at both ends
with shaft bearings. The fixed column is made of glass
to enable visual control of two-phase flow. The inner
shaft cylinder is made of stainless steel. To determine
the effect of the radius ratio on hydrodynamics, four
different shaft diameters (dg;,) were investigated in this
study. A schematic drawing of the column is shown in
Fig. 1, and the design specifications of the shaft geome-
tries and characteristic dimensionless design para-
meters are listed in Table 1. For two-phase operation,
ShellSol-T was used as dispersed phase and deionized
water was used as continuous phase. The setup was
operated in counter current mode; therefore, the sol-
vent phase was fed at the bottom of the column and
water was fed at the top. The physical properties of the
test system are summarized in Table 2. For the hydro-
dynamic investigation, the rate of rotation 7 (s™') of the
shaft as well as the total hydraulic load B (m®* m™h™)
of the column were varied. The phase ratio of the
dispersed phase and the continuous phase was kept
constant at 1 throughout all experiments. The volu-
metric flow rate of the continuous and dispersed
phase was adjusted to ensure same total hydraulic
load related to the free net cross-sectional area of the
column. RTD with salt tracer was recorded in single
phase as well as two-phase operation.

N
SST Outlet :
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— 189
H0 Inlet | | shat bearing )
7 "
9 u
D 1
o | |
ol O € | D =100 mm |
i - i
e g shaft bearing
> "
b -
4 T
]
o P
i shaft
o -
¢ j g ke shaft bearing ;
= bearing plate
SST Inlet ° 2
—te) c R Rrrr ]
Y 95
H;0 Outlet ‘
bearing pin

Figure 1. Schematic drawing of the Taylor-Couette contactor and a sketch of the shaft bearing.
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Table 1. Design specifications of the investigated shaft geome-
tries and dimensionless parameters.

Abbreviation Value Unit
Column diameter (outer D 100 mm
diameter)
Shaft diameter (inner dspy 50, 60, 70, and mm
diameter) 80
Active column height H 1000 mm
Gap width b 25, 20, 15, and mm
10
Radius ratio/diameter n = dsy/D 0.5, 0.6, 0.7, and

ratio 0.8

Column aspect ratio I'=H/b 20, 25, 33.3, and

50
Gap ratio { = b/dsy, 1, 0.67, 0.43, and

0.25
Number of revolutions n 355-925 rpm
Centrifugation number z 5.6-24 -
Total hydraulic load B 20,30, and 40 m* m~%h~"

Table 2. Physical properties of the liquid phases.

Density Kinematic viscosity

(kg m™3) (m?s™")
ShellSol-T (dispersed) 756.8 1.85 x 107°
Deionized water 998.1 1,102 x 107

(continuous)

The dimensionless centrifugation number Z!"*! pro-
vides comparability of energy input for different shaft
diameters. The rate of rotation # for a given centrifuga-
tion number Z is calculated according to Eq. (1), based
on the shaft diameter dg,, the angular velocity w, and
gravity g.

_ wixdg, (2% 7% n) « dg,

o 2xg M)

2xg

Dispersed phase holdup

According to Eq. (2), the mean dispersed phase holdup
¢ is defined as the ratio of the volume of the dispersed
phase V,; and the total volume consisting of the dis-
persed phase volume and the volume of the continuous
phase V.

Vi

=4 2
TVir v @

The dispersed phase holdup was calculated with Eq.
(5) according to the hydrostatic equilibrium method
after reaching steady state operation. Therefore, the
height of the continuous phase h; in a separate
Y-branch, the height of the phase interphase h,
(mixed phase), and the overall height h; of both
liquids were measured. Via the definition of the
mean density with Eq. (3)

_VC*pC+Vd*pE

= 3
pml}( V5+Vd ()
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Figure 2. Schematic drawing of the TCR column with the illu-
strated heights h; — hs,

and pressure equilibrium with Eq. (4)
(h3_h1)*pc:(h3_h2)*pmix+h2*pd (4)

a correlation between the heights h; — h; and the
dispersed phase holdup can be defined.

_haxpy—(ha —h) *p,
(hs = h2) = (pg = p.)
A schematic drawing of the TCR column with the

illustrated heights h; — h; needed for holdup measure-
ments is shown in Fig. 2.

€)

Residence time distribution

Via tracer experiments, the RTD was determined by
spiking the aqueous feed at the top of the column with
2 ml saturated sodium chloride solution. At four posi-
tions along the active column height, the electric con-
ductivity was recorded via non-commercial probes
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with sensor tip diameters of 0.6 mm. Due to the small
tip diameter, the non-commercial sensors have
a minimum invasive impact on the flow pattern. The
resulting RTD curves were interpreted with the disper-
sion model as well as the tank-in-series model. For the
evaluation with the dispersion model, open-open
boundary conditions were applied for large deviation
from plug flow D,,/uL > 0.01 and thus distinct back-

mixing according to Levenspiel:!"*!

1 t H(1-y
Egoo = > W exp [— m} (6)

ul ul

In Eq. (6), t represents the time, t the mean residence time,
and D,,/uL the vessel dispersion number with the axial
dispersion coefficient D,,,. For comparison with the disper-
sion model, the corresponding number of vessels in series
N was calculated from the maximum of the dimensionless

exit age distribution Eg, yay according to Levenspiel:!"*
Nx#(N — 1)N!
Eopay=— 2 xe~N-D) 7
0,ma (N 1 )| xe ( )

Droplet size

The droplet size was measured noninvasive with
a FDR-AX700 4K HDR camcorder synchronized
with a stroboscopic light source. The shutter speed
of the stroboscope was adjusted to the frequency of
droplet strains to freeze them for recording. Image
analyzing was done via a MATLAB routine to enhance
the image quality and the precision of drop size
measurement. Droplet size was measured at differ-
ent positions in the 10th compartment above the
bottom.

Results and discussion

All experiments were performed in the turbulent flow
regime with high radial Reynolds number Re,,4 > 2400.
High Reynolds numbers were necessary, since vorticity of
the continuous phase is needed to overcome sedimenta-
tion force of the dispersed phase for appropriate holdup
and residence time of the dispersed phase. Exemplarily,
the two-phase flow pattern formed in the gap for radius
ratios of # = 0.5, 0.6, 0.7 and 0.8 for equal total hydraulic
load and centrifugation number is shown in Fig. 3. After
exceeding a critical centrifugation number depending on
the hydraulic load and radius ratio, the flow pattern
switched from spiral two-phase flow to annular banded
flow pattern with the formation of a finely dispersed
holdup, called secondary holdup. The secondary holdup
is a phenomenon that definitely differs from the standard
holdup. At high hydraulic load and high centrifugation
number, formation of the secondary holdup started at the
top shaft bearing of the column to make its way down to
the bottom. The column flooded when the secondary
holdup reached the bottom bearing after several hours
within an experiment. Thus, all experiments were per-
formed at lower critical centrifugation numbers to avoid
flooding of the column.

Dispersed phase holdup

In Fig. 4a, the effect of the radius ratio on the dispersed
phase holdup for varying centrifugation number is exem-
plarily shown for B = 30 m® m*h™". Increasing centrifuga-
tion number results in exponentially increase of the
holdup. With increasing radius ratio, same holdup values
can be obtained at lower centrifugation numbers. As
shown in Fig. 4b, the centrifugation numbers and
holdup for radius ratios less than 0.8 seemingly correlate

! d3h=50mm L

n=05

dSh =60 mm
n=06

dSh =80 mm
n=08

dSh =70 mm
n=07

Figure 3. Spiral two-phase flow pattern at a total hydraulic load of B8 = 30 m®* m™h™" and centrifugation number of Z = 12.

16



2. Two-Phase Taylor-Couette Contactors:

Holdup, Axial Dispersion and Droplet Size

30

R 25t 5 s
g N
k=] /
° | /7y
e s
& ;!/ / A
g !/ P
S5t /m ¢ y
@ 1/ X
5 Vo /A/
o /
@ -2—n=0.5
2 10 rs & n
/K/ ——n=0.6
& 4 -0—n=0.7
f -0-n=0.8
0 . i i i
0 5 10 15 20 25 30
Centrifugation number Z /-
a)
25

secondary holdup
20

A n=0.5 B=20
© n=0.5 B=30
—0-n=0.5 B=40
+ 1=0.8 B=20
x 1=0.8 B=30
- n=0.8 B=40

Dispersed phase holdup / %

20 25

Centrifugation number Z /-

10 15

9

30

Dispersed phase holdup / %

SEPARATION SCIENCE AND TECHNOLOGY . 5

30

An=0.5
©on=0.6
on=0.7
On=0.8
0 ) 10 15 20 25 30 35 40 45
Z=1(C &) /-
b)
25

N o

~ 20 ¢ A o

a

3 ° .

S

)

g A

S o

5 8

- o

g 0r o A

§ %X An=0.5

a A ©n=0.6

5 on=0.7
On=0.8
0 " "
0.0 0.1 0.2 0.3 0.4
€/ Wkg!
d)

Figure 4. (a) Effect of radius ratio n = 0.5, 0.6, 0.7, and 0.8 on the dispersed phase holdup for varying centrifugation number and
total hydraulic load of 8 = 30 m® m™h™" (b) Dispersed phase holdup at total hydraulic load of B = 20, 30, and 40 m® m™2h" for
radius ratio n = 0.5, 0.6, 0.7, and 0.8 correlated with the centrifugation number calculated according to Eq. (8). (c) Dispersed phase
holdup for varying hydraulic load B = 20, 30, and 40 m®> m—2h™" and radius ratio n = 0.5 and 0.8. (d) Dispersed phase holdup for
radius ratio n = 0.5, 0.6, 0.7, and 0.8 correlated with the dissipation rate ¢ according to Egs. (9) and (12).

with the dimensionless gap ratio { = 2b/dg, according to
Eq. (8), indicating similar flow pattern. Thus there is
a correlation between centrifugation number and holdup
at different geometries, which is shown in Eq. (8).

by
dsh,1

dsn 2

Z
2 b,

G
Figure 4c shows the effect of the hydraulic load on the
dispersed phase holdup for radius ratio # = 0.5 and 0.8. The
hydraulic load has a negligible effect on holdup values. In
this figure, the impact of secondary holdup, already men-
tioned above, on the overall holdup values is marked. Due
to the fine dispersion of the secondary holdup, the overall
holdup values increases rapidly, indicating flooding of the

*Z]Z

*

column. The effect of secondary holdup formation on the
flow behavior in Taylor-Couette columns will need further
investigations. Since secondary holdup formation starts on
top of the rotated shaft, it is assumed that the shear in the
vicinity of the top bearing is a predominant reason for
droplet cleavage. Even in small-scale equipment, it will
last several hours from first indication of secondary holdup
formation until break down by flooding. The effect has
already been reported by Takeshita.”! Seemingly, second-
ary holdup formation is the outcome of a construction
weakness of the top bearing that can be avoided by lower
rotation rates and design improvement.

To check for comparability of flow patterns, the
holdup for different radius ratios (s = 0.5, 0.6, 0.7 and
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0.8) and different overall flow rates (20, 30, and
40 m’m~*h™") was also correlated with the dissipation
rate €. There is a linear correlation of the holdup for
different flow rates and different geometries with the
dissipation rate &, which is shown in Fig. 4d. This linearity
confirms same flow pattern for radius ratio of less than
0.8. The results for radius ratio # = 0.8 show a different
slope. Qualitatively, the different behavior may be
explained by rapid formation of banded flow for radius
ratio 7 = 0.8, while spiral flow governs the flow pattern for
radius ratio < 0.8 over a wide operation range.

Residence time distribution

The RTD of the continuous phase was investigated for
varying hydraulic load, centrifugation number, and radius
ratio. Exemplarily, the dimensionless exit age distribution
Ey curves for all radius ratios at same hydraulic load and
centrifugation number is shown in Fig. 5. The non-
symmetrical Eg curves indicate large deviation from plug
flow, resulting in high D, . values. The axial dispersion
coefficient of the continuous phase D, . is shown in Fig. 6a
for varying hydraulic load and centrifugation number. At
same 7, higher hydraulic load results in higher D, . values.
For the geometries with # < 0.8, D, increases with
increasing centrifugation number. Conversely, # = 0.8
shows a reverse behavior since the D, . values decrease
with increasing centrifugation number. This effect is
explained by the fact that for radius ratio # > 0.8 the flow
regime in the gap is different due to the higher impact of
friction. For # = 0.8, dispersed phase flow changes from
spiral flow to banded two-phase flow at low centrifugation

Exit age distribution Eg / -

0 1 2 3 4

Dimensionless time 6/ -

Figure 5. Dimensionless exit age distribution Eg curves at same
hydraulic load of B = 20 m®> m~%h™" and centrifugation number
of Z = 12 for radius ratio n = 0.5, 0.6, 0.7, and 0.8.
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Figure 6. Effect of hydraulic load B = 20, 30, and 40 m® m™h~",
varying centrifugation number and radius ratio n = 0.5 and 0.8
on Dayc.

number. For # < 0.8, spiral flow governs the flow pattern.
With increasing rate of rotation, the spiral pitch decreases
and finally switches to banded two-phase flow as well.

As mentioned, high D, . values indicate distinct
back-mixing, rather suggesting application of the tanks-
in-series model. By way of comparison, the D,, . values
were linked with the number of corresponding vessels N,
calculated with Eq. (7). In Fig. 7, the results are exem-
plarily shown for a radius ratio of # = 0.6. The number
of corresponding vessels N correlates well with the D,
For same hydraulic load high number of vessels and less
back-mixing is observed for increasing #.
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Figure 7. Comparison between D,, . and the number of corre-
sponding vessels N for n = 0.6.
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Dispersed phase holdup and axial dispersion

The correlation between the dispersed phase holdup ¢
and the axial dispersion coefficient D,, . is shown in
Fig. 8 for (a) n = 0.5, 0.6, and 0.7 and for (b) # = 0.8.
For radius ratio # < 0.8, D,y increases linearly with
increasing holdup. The slope for all experiments is the
same, the y-intercept decreases with lower gap ratio.
Again, the device with # = 0.8 shows different behavior
as the D,, . decreases with increasing holdup values.

The main difference between flow patterns may defi-
nitely be deduced from visual control of experiments for
both cases 77 < 0.8 and # > 0.8. For # < 0.8, the dispersed
phase is spiraling up the column. With increasing centri-
fugation number the pitch of the dispersed phase spiral
decreases. For 7 > 0.8, the flow pattern changes from spiral
flow to annular banded flow even at low rate of rotation
and annular banded flow stabilizes with increasing centri-
fugation numbers.

Dissipation rate € and micro-mixing time

The total kinetic energy dissipated in a liquid of turbu-
lent flow defines the energy provided for mixing. This
energy, called the dissipation rate &, can be calculated
from the energy induced by the rotation of the shaft
according to Eq. (9).1"" In this equation, P is the effec-
tive power, T the torque of the shaft, and G the dimen-
sionless torque. Thus, the mixing performance can be
determined either by measuring the torque of the inner
cylinder (Eq. (10)) or by deducing the dimensionless
torque G from dimensional analysis (Egs. (11)-(13)).
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2.0E-03 |- &
Pil) [o]
‘E 15603 |
F &
Q 1.0E-03 |
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pxV  pxV wxbx(R,+ R))
T
o pxvixH (10)

Several correlations are available for the determination of
the dimensionless torque G, whereby all of them can be
categorized into three main groups. Either the dimension-
less torque G can be represented as a power function of
the Reynolds-number,"®'”) or as two overlapping power
functions of the Reynolds-number,"*'! or by a power
function in which the exponent itself is a function of the
Reynolds-number.?**!! The first approach was chosen
for the evaluation of the dissipation rate. Therefore, the
correlation according to Racina!'® was used for further
calculations, which is given in Eq. (12).

/113
( 1 7 % Reg® for 800< Reg, < 10* (11)
1—7)t

G=213%

* Regi/** for 10" < Reg; <3 % 10*  (12)

(13)

Via the ratio of the kinematic viscosity and the energy
dissipation rate, the mean micro-mixing time, an
important value needed e.g. for chemical reactions,
can be calculated as well.

(14)
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Figure 8. Correlation between D, and n at B = 20, 30, and 40 m®> m~2h™" at varying rotational speed for (a) n = 0.5, 0.6, and 0.7

and (b) n = 0.8.
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Figure 9. (a) Dissipation rate as a function of the centrifugation number for varying radius ratio and (b) micro-mixing time as

a function of the centrifugation number for varying radius ratio.

The dissipation rate ¢ for varying radius ratio is shown
in Fig. 9a and the mean micro-mixing time is shown in
Fig. 9b. The dissipation rate range of the investigated
setup was between 0.88 W kg™ for high radius ratio 7
and centrifugation number and 0.04 W kg™ for low
radius ratio and low centrifugation number. The dis-
sipation rate increases with increasing centrifugation
number. The micro-mixing time decreases with
increasing centrifugal force and increasing radius ratio
and it decreases with increasing radius ratio.

Drop size

The evaluation of drop size measurements resulted in
a bimodal drop size distribution for all radius ratios. For
better interpretation, the mean droplet size is denoted as
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large mean droplet size diurgem for the peak of larger
droplets and small mean droplet size dgp.ym for the
peak of small droplets. Throughout all experiments the
mean droplet size of the large droplets was within
a standard deviation of £0.2 mm and the mean droplet
size of the small droplets was within a standard deviation
of +0.05 mm. The effect of varying radius ratio at
a hydraulic load of B =20 m® m~*h™" on the mean droplet
size is depicted in Fig. 10, whereby (a) represents djsrgem
values and (b) dgmam values. For both cases, the mean
droplet size shifts toward smaller diameters with increas-
ing centrifugation number. The slope of diarge,m vs. the
centrifugation number for the radius ratio of # = 0.5 is
similar to the radius ratio # = 0.6. Higher radius ratios
result in a steep decline of the slope. The effect of stronger
decreasing slope could not be observed for small droplet
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Figure 10. Effect of radius ratio n and centrifugation number on mean droplet size at B = 20 m®> m—h™".
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Figure 11. Effect of varying hydraulic load B = 20, 30, and 40 m* m

ratio n = 0.7.

size dsmanm as shown in Fig. 10b, indicating a different
source of dissipation rate as already mentioned in the
discussion of the secondary holdup. The evaluation of
dsman,m for the radius ratio of 0.8 was not possible, since
very small droplets were not observed at low hydraulic
loads and centrifugation numbers. In Fig. 11, the effect of
hydraulic load on the mean droplet size is exemplarily
shown for the radius ratio # = 0.7. Higher hydraulic load
of the solvent phase does form smaller droplets at the
single-nozzle disperser, as can be seen in Fig. 11.

Conclusion

The missing industrial application of two-phase
Taylor-Couette flow contactors is assumed to be due
to limitation and classification of Taylor-Couette flow
as a gap phenomenon. The recommended minimum
radius ratio of # = 0.75 to achieve stable toroidal vor-
tices limits the free cross-sectional area dramatically,
excluding industrial implementation due to limited
economic feasibility. Nevertheless, the simple design
of Taylor-Couette contactors would provide flexible
operation under harsh operation conditions, as needed
in two-phase flow such as liquid-liquid extraction. To
overcome this bottleneck of limited hydraulic perfor-
mance of Taylor-Couette contactors, the effect of small
shaft diameter on two-phase operation was investigated
in pilot scale. The effect of various radius ratios on the
hydrodynamics of two-phase Taylor-Couette flow was
investigated in detail. For hydrodynamic characteriza-
tion, the dispersed phase holdup, the RTD, as well as
the mean droplet size for varying hydraulic load and
centrifugation number of the shaft were determined.
Dispersed phase holdup experiments show the for-
mation of a secondary holdup after exceeding a critical
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~?h~" and centrifugation number on mean droplet size for radius

centrifugation number. Several results indicate
a different source of dissipation energy for secondary
holdup. It is assumed that the shear of the top bearing
plays an unwanted role in secondary holdup formation.
Analysis of the RTD of the continuous phase indicates
a very different effect of the radius ratio # = 0.8 on axial
dispersion coefficient compared to small radius ratio.
For 5 = 0.8, the axial dispersion coefficient decreases
with increasing centrifugation number. The signal
response of the RTD of pulse function measurements
indicates distinct back-mixing and therefore suggests
application of the tanks-in-series model for evaluation.
The experimental data of drop size measurement depict
a bimodal drop size distribution for all radius ratios.
Within this project, it was experimentally confirmed
that the Taylor-Couette contactor does not need
a minimum radius ratio of # > 0.75 for appropriate
operation. The governing characteristics of stable
operation and flexible hydraulic load as well as the
positive effect of simple apparatus design on operation
under harsh operation conditions have to be outlined.

Symbols used
Symbols

B[m® m™h™]
b[m]

D[m]

Dax,c[mz S_I]

total hydraulic load

=R - R; = gap width

column diameter (outer cylinder diameter)
axial dispersion coefficient of continuous
phase

d,,[mm] mean droplet size

dg,[m] shaft diameter (inner cylinder diameter)
Eg[-] dimensionless exit age distribution

glm s gravity (9.81)

H[m] active column height
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N[-] number of corresponding vessels in series
n[1 s rate of rotation

R[m] column radius (outer cylinder radius)
R;[m] shaft radius (inner cylinder radius)

t[s] time

t[s] mean residence time

V[m?] volume

wlrad s™'] angular velocity

Z[-] :(wzdsh)/(Zg) = centrifugation number
Greek symbols

e[W kg™'] dissipation rate

-1 = Ry/R = radius ratio

I-] = H/b = aspect ratio

plkg m™]  density

v[m* s']  kinematic viscosity

o[-] dispersed phase holdup

0[-] dimensionless time (6 = t ')

-] = b/dg, = gap ratio

Subscripts

¢ continuous phase
d dispersed phase

Abbreviations

CFD
RTD
SST

TCR

computational fluid dynamics
residence time distribution
ShellSol-T

Taylor-Couette reactor
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Abstract

The effect of different rotor disc diameter of the Taylor-Couette Disc Contactor on the
dispersed phase holdup, axial dispersion and droplet size was investigated. At constant
centrifugation number the dispersed phase holdup decreases with decreasing rotor disc
diameter. The initially distinct bimodal drop size distribution at small rotor disc diameter
changes with increasing rotor disc diameter into monomodale distribution. It was shown
that with smaller rotor disc diameter stable operation is still feasible, but higher axial

backmixing has to be expected.

Keywords: Taylor-Couette Disc Contactor; dispersed phase holdup; axial dispersion,

droplet size

1. Introduction

Liquid-liquid extraction is a leading mass transfer technology in separations, and it is
widely applied in industry whenever feasible. Umpteen extraction devices are offered on
the market, covering stagewise or continuous phase contact, nevertheless equipment
design and optimization is still on the research agenda. Particularly the shift from fossil
to biobased raw materials, triggered in recent years, makes adaption of existing

extraction devices necessary to suffice the needs of unfavorable physical properties of

' This chapter was submitted to Chemie Ingenieur Technik on January 14" 2019
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liquors to be processed. Utilization in biotechnology demands simple design of robust
equipment with stable operation under harsh operation conditions. However, the
requirement of robust and simple equipment design is not limited to biotechnological
applications. The nuclear industry as well as metallurgy provide harsh operation
conditions, demanding robust technologies and equipment too.

In liquid-liquid extraction the Taylor-Couette Disc Contactor is highly
recommended for harsh operation conditions due to the simple design of the internals.
With the simple design of internals and with the feasibility of gaining a wide stable
operation range, the TCDC may cover many fields of application. The TCDC design is
similar to the design of the Rotating Disc Contactor (RDC), except that the TCDC is not
equipped with stator rings [1]. Compared to the RDC the TCDC has an increased shaft
diameter to make use of the benefits of Taylor-Couette vortexes. The hydrodynamic
characteristics of the TCDC with internals constructed according to the design
recommendations of Aksamija [1, 2], suggesting that the rotor disc diameter should
occupy 85 - 90% of the column diameter, have been investigated in detail for 86%
[3 - 5]. However, CFD analysis of different rotor to column ratio did not confirm this
rigid design recommendation. In order to make the TCDC more flexible, the
hydrodynamics resulting from three different rotor disc diameters where investigated in
detail and compared with the rotor disc diameter recommended by Aksamija. The
dispersed phase holdup, the axial dispersion of the continuous phase and the mean

droplet size were thus measured and evaluated.

2. Experimental setup and measurement procedure

The effect of varying rotor disc diameter (dg) and thus varying gap sizes (8) on the
hydrodynamic performance of Taylor-Couette Disc Contactors was investigated in terms
of the dispersed phase holdup (@), the residence time distribution (RTD) and the mean
droplet size in a pilot plant with T m active column height and 0.1 m column diameter
(D¢). A shaft diameter of ds, = 0.5*D¢ prevents from formation of dead zones at the
shaft [2]. The rotating shaft is stabilized at both ends with friction bearings. At a distance
of Hec = ds, rotor discs are arranged along the shaft. The compartment height H. ensures
an optimal area utilization of the vortexes (vorticity and vortex strength) in the

compartment [2]. The shaft and the rotor discs are made of stainless steel, the column
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is made of glass. To determine the effect of the rotor disc diameter on hydrodynamics,
three different rotor disc diameters di = 60 mm (dR60), dg = 70 mm (dR70) and
dr = 80 mm (dR80) were investigated in this study and were compared with
experimental data [5] of di = 86 mm (dR86). The schematic drawing of a single
compartment of the TCDC is shown in Fig. 1, the design specifications of the rotor disc

geometries and the operation conditions are listed in Tab. 1.

jiu

| v
! upper toroidal
C;) vortex
i lower toroidal
: vortex
! T
|
|
=i-=:
~ dsp
Dc

-

\J

Figure 1: Schematic drawing of a single compartment of the Taylor-Couette Disc Contactor

Table 1: Design specifications of the rotor disc geometries and operation conditions

Abbreviation Value Unit
Column diameter Dc 100 mm
Shaft diameter dsh 50 mm
Column height H 1000 mm
Compartment height H. 50 mm
Rotor disc diameter dR60, dR70, dRB0O and dR86 60, 70, 80 and 86 mm
Gap width 1) 20, 15,10 and 7 mm
Centrifugation number z 54-24
Total hydraulic load B 20, 30, 40 m3 m?h!

For two-phase operation, ShellSol T (SST) was used as dispersed phase and deionized
water was used as continuous phase. The density of ShellSol T at ambient conditions is
psst = 756.8 kg m? and the kinematic viscosity is v = 1.85*10° m? s”'. At ambient
operation conditions the density of deionized water is pu = 998.1 kg m? and the

kinematic viscosity is v = 1.102*10° m? s”'. The setup was operated in counter current
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operation mode, therefore the solvent phase was fed at the bottom of the column and
water was fed at the top. For hydrodynamics investigation, the rate of rotation n (s™') of
the shaft as well as the total hydraulic load B (m* m2h™') of the column was varied. The
total hydraulic load B is related to the free net cross sectional area A, of the column Ac
without shaft area Ag, (At = Ac — Asi). The phase ratio of the dispersed phase and the
continuous phase was kept constant at 1 throughout all experiments. The effect of
different phase ratio on TCDC operation was reported in [5].

The centrifugation number Z provides comparability of energy input for the different
rotor disc diameters. The rate of rotation for a given centrifugation number Z is
calculated according to Eq. 1, based on the rotor disc diameter dg, the angular velocity

w and gravity g.

7= w2xdg _ (2*m*n)?xdp (1)
2xg 2xg

2.1 Dispersed phase holdup

The mean dispersed phase holdup was calculated with Eq. 2 according to the hydrostatic
equilibrium method after reaching steady state operation. Then the height of the
continuous phase h;, the height of the interfacial area h, (mixed phase) and the overall

height h; of both liquids were recorded.

__ hyxpg—(hy—hqi)*p,
= hs-h2)+(pa-pc) (2)

2.2 Residence time distribution

Via tracer experiments the residence time distribution (RTD) was determined by injecting
the tracer of 2 ml saturated sodium chloride solution into the aqueous feed at the top
of the column. At four positions along the active column height, the electric conductivity
was recorded via non-commercial probes with sensor tip diameters of 0.6 mm. Due to
the small tip diameter the non-commercial sensors have a minimum invasive impact on
the flow pattern. The resulting RTD curves were interpreted with the dispersion model.

For the evaluation with the dispersion model, open-open boundary conditions were
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applied for large deviation from plug flow D /uL > 0.01 and thus distinct backmixing

according to Levenspiel [6]:

In Eq. 3, t represents the time, t the mean residence time and D.,/ul the vessel dispersion
number with the axial dispersion coefficient D,,. For comparison with the dispersion
model, the corresponding number of vessels in series N was calculated from the

maximum of the dimensionless exit age distribution Ee, .., according to Levenspiel [6].

_ Nx(N-1)N-1

EG,max - (N-1)! * e_(N_l) (4)

2.3 Droplet size

The droplet size was measured noninvasive with a FDR-AX700 4K HDR camcorder
synchronized with a flashing stroboscopic light source. The shutter speed of the
stroboscope was adjusted to the rate of rotation of the shaft. A schematic illustration of
the experimental setup is shown in Fig. 2. For better illumination and for capturing the
area covered by the shaft, a mirror was installed at an angle of 45° to the camera lens.
Since a commercial camera was used for monitoring the droplet size, two high power
light sources were installed at the area of the mirror to provide the light intensity needed
for short exposure time. Image analyzing was done via a MATLAB routine to enhance the

image quality and the precision of drop size measurement.
Stroboskop\% Y,
) />
O
)

45
TCDC

—
Camera

Figure 2: Schematic illustration of the experimental setup for measuring the droplet sizes
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3. Results and discussion

For establishing turbulent flow conditions, all experiments were performed with high
radial Reynolds number Re.qy > 2400. This was necessary, since the vorticity of the
continuous phase needs to overcome sedimentation force of the dispersed phase for
appropriate holdup and residence time of the dispersed phase in the active mixing zone
of the single compartment. After exceeding a critical centrifugation number, which
depends on the hydraulic load and the diameter of the rotor discs, the flow pattern does
switch to banded two phase flow, indicating the operation on-set. For visual indication
of the on-set, the formation of the lower toroidal vortex inside a single compartment is
sufficient. The lower vortex becomes visible when vorticity of the continuous phase
overcomes sedimentation force of the dispersed phase. The local holdup in the single
compartment as well as the average holdup increase significantly. At high hydraulic
load (B = 40 m*®* m?h”') and high centrifugation number (Z > 20), the formation of a
finely dispersed secondary holdup was observed. The secondary holdup accumulates
continually from the top friction bearing of the column to the bottom, whereby column
flooding is obtained when the secondary holdup is fully developed between top and
bottom bearing. Since secondary holdup formation starts on top of the rotating shaft, it
is assumed that the shear in the vicinity of the top friction bearing is a predominant

reason for droplet cleavage.

3.1 Dispersed phase holdup

The effect of the rotor disc diameter on the dispersed phase holdup for increasing
centrifugation number is exemplarily shown for B = 20 m® m*h in Fig. 3a and for
B =30 m® m?h"' in Fig. 3b. Increasing centrifugation number results in increasing
holdup. With larger rotor disc diameter, same holdup values can be obtained at lower
centrifugation numbers. At low hydraulic load (B = 20 m® m?h™") and centrifugation
number (Z = 3 -13), the effect of the rotor disc diameter on the holdup is negligible, as
can be seen in Fig. 3a. Fig. 3b shows that higher hydraulic load leads to higher holdup
values at same centrifugation number. Furthermore, the effect of the rotor disc diameter

is more distinct even at lower centrifugation number. The sudden change in holdup
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higher axial backmixing. The positive dynamic stabilization effect of the vortexes due to

larger rotor disc diameter is also shown in Fig. 4b which depicts the impact of the rotor

disc diameter on D, .. An increase of the rotor disc diameter entails lower D, . values

for same centrifugation number. For comparison, the D, values obtained from

measurements with the geometric design dR50 (shaft without rotor discs) is shown in

Fig. 4b. In Fig. 4b the positive effect of the rotor discs on axial backmixing can

impressively be demonstrated when comparing dR50

number Z = 8. The results are summarized in Tab. 2.
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Figure 5: Schematic drawing of the effect of different rotor disc diameter and gap width on the vortexes

in a single compartment of the TCDC
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Table 2: Axial dispersion coefficient of the continuous phase (Da.c) calculated from residence time

distribution measurements for varying hydraulic load and centrifugation number

dR60 dR70 dR80
B VA Dox,c z Daxc z Dax,c
m?® m-2h-! - m?s! m?s! - m?s!
20 54 9.84E-04 5.4 1.05E-03 54 8.55E-04
20 8.7 1.09E-03 8.7 1.13E-03 8.7 1.03E-03
20 154 1.46E-03 15.4 1.41E-03 154 1.17E-03
20 23.9 1.78E-03 23.9 flooding 23.9 flooding
30 8.7 1.19E-03 8.7 1.19E-03 5.4 8.35E-04
30 15.4 1.59E-03 15.4 1.56E-03 8.7 1.03E-03
30 19.1 1.64E-03 17.0 1.61E-03 15.4 1.25E-03
40 5.4 5.4 1.08E-03 5.4 8.67E-04
40 8.7 1.25E-03 8.7 1.17E-03 8.7 1.07E-03
40 15.4 1.69E-03 15.4 1.45E-03 14.0 1.15E-03

The dimensionless exit age distribution Eg curves for all rotor disc diameters at same

hydraulic load and centrifugation number is shown in Fig. éa. The non-symmetrical

shape of the Eg¢ curves indicates large deviation from plug flow, rather suggesting

application of the tanks-in-series model. By way of comparison, the D, . values were

correlated with the number of corresponding vessels N, calculated with Eq. 4. In Fig. 6b

the results are exemplarily shown for the rotor disc diameter dR80. The number of

corresponding vessels N correlates linearly with D, .. The number of corresponding

vessels N increase strongly with increasing hydraulic load. With increasing centrifugation

number, the number of N decreases.
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3.3 Dispersed phase holdup and axial dispersion

The correlation between the axial dispersion coefficient D, and the dispersed phase
holdup for the investigated rotor disc diameters is shown in Fig. 7. With increasing disc
diameter D, . decreases. The difference is more distinct for dR > 60. For dR60, dR80
and dR86 a sudden change of the curve shape at the holdup value of 12% can be
observed. For dR70 the change of the curve shape occurs at 15% holdup. Again, the
significant change of the slope can be interpreted as the on-set of fully developed
operation, indicated by stable lower vortexes. For comparison, the results of the
geometry without rotor discs, dR50, are also depicted in Fig. 7. When operating the
TCDC in TCR mode (shaft without rotor rings) D, increase linearly with increasing
holdup as long as the flow pattern is located in the spiral flow range. To switch from
spiral flow into banded two phase flow in TCR operation does need much higher
centrifugation numbers. That simply explains why D, linearly correlates for dR50
operation in Fig. 7. The on-set behavior of fully developed TCDC operation has been
discussed in [4, 5].
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Figure 7: Correlation between Dy and ¢ for dR50, dR60, dR70, dR80 and dR86
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3.4 Drop size

The evaluation of drop size measurements reveals a bimodal drop size distribution for
the rotor disc diameter dR60, dR70 and dR80. For rotor disc diameter dR86 the bimodal
distribution changes to a monomodal distribution [5]. The effect of varying rotor disc
diameter at a constant hydraulic load of B = 20 m* m?h™' on the mean droplet size for
the large droplets as well as the small droplets is depicted in Fig. 8a. For both cases,
the mean droplet size shifts towards smaller diameters with increasing centrifugation
number whereby the decline of the larger droplets is more distinct. With increasing rotor
disc diameter the droplet size decrease for same centrifugation number. This is due to
higher dissipation rates offered by the larger rotor disc area. In Fig. 8b the effect of
varying hydraulic load on the mean droplet size is exemplarily shown for the rotor disc
diameter dR70. Higher hydraulic load leads to smaller droplet size since an increase of
the phase velocities engenders more turbulent peaks in the compartment, enforcing
droplet breakup. From Matlab image analyses the mean droplet size of the large
droplets was within a standard deviation of +/- 0.3 mm and the mean droplet size of
the small droplets was within a standard deviation of +/- 0.04 mm throughout all

experiments.
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Figure 8: a) Effect of rotor disc diameter and centrifugation number on mean droplet size; b) Effect of

hydraulic load and centrifugation number on mean droplet size for dR70
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4. Summary and Conclusions

The Taylor-Couette Disc Contactor is a liquid-liquid extraction column with a simple
design of rotating internals. The internals consist of a shaft with rotor disc arranged
along the shaft. The simple design is the main benefit of the column, since it can
withstand harsh operation conditions and does not provide dead zones for crud
accumulation, as required in the biorefinery, nuclear industry and metallurgy. The TCDC
design offers a broad range of application. In order to investigate the design flexibility
of the TCDC, the effect of different rotor disc diameters on the hydrodynamics was
investigated. For hydrodynamic characterization, the dispersed phase holdup, the
residence time distribution as well as the mean droplet size for varying hydraulic load
and centrifugation number of the rotor disc were determined. Dispersed phase holdup
experiments show the formation of a secondary holdup at high hydraulic load and high
centrifugation number, indicating a different source of dissipation energy for secondary
holdup formation. It is assumed that the shear of the top friction bearing plays an
undesirable role in secondary holdup formation. The dimensionless exit age distribution
Ee of RTD measurements indicates distinct backmixing, rather suggesting application of
the tanks-in-series model for evaluation. The experimental data of drop size
measurement depict a bimodal drop size distribution for the rotor disc diameter
Dr < dR86. The results of these investigations show that except dR60 and less the
hydraulic load does nearly not affect backmixing. With increasing rate of rotation
backmixing increases too. The operation range of fully developed lower and upper
vortex, classified as operation onset, does significantly change the holdup, backmixing
and the droplet size. Larger rotor disc diameter expectedly shifts same holdup values to
lower centrifugation number. Droplet size is smaller, and axial dispersion is less for
increasing rotor diameter.

In conclusion from the results of these investigations the rotor disc diameter of the TCDC
can be varied from operation without discs to a maximum rotor disc diameter of 90%
of the column diameter. With increasing rotor disc diameter operation stability in terms
of holdup, mean droplet size, specific mass transfer area and backmixing become
better. The total hydraulic load B is not affected by the ratio of rotor disc diameter to

column diameter.
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Symbols used

Symbols
A [m]

B [m3mZh']
Dc  [m]
Deve  [m?s7]
dn  [mm]
dg, dR [mm]
dsi  [m]

Eoe [

g [m s7?]
H  [m]

He  [m]
N[

n s

t [s]

t [s]

vV [m’]

w [rad s7']
z [
Greek symbols
&  [mm]

p [kg m~]

area
total hydraulic load

column diameter

axial dispersion coefficient of continuous phase
mean droplet size

rotor disc diameter

shaft diameter (inner cylinder diameter)
dimensionless exit age distribution

gravity (9.81)

active column height

compartment height

number of corresponding vessels in series

rate of rotation

time

mean residence time

volume

angular velocity

=(w’dsn)/(2g) = centrifugation number

gap width

density
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v [m?s]

Subscripts
C

c

d

Sh
Abbreviations
CFD

RDC

RTD

SST
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TCR
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The Taylor-Couette disc contactor is a hydrodynamic hybrid of a rotating disc
contactor and a Taylor-Couette contactor. For application in reactive biosepara-
tions, this type of liquid-liquid contactor may offer advantageous operation fea-
tures. This paper summarizes the design characteristics of the Taylor-Couette disc
contactor. For hydrodynamic characterization, experimental data of the mean
Sauter diameter and dispersed-phase hold-up were compared with results
predicted by empirical correlations, which were originally developed for rotating
disc contactors. Several correlations were modified for the application on Taylor-
Couette disc contactors. Operation characteristics have been deduced from mass-
transfer experiments on the pilot-plant scale.
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1 Introduction

Many attempts in the biorefinery business suffer from poor
economics. Target constituents do not show up in appropriate
concentration for simple isolation technologies. Rather, they
have to be separated from multicomponent mixtures with low
concentration from side streams and low-quality broths. Reac-
tive separations may contribute to solving the gap between ex-
pectations and needs. Liquid-liquid extraction has been a lead-
ing technology in contributing to raise the economic feasibility
of separation processes. Beyond applications in solvent extrac-
tion, liquid-liquid separation processes give access to combina-
tions of chemical reactions in either phase in addition to sepa-
ration. Therefore, detailed knowledge of the hydrodynamics of
two-phase reactors is needed.

Liquid-liquid two-phase reactors are preferably stirred tank
reactors. For mixing liquid systems that tend towards emulsifi-
cation and for highly viscous or particle-laden liquids the most
suitable energy inputs can be generated with Taylor-Couette re-
actors or rotating disc contactors (RDCs). A Taylor-Couette re-
actor forms banded two-phase flow without internals, which
results in a small droplet size, thereby providing a large mass-
transfer area and narrow residence-time distribution. Since
banded two-phase flow in Taylor-Couette reactors is a gap phe-
nomenon, a big disadvantage is the limited hydraulic capacity.
A similar flow pattern to banded two-phase flow is obtained in
RDC columns, in which the flow pattern is stabilized by stator
rings. RDC design is well established on the industrial scale,

Correspondence: Annika Grafschafter (a.grafschafter@tugraz.at), Graz
University of Technology, NAWI Graz, Institute of Chemical Engineer-
ing and Environmental Technology, Inffeldgasse 25C, 8010 Graz,
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nevertheless the design suffers from some uncertainties regard-
ing the optimum ratio of the shaft to the shell [1]. The shaft
diameter is sized very small because of fear of the loss of active
cross-sectional area [2]. As a consequence of this design weak-
ness the disperse phase tends to form stable coalesced layers at
the shaft since limited vortex strength cannot keep the solvent
phase dispersed in the toroidal vortex [3]. Furthermore, crud
accumulation and fouling at stator rings are crucial problems
of this type of solvent extractor. To target improved hydraulic
capacity and banded two-phase flow, a hydrodynamic hybrid
of a Taylor-Couette reactor and RDC, the Taylor-Couette disc
contactor (TCDC) was developed [3].

For application in reactive bioseparations the Taylor-Couette
disc contactor may offer advantageous operation features since
this type of liquid-liquid contactor does not contain any instal-
lations that might cause dead-zone formation and crud accu-
mulation. For practical application the hydrodynamics and the
design rules based on CFD simulation and experimental valida-
tion in a pilot-plant scale TCDC100 have been developed.
Empirical correlations for drop-size estimation and dispersed-
phase hold-up, originally developed for RDC design were
applied to predict drop size and hold-up in the TCDC. The
results were compared with experimental data. Thus, it was
possible to examine whether existing correlations for the
hydrodynamic design of stirred extraction columns can be
applied to designed TCDC contactors by adapting the parame-
ters of selected correlations. The separation efficiency was
determined experimentally and, according to the mode of oper-
ation, plug flow design was compared with continuously stirred
tank reactor (CSTR) cascade design.

www.cet-journal.com
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1.1 Taylor-Couette Disc Contactor

The Taylor-Couette disc contactor is a hydrodynamic hybrid of
a rotating disc contactor and a Taylor-Couette reactor [3]. The
design without stator rings and an increased shaft diameter
(Dgip)" improve the classical RDC design and tie in a similar
flow pattern to the banded two-phase flow of a Taylor-Couette
reactor. Increased rotor discs form compartments during oper-
ation, stabilize the flow pattern, and inhibit high axial disper-
sion. Fouling and crud accumulation is avoided because of the
missing stator rings. Compared with Taylor-Couette reactors,
the active reactor volume is significantly increased. This results
in more stable Taylor-Couette vortexes even at higher flow
rates. Fig.1 shows the dispersed-phase distribution in a
TCDC100.

Figure 1. Dispersed-phase distribution at 450rpm and phase
ratio 1. Shaft diameter: 0.05m, rotor diameter: 0.086 m, com-
partment height: 0.05 mm, column diameter 0.1 m.

Recommended design rules for the geometric ratios of the
internals of a TCDC were deduced from experimentally vali-
dated CFD simulations [3] (see Eqs. (1)-(4) in which Dy is the
rotor disc diameter, D is the column diameter, and B is the
column width):

Dy = (0.85...0.9)D (1)

Dy~ 0.5D (2)
Lower limit for the compartment height (Hc):

He = 1.3B¢ 3)

For the formation of highly symmetric toroidal vortexes, the
compartment height shall approximate:

Hc = 2Bc (4)

1)  List of symbols at the end of the paper.

www.cet-journal.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Technology

1.2 Reactor Modeling

For the design of continuously operating reactors, the continu-
ously stirred tank reactor (CSTR) cascade and the ideal plug
flow reactor (PFR) model were applied. With these basic design
concepts, either the required column height for continuous
separation processes, or the separation efficiency for a given
column height can be obtained. Liquid-liquid extraction col-
umns are generally designed as ideal PFRs, according to
Egs. (5)-(7) in which F, is the molar flow, r is the rate of reac-
tion, (-rA)dV is the conversion of reactant by reaction, CS is
the cross-section area, h is the height, a is the specific mass-
transfer area, k" is the overall mass-transfer coefficient, c is the
concentration, ¢* is the equilibrium concentration, and sub-
scripts ¢ and d refer to the continuous and dispersed phases,
respectively.

mass balance: Fy = Fp + dFa + (—r4)dV and dV = CSdh

©)
A " " d " ku( *) (6)
ra = r, = ar and 7, = — cA — C
A V. + Vg A A A A A
Cal d
FA CA

Heolumn = dh =—+— _— 7
! / CSk''a / cp — ca¥ @

Cao

Ideal plug flow assumes an axial flow pattern without axial
dispersion. However, stirred liquid-liquid extraction columns
may show distinct axial back-mixing, which is a big issue in
column design and scale-up. In practical applications, the
HTU/NTU concept is extended by using the height of the dis-
persion unit (HDU) value that considers axial back-mixing
with the aid of the axial dispersion coefficient (D,,) [4]:

Holumn = HTU NTU (8)

HTU = HTU 4+ HDU 9)
D, D,

HDU = =2 4 224 if he extraction factor (e)=1 (10)

Ve Vd

To quantify the specific mass-transfer area, the drop size and
the hold-up are needed for column design. These parameters
can be evaluated by time-consuming experimental methods, by
validated computational fluid dynamics, or empirical correla-
tions. In this paper, the mean Sauter diameter (ds,) and the dis-
persed-phase hold-up (p) for a RDC100 and a TCDC100 were
evaluated by several empirical correlations and compared to
experimental results.

1.3 Empirical Correlations
1.3.1 Mean Sauter Diameter
As a key feature of the drop-size distribution, the average drop-

let diameter used in the form of the volume-surface diameter,
called the mean Sauter diameter (ds,), can be calculated [5, 6]:

Chem. Eng. Technol. 2016, 39, No. 11, 2087-2095
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a33! 1.3.2 Dispersed-Phase Hold-Up
ds = s 3a (11)

The distribution parameter & can be calculated according to
the following, in which p is the density, o is the surface tension,
g is the force of gravity, and # is the dynamic viscosity [5]:

a = ay(1 + B)exp(—B) (12)

0.478 2\ 0.0448

o "
ay = 0.807 — £ (13)
o) ()
(0.563—03.95)
B 0,041 [ "Pr— 0.0999)*Dyp,.
o
- (0.637—07.15)
aad <(nDR g.o385)nc> 14

Further correlations, which were used for evaluation of the
mean Sauter diameter, are summarized in Tab. 1.

The dispersed-phase hold-up ¢ is defined as the fraction of dis-
persed phase relative to the total volume:

Ve

—_— 15
Va+ Ve (15)

(/) =

The correlations used for the evaluation of the dispersed-
phase hold-up in the TCDC are summarized in Tab. 2. For the
evaluation, the stator diameter Dg was replaced by the column
diameter D.

2 Experimental Setup and Procedure

To evaluate the mean Sauter diameter, the dispersed-phase
hold-up, and the separation efficiency of the TCDC, experi-
ments were performed on a pilot-plant scale TCDC100. The
design data of the extractor are: Hacive = 1m, D=0.1m,
Ds;=0.05m, Dg=0.085m, Hc=0.05m. The mean Sauter
diameter at different operating points, evaluated experimentally
[3] was compared with empirical correlations.

Table 1. Several empirical correlations proposed for the evaluation of the mean Sauter diameter in RDC columns and information about

the proposed geometry design and system properties.

Correlation Author System properties Geometry [m]
g —167( 0 05 /Drap\ " 2Dy -0-3N70_23 Kagan [7] pc = 1000-1230kg m; D =0.054-0.2
32 = 7g ) g c pp =725-1430kgm”™
C c
nc=1-2.5mPas
p = 0.3-48 mPas
0=13-38.5mNm"™
Dy 35 Fischer [8] pc ~ 1000kgm™ D =0.150
dy =062 We-52 (1 + Né'ZZWe‘”) (1+2¢) Ap =95-335kgm™
ﬂzDip nc=1-48mPas
We=—" 0=12-445mNm™

ds _ o) 7. —o12 P4 0.16
Dr  0.07 4+ /Frg \v/op Dy R

D2Rng —0.59 E 0.25 2 0.46
o D Dx

0.374 0667

n—-—
0.778 0.332 40,556
DR (pcc) d32

Marr [10]

Kumar and Hartland [9] - _

Table 2. Several empirical correlations proposed for the evaluation of the dispersed-phase hold-up original design for RDC and informa-

tion about the proposed geometry design and system properties.

2
oD c

Correlation Author System properties Geometry [m]
2D\ 128 DZH(Zj) —0.45 p 058 Kumar and Hartland [11] pc = 786-1141kg m> D =0.05-0.450
0= [530.53 +747.78 <TR> ( s C) (p—) pp = 686-1595kgm™ Dy = 0.027-0.2

¢ =0.85-9.1mPas
0=54-50mNm"’

0.85
negs Vipe 0.22 . Ve 0.35
0.250.75 +
el 87 D

H¢ =0.014-0.225
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Table 2. Continued.
Correlation Author System properties Geometry [m]
Mohring [12] pc =875-1614kgm™ -

Dy a; Lx
¢ =0.0133| — +as—a
’ ( D) <d32 - 02> ! :

Pc

0.865
a, =7.01x10"%07%° + 5.869x 10*3<p ) +5.64x107°

D

3

0.001 o3 (0235 + 0.1
o —0.0124 Nchp

(0.04 >3

— -1

D2

a, = 0.000225 for (vc + vp) > 0.0036 [ms™'] and ds,
> 0.000225 [m] else a, = 0

0.138 3
0.001
as = 8.820M4% 1 .775(P¢ +0172( ————
b o — 00124

) +0.349% 1073

0.0293n2 + 0.013873,
Nclp

Ve + Vp)1257
a; = 0.039 (%7 1)

: - 1.15
Ve 1%
aszofor.—“s3.5anda5:0.0139(. ¢ —1>
Vb 5

40.0037 for 2 > 3.5
v,

B nDy (vp\ "% [ vE 098 /Ap\ 1! D2 — D} —0.7 Kasatkin et al. [13]
p=158—— b s ——=
Ve \VYc & c D

& —0.426 peveD —0.13 pCVéD 0.245
H /B o
Dy 055 0.8 , 2 0.6 ~0.13
Ve vp D c
Dg _ DRZ —0.3 E —0.66 & 0.4 pCV(Z;D 0.18
D? D D o

Murakami et al. [14]

Pp = 998-1590 kg m™
nc =1-12mPas

np = 0.74-25mPas
0=35-43mNm™”

D =0.054

Dy = 0.027 and 0.042
Hc =0.014-0.028

H =054

trichloro-ethylene-water

MIBK-water acetic acid/butyric D = 0.079-0.3

acid, kerosene-water-acetic acid/ Dg = 0.040-0.2

butyric acid Hc = 0.04-0.225
H=071-12

2.1 Hold-Up

The hold-up was determined in dual-phase operation without
mass transfer with the test system ShellSol-T (SST)/water, in
which ShellSol-T was used as the disperse phase. The averaged
hold-up was determined by means of static pressures. To deter-
mine the disperse-phase hold-up at several operating points
the rotational speed of the rotor was increased stepwise and the
change of the axial position of the phase interface on the top of
the column was monitored.

2.2 Mass-Transfer Experiments

The separation efficiency of the TCDC100 was determined by
mass-transfer experiments with the SST/n-butanol/water sys-
tem. The physical properties of the test system and the equilib-
rium data according to Eq. (16) as well as the operation condi-
tions are shown in Tab. 3-5.

27.57¢
Cy = 0.6 2LSST (16)
1 + 27.57CSST

www.cet-journal.com
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Table 3. Physical properties of the test system SST/n-butanol/
water

Density [kg m™] Kinetic Viscosity [m%™]

ShellSol-T 756.8 1.85%x107°
deionized water 998.1 1.102x10°°
n-butanol 810 3.64x10°°

The system was chosen because of the advantageous distribu-
tion of n-butanol in the aqueous and solvent phases. Deionized
water (w) was used as the continuous phase and ShellSol-T as the
dispersed phase. The n-butanol was mixed with ShellSol-T and
the mixture was than fed into the extractor at the bottom and
water was fed into the top of the column. Samples were taken at
the inlet and outlet of the column as well as at four sampling posi-
tions along the column height. Analysis of n-butanol in both
phases was conducted by using gas chromatography.

Chem. Eng. Technol. 2016, 39, No. 11, 2087-2095
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Table 4. Equilibrium data (Eq. (16)) of the test system SST/n-bu-
tanol/water.

csst [mol L™'] cw [mol L™
0.020 0.213
0.040 0.315
0.060 0.374
0.080 0413
0.100 0.441
0.120 0.461
0.140 0.477
0.160 0.489
0.180 0.500
0.200 0.508
0.220 0.515
0.240 0.522
0.260 0.527
3  Results

3.1 Mean Sauter Diameter

Fig. 2 a shows the experimentally evaluated mean Sauter diame-
ter [3] at varying rotational speeds in a RDC100. As expected,
the mean Sauter diameter decreases with increasing rotational
speed. The experimental results were compared with the mean
Sauter diameter determined with the distribution parameter «
[5] and empirical correlations proposed by Kagan [7], Fischer
[8], Kumar and Hartland [9], and Marr [10]. The best fit was
given by the Kumar and Hartland [9] correlation. At higher

b) 10
e Experiment
9 r —distribution parameter «
g | -~Kagan
-=Fischer
7 ~~Kumar & Hartland

mean sauter diameter d 5, [mm]

a) 10
o Experiment
9 + ——distribution parameter a
g | -o-Kagan
— -<Fischer
E 7 ~~Kumar & Hartland
= \\ ~-Marr
< 6
o}
E 5 r
0
©
g 4=
b=
3 st
&
o 2 r
£
1 -
0 ) . .
200 300 400 500

rotational speed [rpm]

Table 5. Operation conditions of mass-transfer experiments.

Parameter Value
rotational speed [rpm] 380
phase ratio [-] 1
mass fraction [wt %] 3

ds2 [mm] 2274
o [%] 7.8

a [m’m™] 205.8

rotational speed the correlation of Fischer [8] fit the experi-
mental results well. The data determined with the distribution
parameter ¢ [5] and with the correlations by Kagan [7] and
Marr [10] were not suitable for this application.

In Fig.2b the evaluation of the mean Sauter diameter is
shown for the TCDC100. Compared to the RDC100, the exper-
imentally evaluated mean Sauter diameter is smaller at higher
rotational speed. For lower agitation intensity of 250 and
350 rpm the RDC100 shows a smaller drop size. The evaluation
of the correlations shows that Fischer [8] gives the best fit at
lower rotational speed. The Kumar and Hartland [9] correla-
tion showed better accuracy at higher agitation intensities of
350 and 500 rpm. However, the evaluation of the TCDC100
compared to the RDC100 showed larger deviation from the
experimental results. The average percentage errors between
the correlations to the experimental results for the RDC100
and TCDC100 are listed in Tab. 6.

To pre-estimate the mean Sauter diameter in the TCDC the
correlations have to be altered since the TCDC design does not
separate compartments with stator rings. Therefore, the
parameter of the correlations was fitted to experimental results.
The best outcomes were obtained by using the fitting parame-
ters of Marr [10] and Fischer [8], as shown in Fig. 3. The modi-

--Marr

200 300 400 500
rotational speed [rpm]

Figure 2. (a) Mean Sauter diameter in the RDC100 at a total hydraulic load of B = 20 m>m~—2h~" compared with empirical correlations; (b)
mean Sauter diameter in the TCDC100 at a total hydraulic load of B = 20 m*m~h~" compared with empirical correlations.
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Table 6. Average percentage error of the mean Sauter diameter ds, between experimental results and correlations by distribution pa-
rameter « [5], Kagan [7], Fischer [8], Kumar and Hartland [9], and Marr [10] evaluated for RDC and TCDC.

Rotational speed [rpm]  d3; [mm] Deviation [%)]
a [5] Kagan (7] Fischer [8] Kumar and Hartland [9] Marr [10]
RDC
250 2.847 45 106 27 11 213
350 2.176 68 99 16 9 124
450 1.722 88 101 12 10 80
TCDC
250 3.608 7 47 10 25 95
350 2.709 22 44 16 26 42
450 1.261 125 148 39 27 94
500 1.012 160 181 54 44 100
a) 5 b) 5 _
© Experiment x\ © Experiment
I | X ]
-<-Fischer after parameter
--Marr after paramter L \ "
— 4T fitting _ 4 X\/ fitting
£ o £ [} X\
E T £ X
= f. X
Q Q \
E 37 T 37 X
g £ e
g F ° >
g & X
®© =] .
w 2+ © 2 r Y,
c @ [
g c Ry
| s oty
£ g §
/\~\/<~\\~\ V
1+ 1 r [ '\‘X->{_><_><
0 n 1 n 1 I 1 0 n 1 n 1 n 1
200 300 400 500 200 300 400 500

rotational speed [rpm]

rotational speed [rpm]

Figure 3. (a) Mean Sauter diameter in the TCDC100 at a total hydraulic load of B = 20 m®*m>h™ compared with modified empirical corre-
lation by Marr [10], (b) Mean Sauter diameter in the TCDC100 at a total hydraulic load of B = 20 m>m~=h~" compared with modified em-

pirical correlation by Fischer [8].

fied correlations reproduced the experimental results with little
deviation at rotational speeds of 450 and 500 rpm. The largest
deviation was obtained for 350 rpm. The average percentage
errors between the original and modified correlations by Marr
[10] and Fischer [8] to the experimental results are listed in
Tab.7.

3.2 Dispersed-Phase Hold-Up

Fig. 4 depicts the results of dispersed-phase hold-up measure-
ments in the TCDC at varying rotational speed. As expected,
the average hold-up increases with higher agitation intensity.
Just before reaching the flooding point the hold-up increases

www.cet-journal.com
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significantly. The experimental results are compared with val-
ues predicted by correlations, originally evaluated for the RDC
by Kumar and Hartland [11], M6hring [12], Kasatkin [13], and
Murakami [14], as shown in Fig.4. In the range of 100 to
450 rpm the results of Murakami [14] show the lowest devia-
tion compared to the experiments. The correlation by Muraka-
mi [14] was based on data obtained with similar column geom-
etries and system properties of the continuous and disperse
phases. However, the significant increase of the hold-up before
reaching the flooding limit of the column could not be repro-
duced. Kasatkin’s correlation [13] derives more precise results
for 400 and 500 rpm but shows large deviation at lower agita-
tion intensity. The correlations by Kumar and Hartland [11]
were unsuitable for pre-calculating the hold-up in a TCDC al-

Chem. Eng. Technol. 2016, 39, No. 11, 2087-2095
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Table 7. Average percentage error of the mean Sauter diameter ds, between experimental results and original and modified correla-

tions by Marr [10] and Fischer [8].

Original correlations

Modified correlations

Marr [10] Fischer [8] Marr [10] Fischer [8]
rotational speed  ds, ds; deviation ds; deviation ds, deviation ds, deviation
(rpm] (mm] [mm] (%] [mm] [%] (mm] [%] (mm] [%]
250 3.608 7.027 94.8 3.262 9.6 4.190 16.1 3.464 4.0
350 2.709 3.836 41.6 2.279 15.8 2.148 20.7 2.467 8.9
450 1.261 2.441 93.6 1.747 38.5 1.304 34 1.315 4.3
500 1.012 2.0 99.6 1.563 54.5 1.058 4.516 1.077 6.4

25
o Experiment

. ~~Kumar & Hartland
é 20 + -=-Mohring
% -+Kasatkin
=}
° ——Murakami
£
o 15
w
@
=
a
2 10
14
@
a
o0
o°

5

0 % e . .

0 100 200 300 400 500
rotational speed [rpm]

Figure 4. Dispersed-phase hold-up in a TCDC100 at total hy-
draulic load of B = 20m>m™=h~" compared with empirical corre-
lation.

though the requirements for geometry and system properties
were suitable. The course of the curve provided by Mdéhring
[12] describes the dispersed-phase hold-up profile very well
but the hold-up values are too high. The data proposed by the
correlations differ with different rotational speed to varying de-
gree from the experimental results. The deviation of the corre-
lations from experimental results primarily arises from the
modified internals of the TCDC.

Again, the parameters of the correlations were fitted to the
experimental data. Parameters that correspond to the physical
system properties were kept constant and the parameters that
correspond to the column geometry were adjusted. The best re-
sult was delivered by fitting the parameters of Kumar and
Hartland [11] (Fig.5). In Tab.8 the original and modified
parameter of the correlation by Kumar and Hartland [11] are
listed.

Chem. Eng. Technol. 2016, 39, No. 11, 2087-2095
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Figure 5. Dispersed-phase hold-up in a TCDC100 at total hy-
draulic load of B = 20m®m™h™" compared with the modified
empirical correlation by Kumar and Hartland [11].

Table 8. Original and modified parameters of the correlation by
Kumar and Hartland [11] for prediction of dispersed-phase hold-
up.

Parameter Original parameter ~ Modified parameter
C1 570.53 10

C2 747.78 141

exponent nl 1.28 3.15

exponent n2 -0.45 0.4

exponent n3 0.58 0.58

exponent n4 0.85 0.85

exponent n5 0.22 0.22

exponent n6 0.35 0.35
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3.3 Separation Efficiency mass balance:  Fo = Fa —r5"'aV, and F5 g = Fycay
17
Based on PFR design according to Eq.(7), the overall mass- (17
transfer coefficient k”ppr=((4.3x107°)£(0.1x107°))ms™ for A . ., . ., .
the system SST/m-butanol/water was deduced from mass- A= Vo + Vy ra't =ary' and 1y = —k"(ca —cx)  (18)

transfer experiments with the specific mass-transfer area

a=2058m’m™, as determined from the mean Sauter diameter c kY ge
An—1 TR Zmacy

ds, from the drop size distribution and the experimentally CAp=—"—3— (19)
determined dispersed-phase hold-up ¢ (Tab.5). Fig.6a shows 1+k’ .

the concentration profile of the solvent along the column !

height for several mass-transfer experiments. The concen- Owing to the formation of toroidal vortexes, each compart-
tration profile for the case of ideal plug flow and appa- ment of the TCDC acts like continuous stirred tank reactors in
rently pronounced axial back-mixing are depicted. The series with ideal mixing. Through interpretation of mass-trans-
concentration profile evaluated with ideal plug flow does fer experiments with Eq.(19) and the operation conditions
not fit the experimental results. By altering the overall from Tab. 5, the overall mass-transfer coefficient was calculated
mass-transfer coefficient k"ppr from ((4.3x107°)+(0.1x107%)) to be k'cstr = ((1.4x107)+(0.1x10*)) ms™. This value is
to ((1.3x10)(0.1x10™)) ms™" the concentration profile comparable with the result from applying the PFR design algo-
can be adjusted to the experimental data. However, the rithm with Eq.(7). Fig.6b shows the comparison of the
adaption of the concentration profile does cause concentra- concentration profile as calculated with Eq.(19) for a CSTR
tion leaps at the bottom and the top of the column imply- cascade of 40 compartments (corresponding to twice the num-
ing high uncertainty for scale-up. The mass balance calcu- ber of compartments in the TCDC) with the experimental
lated with the PFR design cannot reproduce the results. The concentration profile as well as the mass balance
experimentally obtained data. As already mentioned, the calculated with the CSTR model fit well with the experimental
HDU value considers the axial dispersion of the continu- data.

ous and disperse phases and enables more appropriate cal-
culations for scale-up. Nevertheless, the determination of

the axial dispersion of the disperse phase can be very diffi- 4 Conclusions
cult. Seemingly, the application of the PFR model does not
reflect operation conditions well, although consideration of The hydrodynamic characteristics of the Taylor-Couette disc
HDU may improve results. contactor have been investigated. The Taylor-Couette disc con-
For comparison, the CSTR cascade model was applied. By tactor is a hydraulic hybrid of a Taylor-Couette reactor and
approximating each compartment of the TCDC with two ideal rotating disc contactor. Experimental data of the mean Sauter
stirred tank reactors, the concentration profile can be evaluated diameter and dispersed-phase hold-up have been compared
by a CSTR design algorithm according to Egs. (17)-(19). with results predicted by empirical correlations. The modified
a) ) b) )
O Experiment O Experiment
1000 1000
—PFR (adjustment of —CSTR
concentration profile)
— —PFR —
- 800 = 800
E E
b= £
()] [=)]
2 600 T 600
c c
E E
= =2
=}
© 400 3 400
2 H
E !
200 200
concentration
0 O — = :' 0 : : ! O
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
solvent concentration [mol*-1] solvent concentration [mol*|-1]

Figure 6. Experiment: B = 20 m>m~=h"", n = 380 rpm, w = 3wt %. (a) Concentration profile as calculated with the PFR design according to
Eq.(7) compared with adjusted concentration profile and experiments; (b) concentration profiles as calculated with the CSTR cascade
according to Eq. (19) compared with experiments.
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correlations fit well to the experiments. The results of mass- o kg s surface tension
transfer experiments in a pilot-plant scale TCDC100 confirm
complete back-mixing in each compartment, best approached Subscripts
with the CSTR cascade model. The mass balance and concen- A
. . . . component A
tration profile calculated with the CSTR design algorithm com- c continuous phase
pare well with experimental data. d dispersed phase
The authors have declared no conflict of interest. ‘SNST ‘S/v}?;lelrSol—T
Symbols used Abbreviations
CSTR continuously stirred tank reactor
A [m?*] mass-transfer area PFR plug flow reactor
a [m*m™ specific mass transfer area RDC rotating disc contactor
B [m’m~>h™] total hydraulic load TCDC Taylor-Couette disc contactor
Bc [m] compartment width
c [molm™] concentration
c* [molm™] equilibrium concentration References
CS [m?] cross-section area
D [m] column diameter [1] W. C. G. Kosters, Handbook of Solvent Extraction, Wiley,
d [m] diameter New York 1983, 391-406.
ds, [m] mean Sauter diameter [2] E. Miiller, R. Berger, E. Blass, D. Sluyts, A. Pfennig,
D.. [m2s7] axial dispersion coefficient Ullmann’s Encyclopedia of Industrial Chemistry, Vol. 21,
i i Wiley-VCH, Weinheim 2008, 250-300.
g: {2} ;)::)orr({dlisscccz?amr:ette;‘r [3] E. Aksamija, Ph.D. Thesis, Graz University of Technology
; 2015.
?ASH {21)1 571] ilzlf:f ;laor:veter [4] K Sattler,'H. ] Feindt, Thermal Separation Processes, Wiley-
Fy [m3 1] volumetric flow VCH, Weinheim 1995.
2 . [5] S. Weif3, Berghoff, E. Grahn, G. Gruhn, M. Gisewell,
g [ms force of gravity, 9.81 W, Pl H. Robel. M. Schub \ hnisch
Hyoee [m] active column height . Plotner, H. Robel, M. Sc 'u ert, Verfahrenstec .leSC e
Hc [m] compartment height Berechnungsmethoden 2. Thermisches Trennen — Ausriistun-
HDU [m] height of dispersion unit gen und ihre Berechnung, Wiley-VCH, Weinheim 1986.
HTU [m] height of one transfer unit [6] S. Weif’, E. Militzer, K. Gramlich, Thermische Verfahren-
N 1 . stechnik. Brundstoffindustrie Leipzig, Leipzig 1993.
k [m ?1 ] overe?ll mass transfer coefficient [71 S. Z. Kagan, M. E. Aerov, T. S. Volkova, V. G. Trukhanov,
" [1s7] rotational speed J. Appl. Chem. USSR 1964, 37, 67-73.
Ne (-] number of compartments (8] E.A. Fischer, Verfahrenstechnik 1971, 360-365.
NTU (-] . number of transfer units [9] A. Kumar, S. Hartland, Can. J. Chem. Eng. 1986, 64,
r [molm™s™]  rate of reaction 915-924. DOL: 10.1002/cjce.5450640605
r" [mol mizsil] rate of reaction [10] R. Marr, G. Husung, E Moser, Verfahrenstechnik 1978, 12,
v [ms™! phase velocity 139-144.
Vr [m’] reactor volume [11] A. Kumar, S. Hartland, Chem. Eng. Commun. 1987, 56,
87-106. DOI: 10.1080/00986448708911939
Greek symbols [12] W. Spithe, D. Mohring, S. Weiss, Verfahrenstechnik 1976, 10,
a [-] distribution parameter 567-571.
. [13] A. G. Kasatkin, S. Z. Kagan, V. G. Trukhanov, J. Appl. Chem.
£ [-] extraction factor 1962, 35 19031910
® -] dlspers.ed—}.)hase'z hold-up [14] A. Murakami, A. Misonou, K. Inoue, Int. Chem. Eng. 1978,
n [Pas] dynamic viscosity
. 18, 16-22.
p [kgm™] density
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The Taylor-Couette disc contactor (TCDC) is a stirred liquid-liquid phase contactor which is suitable for applications in

bioseparations. For liquid-liquid reactor design, information about the specific mass transfer area is inevitable. Therefore,

the drop size distribution and holdup in the TCDC were investigated under various operating conditions and appropriate

correlations for the prediction of these parameters have been determined. Experimental data of drop size distributions

were correlated with lognormal, Gaussian, and Weibull drop size distribution functions.
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1 Introduction

Increasing scarcity of fossil resources and massive environ-
mental degradation, e.g., global warming, are roughly sum-
marized the main issues that have to be dealt with nowa-
days. To cope with these issues, a global change of raw
materials from fossil to biogenic raw materials is inevitable.
Evidently, biogenic raw materials do not show the same
properties as fossil raw materials. During product isolation,
downstream processing may suffer from poor economics
due to highly diluted feed and low quality broths. Target
constituents may suffer from deficiency in chemical and
thermal stability, may be sensible to mechanical stress, and
bio-based feedstock may contain a high amount of solids.
Therefore, new separation technologies have to be devel-
oped or existing technologies need to be optimized and
adapted to suffice the needs of biorefinery. Among existing
technologies, solvent extraction and reactive extraction have
been leading technologies to raise the economic feasibility
of separation processes. They provide considerable potential
for efficient and cost effective treatment and isolation of
products [1,2].

The pulp industry, for instance, has successfully applied
solvent extraction for the separation of carboxylic acid from
aqueous pulping residues. Nevertheless, nearly 50 % of the
processed wood is finally used for steam production, with a
significant loss of additional bulk products [1]. Process opti-
mization may be obtained by combining isolation of car-
boxylic acids from pulp effluents by solvent extraction with
reactive separation by esterification, addressing economics
of isolation and the added value potential. Esterification can
be accelerated by heterogeneous catalysis in the aqueous
phase with the product being continuously transferred into
the solvent phase.

However, integration of heterogeneously catalyzed esteri-
fication with extraction in a continuous process poses new

Chem. Ing. Tech. 2017, 89, No. 4, 409-415
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requirements to the apparatus design. The Taylor-Couette
disc contactor (TCDC), a stirred liquid-liquid phase contac-
tor, has proven appropriate to meet the hydrodynamic
requirements for the application in heterogeneously cata-
lyzed reactions with liquid-liquid extraction [3]. The TCDC
is particularly suitable for applications in reactive biosepara-
tions since this type of contactor does not contain any
installations which may provide dead zones for crud accu-
mulation. In TCDC design, the continuous stirred-tank
reactor (CSTR) cascade model has proven suitable [4].
Regardless whether the rate of reaction r," of a simple sol-
vent extraction (Eq. (1)) or of extraction with chemical reac-
tion has to be applied for process and apparatus design,
information about the specific mass transfer area a
(Eq. (2)) is indispensable [5]. The specific mass transfer area
provides information about the area available for mass
transfer and affects the overall mass transfer coefficient k"
and thus the rate of reaction r,". The specific mass transfer
area can be determined via the dispersed-phase holdup ¢
and Sauter mean diameter ds, (Eq.(3)) or by the drop size
distribution.

—ra"" = k" (ca —ca¥) (1)

mass balance (CSTR):
FA,O = FA — rA”aSVR andFA"O = FVcAA’O

)
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However, the Sauter mean diameter is an ——_—
approximate average value of the drop size dis- — ,
tribution. Information about the drop size distri- = =1 T
bution may therefore be more useful, since it is ‘ - i D
. . ; + ! == i He=2+Bc
possible to consider several drop size classes. : _ Q
Several distribution functions are available for B B AN
prediction of the drop size distribution in liquid- " |
liquid stirred systems. For instance, Hematti et S :ol.ss-n
al. [6] have shown that drop size distribution in >
a perforated rotating disc contactor (PRDC) can

be reproduced satisfactorily by normal and loga-
rithmic normal (lognormal) probability distribu-
tion function.

Since design rules for the prediction of hydrodynamics
of TCDC contactors are still not available, this paper
focuses on the forecast of drop size distribution, Sauter
mean diameter, and dispersed-phase holdup. For sure, it
is possible to gain these design data from computational
fluid dynamics (CFD) with sufficient accuracy, but simu-
lation is time consuming and therefore rather recom-
mended for validation of process design. Correlations for
drop size distribution, Sauter mean diameter, and holdup
from dimensional analysis may offer quick access to reli-
able figures. For that purpose, the experimental data of
drop size distribution for several operation modes were
compared with the lognormal, Gaussian, and Weibull
probability distribution functions. Parameters for the pre-
diction of the mean and the variance of the probability
distribution functions as well as the Sauter mean diameter
were then determined via dimensional analysis. The dis-
persed-phase holdup under various operation conditions
was experimentally investigated and data were calculated
via dimensional analysis.

1.1 Taylor-Couette Disc Contactor

The TCDC is a stirred liquid-liquid extraction column with
a simple design of internals. From the hydrodynamic point
of view, it is a combination of the rotating disc contactor
(RDC) and the Taylor-Couette reactor (TCR). The column
internals of the TCDC are similar to that of the RDC but
without stator rings and with increased shaft and disc diam-
eter. A recommendation for the design of internals [7] is
shown in Fig. 1. The increased shaft diameter, together with
the increased disc diameter, induces a similar flow pattern
to banded two-phase flow of the Taylor-Couette reactor.
Compared with state of the art liquid-liquid phase contac-
tors such as the RDC, the TCDC design prevents from for-
mation of hydrodynamic dead zones, crud accumulation,
and fouling at the shaft as well as the shell. The increased
rotor discs form compartments in the column with dynamic
stabilization of the flow pattern. Due to the simple design,
smooth energy input, and operating flexibility by rotating

www.cit-journal.com
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Figure 1. Comparison of RDC, TCR, and TCDC with design recommendations for
the TCDC according to [7].

discs, the TCDC offers promising operation features for
successful application in biorefinery [7, 8].

2 Experimental Setup and Procedure

Data of the drop size distribution, Sauter mean diameter
[7,8], and dispersed-phase holdup were determined in a
100 mm diameter pilot plant scale TCDC100. The design
data of the TCDC100 are: active column height Hyyjve= 1 m,
column diameter D=0.1m, shaft diameter ds;; = 0.05m,
rotor diameter dgr=0.085m, and compartment height
Hc=0.05m. The experiments were performed in dual-
phase operation without mass transfer with the system
ShellSol T (SST)-water. SST was used as dispersed phase
with a phase ratio to water of 1. The physical properties of
the binary system are shown in Tab. 1.

Table 1. Physical properties of the binary system.

Density [kg m™] Kinematic viscosity [m%™]

ShellSol T (dispersed) 756.8 1.85-107°
Deionized water 998.1 1.102-10°
(continuous)

The drop size distribution was monitored at varying rota-
tional speed (250, 350, 450, and 500 rpm) and constant total
hydraulic load B=20m’m~h™, and at varying total
hydraulic load (10, 15, 20, and 25 m3m'2h'1) and constant
rotational speed of 450 rpm with an optical probe (SOPAT
GmbH). The graphic record evaluated 2500 droplets per
experiment [8]. The averaged phase holdup was determined
at varying the rotational speed (0 to 600 rpm) and the total
hydraulic load (20 to 35 m’m h") by monitoring the static
pressure.

Chem. Ing. Tech. 2017, 89, No. 4, 409-415
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3 Results and Modeling

The main target was to develop correlations for the drop
size distribution (DSD), Sauter mean diameter, and dis-
persed-phase holdup in the TCDC. The DSD and holdup
are inevitably needed for the design of liquid-liquid contac-
tors. The main challenge in generating these correlations is
the variety of influence factors. DSD and holdup depend on
the apparatus geometry, rotational speed of impellers, phys-
ical properties of the liquids, and volume flow rate. Several
correlations [9 - 11], originally developed for the prediction
of the Sauter mean diameter and dispersed-phase holdup in
RDC columns, have successfully been modified to the needs
of TCDC columns [4]. For instance, the Sauter mean diam-
eter was predicted with an average absolute relative error
(AARE) of 10.1% for the correlation of Fischer [9] and
11.2 % for the correlation of Marr [10]. However, the modi-
fied correlations do not consider the influence of the
increased shaft diameter of the TCDC, but the effect of the
shaft on DSD and holdup cannot be neglected. Therefore,
the DSD and holdup in the TCDC were investigated in de-
tail and appropriate correlations for the prediction of DSD,
Sauter mean diameter, and dispersed-phase holdup have
been determined.

3.1 Correlations for Drop Size Distribution and
Sauter Mean Diameter

Fig.2a shows the cumulative drop size distribution Q; for
constant hydraulic load and varying rotational speed. As
expected, DSD shifts towards smaller diameters with
increasing rotational speed. Fig.2b depicts the cumulative
distribution Q3 at varying hydraulic load and constant rota-
tional speed of 450 rpm. In column type liquid-liquid con-

The measurement data of the DSD at varying rotational
speed and constant hydraulic load were compared with
three probability distribution functions as listed in Tab. 2.

In these functions, x is the drop diameter and a and b are
parameters representing the variance and the mean of the
DSD. For each DSD function, the parameters were calcu-
lated by fitting to the experimental data with the software
TableCurve. The values of the parameters at varying rota-
tional speed are summarized in Tab. 3.

The parameters a and b in each distribution function cor-
relate linearly with the rotational speed. Representatively,
the parameter plot for the lognormal distribution function
is shown in Fig. 3.

For the analytical correlation of parameters on a physical
background, the design data, the physical properties of the
system, and the operation parameters, which may affect the
DSD function, have been considered according to Egs. (4)
and (5). In these equations, p is the density, # the dynamic
viscosity of the two liquids (index ¢ means continuous, d
means dispersed), o the surface tension, #n the rotational
speed and gAp the specific gravity. As already mentioned,
the influence of the hydraulic load on drop size distribution
can be neglected.

a :f(dRaDadSH7HC;n;pc7pd777c777d70;gAp) (4)

b :f(deDvdSH7HC;”;pcapd’7]c7ndao;gAp) (5)

By applying dimensionless analysis [12], the fit parame-
ters a and b correlate with the design data, operation data,
and physical properties according to Egs. (6) and (7),
whereby D, dg, dsu, and Hc and the physical properties pg,
Po Na» and 1. were held constant.

2 <
tactors, the influence of varying hydraulic load on drop size —A {G (ngAp) } ntd )
distribution is very low [6] and can therefore be neglected. o
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Figure 2. a) Cumulative drop size distribution Qs for constant hydraulic load B = 20 m*m=h~" and varying
rotational speed, (b) cumulative drop size distribution Qs for constant rotational speed n = 450 rpm and

varying hydraulic load [7].
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Table 2. Probability distribution functions.

The experimentally determined
drop size histogram was com-

Name Function Parameter pared with the analytical DSD
Lognormal In (5)2 a>0 functions evaluated with the cal-
_ _ culated fit parameters a and b. A

a5(x) Voo 22 be R . . .
xay e representative operating point at
xe (0,0) 250 rpm in Fig.4 depicts the re-

Gaussian (normal) 1 (x — b)2 a>0 sults.

43(x) = Nl T To validate the accuracy of the
xaver b>0 predicted DSD functions, the
xe (0,00) Sauter mean diameter d3, was cal-
Weibull 2 e e 0 culated according to Egs. (8) and

eibul a . . . P
g3(x) = 3 <z) exp [— (b) ] (9) in which v is the sphericity of
b>0 the droplets and a, is the volume-

xe (0,00) and x > 0

based area of the droplets. The

Table 3. Fit parameters for variance and mean of the DSD at
different rotational speed in the TCDC100.

n [rpm] Lognormal Gaussian Weibull
a b a b a b
250 0.20 3829.18 74645 378345 5.72 3996.35
350 0.31 3122.49 64539  2951.53 4.83 3201.94
450 0.38 1579.94 54433  1620.05 3.29 1611.86
500 0.47 1195.31 493.80 1140.00 2.54 1367.03
c
b:A[G(d‘z‘gTAp> I]n-l—d (7)

The values of the parameters A and d and the exponent
¢; for the investigated distribution functions at varying
rotational speed are summarized in Tab.4. The constant
G=0.41 comprises the dimensionless geometric data D/dy,
dsy/dg, and Hc/dg of the TCDC column and the physical
data pa/p. and 54/n. of the system SST-water.

droplets where assumed to be
spheres and thusy =1 [13].

Xmax

a =6 [ Lo ®

X,

min

6
ds; = a—w 9)

v

The results were compared with the experimentally
obtained data of the Sauter mean diameter and the AARE
was calculated. The results are summarized in Tab. 5. With
an AARE of 7.7 %, the Weibull distribution function has
proven most appropriate for representing the Sauter mean
diameter in the TCDC. The lognormal distribution function
shows an AARE of 11 % followed by the Gaussian distribu-
tion function with 14.1 %.

For direct prediction of the Sauter mean diameter, the
column geometry, rotational speed, and physical properties
of the system were also correlated. The relevance list for the
prediction of the Sauter mean diameter is given in Eq. (10).

d32 :f(deDvdSHvHC;pmpdvncvnd70;n;gAp) (10)

a) lognormal b) lognormal
0.60 5000
0.50
4000
[
© O A4
o 040 - ° -
2 7} | °
g g 3000
© 030 f o o
© [
= o 2000 |
© 020 | o - o
= = >
© [
> o040 L = 1000 f
0.00 ' : ' ' : 0 ' ! ' ' Figure 3. Parameter plot of the
0 100 200 300 400 500 600 0 100 200 300 400 500 800 lognormal distribution function
rotational speed [rpm] rotational speed [rpm] for different rotational speeds:
a) parameter a, b) parameter b.

www.cit-journal.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Ing. Tech. 2017, 89, No. 4, 409-415

51



5. Design rules for the Taylor-Couette Disc Contactor

Ingenieur
Technik

Chemie
Research Article

413

Table 4. Values of the constant parameters A and d and the ex-
ponent ¢, for the characteristic parameters a and b of the log-
normal, Gaussian, and Weibull probability distribution func-
tions.

Lognormal Gaussian Weibull
a b a b a b
A 0.06 -30.51 -7.40 -2461 -0.30 -30.75
[ 0.16 0.64 0.48 0.67 0.29 0.64
d -0.06 6744.28 999.10  6591.90 9.10 6905.73
7.0E-04
——Histogram 250 [rpm]
B.0E-04 | —lognormal
- -+ Gaussian
o & e Weibull
(‘E 4.0E-04 |
=2
© 3.0E-04 |
2.0E-04
1.0E-04
0.0E+00 = -
0 2000 4000 6000 8000 10000

mean droplet size [pm]

Figure 4. Experimental DSD at 250 rpm compared with lognor-
mal, Gaussian, and Weibull distribution function, a and b calcu-
lated with the correlations Egs. (6) and (7).

By applying dimensionless analysis, constant physical
properties, and given geometry, the following correlation
was determined:

ghp

(o) (dote)
dip n? drp 1?

0.56 0.35
1 1
—228.0.41(— 14
We Fr p,

The constant G comprises again the dimensionless geo-
metric data D/dy, dsy/dg, and Hc/dy of the TCDC column

b _
dy

(11)

and the physical data pa/p. and 54/9. of the system SST-
water. For varying rotational speed, the Sauter mean diame-
ter was predicted with the proposed correlation with an
AARE of 7.7 %. The results, summarized in Tab. 6, confirm
that direct prediction of the Sauter mean diameter with the
proposed correlation Eq. (11) is applicable.

Table 6. AARE of the Sauter mean diameter calculated with
Eq. (11).

n [rpm] Experiment Proposed cor-  AARE [%]
relation
ds; [mm] ds; [mm]
250 3.6 3.7 14
350 2.7 2.0 26.6
450 1.3 1.3 0.1
500 1.0 1.0 2.8
Average 7.7

3.2 Correlation for Dispersed-Phase Holdup

Fig.5 depicts the experimental data of the dispersed-phase
holdup in the TCDC for different operation conditions. The
holdup depends on the rotational speed and the hydraulic
load of the dispersed phase and the continuous phase. The
dispersed-phase holdup increases gradually up to 200 rpm
with increasing rotational speed and constant hydraulic
load. Between 200 rpm and at the flooding limit (marked as
crosses in Fig.5), the holdup increases significantly. With
higher dispersed-phase flow rate, the holdup shows higher
values at the same rotational speed and the flooding point is
reached at the same holdup values but lower rotational
speed. The same effect can be observed with increased flow
rate of the continuous phase. At the same total hydraulic
load (B = 30 m’m~h™"), the holdup values remain the same.

The dispersed-phase holdup is affected by the column
geometry, rotational speed, the physical properties of the
system, and the flow rate (velocity) of both phases. For the
analytical correlation of the holdup, the design data of the
column, the physical properties of the system, and the oper-

Table 5. AARE of the Sauter mean diameter calculated for lognormal, Gaussian, and Weibull probability distribution functions.

n [rpm] Experiment Lognormal Gaussian Weibull

ds, [mm] ds, [mm] AARE [%] ds, [mm] AARE [%] ds, [mm] AARE [%]
250 3.6 3.9 7.9 3.7 32 3.6 0.2
350 2.7 2.7 1.0 2.6 3.7 2.5 7.5
450 13 1.6 28.1 1.3 4.3 14 12.2
500 1.0 1.1 6.8 0.6 452 0.9 10.9
Average 11.0 14.1 7.7
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Figure 5. Dispersed-phase holdup for different hydraulic
loads of the dispersed phase (B4 = 10-15m?m~h~") and the
continuous phase (B. = 10-20m>m~h™"); total hydraulic load
B = 20-35m’m~=h".

ation parameters, which may affect the holdup, have been
considered according to Eq. (12).

@ :f(dRaD7dSH7HC;pc7pd777c777d7a;n;gAp;Vc7Vd) (12)

By applying dimensionless analysis, the factors were
made dimensionless, resulting in Eq. (13):

3 0.673 ~2.177
() | 62D
drn We Fr p.

(13)

p=G

The constant G (G = 0.41) comprises again the dimen-
sionless geometric data D/dy, dsy/dg, and Hc/dr of the
TCDC column and the physical data p4/p. and 54/5. of the
system SST-water.

For low  hydraulic load (5.5- 107 < (Ve +vg) <
9.7-107%ms™), C; = 4.529 and C, = 1.110 - 10° and for high
hydraulic load ((v. + v4) = 9.7- 10°ms™), C, = 7.162 and
C, = 8.990 - 10°. The results depicted in Fig. 6 confirm that
the predicted data, using the proposed correlation Eq. (13),
agrees well with the experimental results.

4 Conclusions

The TCDC is intended to suffice the needs of harsh opera-
tion conditions in liquid-liquid phase contact, such as high
particle load in the feed and three phase (liquid-liquid-
solid) contact in liquid-liquid extraction with chemical reac-
tion. For apparatus design, in mass transfer with chemical
reaction, the specific mass transfer area a; and the dis-
persed-phase holdup ¢ are needed. Experimental data of
the drop size distribution and the Sauter mean diameter

www.cit-journal.com
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Figure 6. Predicted dispersed-phase holdup, using the pro-
posed correlation Eq. (13), compared with experimental results.

were therefore compared with lognormal, Gaussian, and
Weibull drop size distribution functions. The characterizing
parameters of these functions, representing mean and var-
iance of the probability distribution functions, were deter-
mined, and via dimensional analysis correlations for the
prediction of the parameters were derived. The Sauter mean
diameter of the predicted drop size distribution correlates
well with the experimentally obtained data. An empirical
correlation for direct prediction of the Sauter mean diame-
ter was also developed. The dispersed-phase holdup was in-
vestigated in detail for different operation conditions, and
an empirical correlation for the prediction of the holdup
was developed. The outcome of this investigation provides a
simple tool for the basic design of the TCDC.

I Symbols used

a [-] parameter representing the variance
of the drop size distribution

a [m*m™] specific mass transfer area

A [-] parameter

a, [m’m] volume-based area of droplets

b [-] parameter representing the mean of
the drop size distribution

B [m’m~>h™'] total hydraulic load

Bc [m] compartment width

B. [m’m~h7] hydraulic load of the continuous
phase

By [m’m~h™'] hydraulic load of the dispersed phase

c [molm™]  concentration

c* [molm™] equilibrium concentration

1, G [-] parameter

C,C [-] parameter

d [-] parameter

D [m] column diameter
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ds, [m] Sauter mean diameter I Abbreviations

dr [m] rotor disc diameter

dgiy [m] shaft diameter AARE average absolute relative error

F [mols™] molar flow CFD computational fluid dynamics

Fy [m’s™] volumetric flow CSTR  continuous stirred-tank reactor

Fr [-] Froude number, anZ/g DSD  drop size distribution

g [ms™] force of gravity, 9.81 PRDC perforated rotating disc contactor

G [-] constant RDC  rotating disc contactor

Hacive [m] active column height SST ShellSol T

Hc [m] compartment height TCDC Taylor-Couette disc contactor

k" [ms™] overall mass transfer coefficient TCR  Taylor-Couette reactor

n [s7] rotational speed

qs [um™] probability distribution

Qs [-] cumulative distribution I References

r" [molm™s™!] rate of reaction

v [m Sil] superﬁcial—phase velocity [1] M. Hundt, Ph.D. Thesis, Brandenburg University of Technology

Va [m’] reactor volume Cottbus-Senftenberg 201.5.

3 5 [2] D. Cascaval, A.-I. Galaction, Hem. Ind. 2004, 58 (9), 375 - 386.

We [-] Weber number, dx'pcn’/o DOI: 102298/ HEMIND0409375C

X [m] drop diameter [3] D. Painer, S. Lux, A. Grafschafter, A. Toth, M. Siebenhofer, Chem.
Ing. Tech. 2017, 89 (1 -2), 161 -171. DOI: 10.1002/
cite.201600090

I Greek symbols [4] A. Grafschafter, E. Aksamija, M. Siebenhofer, Chem. Eng. Technol.
2016, 39 (11), 2087 - 2095. DOI: 10.1002/ceat.201600191

n [Pas] dynamic Viscosity [5] O. Levenspiel, Chemical Reaction Engineering, John Wiley & Sons,

p [kg 1’1’173] density Hoboken, NJ 1999.

[6] A. Hemmati, M. Torab-Mostaedi, M. Shirvani, A. Ghaemi, Chem.

-3 . . PR
Ap [kgm™]  density difference between liquid Eng. Res. Des. 2015, 96, 54 - 62. DOI: 10.1016/j.cherd.2015.02.005

phases [7] E. Aksamija, Ph.D. Thesis, Graz University of Technology 2015.
o (kg 572] surface tension [8] E. Aksamija, C. Weinldnder, R. Sarzio, M. Siebenhofer, Sep. Sci.
® [-] dispersed-phase holdup Technol. 2015, 50 (18), 2844 - 2852. DOL: 10.1080/
Y (-] sphericity 01496395.2015.1085406

[9] E. A. Fischer, Verfahrenstechnik 1971, 5 (9), 360 — 365.
[10] R. Marr, G. Husung, E. Moser, Verfahrenstechnik 1978, 12 (3),
Subscripts 139144,
[11] A.Kumar, S. Hartland, Chem. Eng. Commun. 1987, 56 (1 -6),
87 -106. DOLI: 10.1080/00986448708911939

0 initial [12] M. Zlokarnik, Riihrtechnik, Springer, Heidelberg 1999.

A component A [13] J. Draxler, M. Siebenhofer, Verfahrenstechnik in Beispielen, Springer
C continuous phase Vieweg, Wiesbaden 2014.

d dispersed phase
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The Taylor-Couette disc contactor (TCDC) uses the hydrodynamic advantages of the rotating disc contactor (RDC) and

Taylor-Couette reactor. Drop size distribution, dispersed phase holdup and residence time distribution (RTD) of the

TCDC in 0.1 m and 0.3 m diameter scale were determined. A correlation for the prediction of the Sauer mean diameter

was validated experimentally for 0.3-m scale. Analysis of RTD suggests application of the tank-in-series model. The

number of vessels in series rises with increasing hydraulic load and decrease with increasing rate of rotation. The axial

dispersion coefficient was determined in order to evaluate backmixing.
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1 Introduction

The Taylor-Couette disc contactor (TCDC) is an agitated
liquid-liquid extractor with simple construction of internals.
Design specifications result from CFD simulations (Ansys
Fluent) with the initial aim of optimizing and simplifying
the design of internals of the rotating disc contactor (RDC).
Experimentally validated CFD simulations predicted a geo-
metric optimum for hydraulics (formation of stable toroidal
vortexes) when stator rings were removed and the shaft
diameter as well as rotor disc diameter were increased [1].
Increased rotor discs stabilize the toroidal vortexes in the
single compartment. Without stator rings, crud accumula-
tion and fouling along the active mixing zone of the column
is avoided, and thus, harsh operation conditions are feasi-
ble. The increase of the shaft diameter up to an optimum
ratio of D/Dg,=0.5 prevents formation of hydrodynamic
dead zones along the shaft. For design and scale-up of RDC
columns, the shaft diameter has not been taken into consid-
eration in detail so far. Dead zones can be formed along the
shaft for too small shaft diameters. The dispersed phase
may prone to form a stable coalesced layer encircling the
shaft, limiting phase contact and, thus, separation efficiency.
In contrast, the increased shaft diameter of the TCDC pre-
vents formation of hydrodynamic dead zones and induces
banded two-phase flow, providing appropriate operation
performance in liquid-liquid extraction. Banded two-phase
flow is also observed in Taylor-Couette reactors, but the
TCDC offers a much higher hydraulic capacity above
30 m’m~h™". Thus, the TCDC becomes a combination of a
rotating disc contactor and a Taylor-Couette reactor. [1 - 4]
For successful design and operation performance of
agitated extraction columns, comprehensive knowledge of

Wiley Online Library © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

hydraulics is needed. Evaluation of hydrodynamics for
different operation conditions is necessary since the design
of agitated columns is not a straightforward process, partic-
ularly in scale-up.

The present work summarizes the results of experimental
analysis of hydrodynamics, including drop size distribution,
dispersed phase holdup and residence time distribution of
TCDC extractors in 0.1 m and 0.3 m diameter scale. Hy-
draulics and operation performance were analyzed and
compared for both scales and design recommendations for
the prediction of Sauter mean diameter d;, were deduced.

2 Experimental Setup and Procedure

Hydraulics and operation performance of the TCDC were
investigated in terms of drop size distribution (DSD), dis-
persed phase holdup (p) and residence time distribution
(RTD) in a pilot plant scale with a tower diameter of 0.1 m
(TCDC100) and 0.3 m (TCDC300). The geometrical design
specifications are listed in Tab. 1. Drop size distribution and
dispersed phase holdup were determined for two-phase
operation without mass transfer; RTD was measured in sin-
gle-phase operation as well as two-phase operation. ShellSol
T (SST)/water was used as test system for all experiments
with SST as dispersed phase and water as continuous phase

Annika Grafschafter, Georg Rudelsdorfer,

Univ.-Prof. Dipl.-Ing. Dr. techn. Matthdus Siebenhofer
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Graz University of Technology, Institute of Chemical Engineering
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in countercurrent operation. The physical key properties of
the test system are summarized in Tab 2.

Table 1. Geometric design specifications of the TCDC100 and
the TCDC300 column.

TCDC100 TCDC300
H pctive [m] 1 1
D [m] 0.1 0.3
dsps [m] 0.05 0.15
dg [m] 0.085 0.255
Hc [m) 0.05 0.15
Hactive/D [-] 10 3.33
Ncompartment [-] 20 6

Table 2. Physical properties of the test system.

Kinematic viscosity ~ Density

[m’s™] [kgm™]
ShellSol T (dispersed) 1.85-10° 756.8
Deionized water (continuous) 1.102-10°° 998.1

Equal power per volume (P/V) in both columns provides
comparability of operation conditions and energy input.
The rate of rotation for the TCDC300 was calculated
according to Eq. (1), based on the rate of rotation of the
TCDC100 (ntcpcioo) and the rotor disc diameters
(Dg repeioos Drirepcsoo)-

; . (DRmmo)ﬁ )
TCDC300 = MTCDC100 { 7y
RTCDC300

The influence of the hydraulic load on DSD, RTD and ¢
was determined for both columns. For this purpose, the
volumetric flow rate of the dispersed and the continuous
phase were adjusted to ensure same total hydraulic load
B (m®’m™h™") related to the free net cross-sectional area of
the column (column cross section minus shaft cross section).

2.1 Drop Size Distribution

The drop size distribution was monitored with an optical
probe (SOPAT GmbH). The probe consists of an endoscope
with an integrated camera and a triggered flash light system.
For evaluating DSD along the active column height, mea-
surements were performed at three levels along the column
height, as shown in Fig. 1. Measurement level 1 was located
in a lower toroidal vortex (lower area) of one compartment,
measurement level 2 at the shear interface of the two toro-
idal vortexes and measurement level 3 in an upper toroidal
vortex (upper area) of one compartment. DSD and d;, were
evaluated with an automated pattern matching algorithm
provided by SOPAT GmbH.

Chem. Ing. Tech. 2018, 90, No. 6, 864-871
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level three

Figure 1. Measurement
points along the active
column height of the
TCDC300.

DSD investigation in the TCDC300 was performed for
varying total hydraulic load (10, 15, 20, and 25 m’m~h™)
with constant phase ratio of aqueous phase to solvent phase
w/o =1 and varying rate of rotation (121, 170, 218, 242 and
280 rpm). The results were compared with DSD data in the
TCDCI100 [2,4]. The column start-up was investigated
for the TCDC300 by recording ds, from f,,=0min to
tena = 115 min.

2.2 Holdup

The static pressure method was utilized for determining the
mean dispersed phase holdup (p). Therefore, the height of
the continuous phase, the height of the interfacial area
(mixed phase) and the overall height in steady state opera-
tion were measured.

Holdup results of TCDC100 experiments [4] were ex-
tended, with a specific focus on the influence of the phase
ratio on the holdup. The holdup in the TCDC100 was mea-
sured at two different total hydraulic loads B (20 and
35 m3m'2h'1), varying phase ratios w/o (0.5, 0.67, 1, 1.5, 2)
and varying rate of rotation (0, 100, 200, 300, 400, 450, 500,
550 rpm, up to flooding limits).

Holdup in the TCDC300 was determined at varying rate
of rotation (121, 170, 218, 242 and 280 rpm), varying total
hydraulic load (10, 15, 20 and 25 m’m~2h7") as well as vary-
ing phase ratio w/o (0.5, 0.67, 1, 1.5, 2).

2.3 Residence Time Distribution

The residence time distribution was determined with a
pulse signal by injecting 2 mL of saturated sodium chloride
solution into the feed of the continuous phase (deionized
water) at the top of the column. The electric conductivity
was measured on four positions along the active column
height via non-commercial probes [5,6] with minimum
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invasive impact to avoid disturbance of the flow pattern.
Electrodes with tip sensors made of stainless steel wire (dr;p
= 0.6 mm) were used for this purpose. The operation condi-
tions for the investigation of RTD in the TCDC100 and
TCDC300 are listed in Tab. 3.

Results of the RTD were interpreted with the tank-in-
series model and the dispersion model. The number of
corresponding vessels in series N was calculated from the
maximum of the dimensionless exit age distribution Ep max
according to Levenspiel [7]:

N-1
E@ max — N(N — 1) ei<N71)

(N—=1)! @

A simplification of the basic version is proposed in [8].
The number of vessels N can be approached with Eq.(3)
with sufficient accuracy:

N = —1.762 + 0.569 Ep max -+ 6.206 Ej . 3)
For comparison with the tank-in-series model the disper-

sion model with open-open boundary conditions (large

deviation from plug flow D,/uL >0.01) [7] was applied:

(4)

oy
I8

In Eq.(4), t represents the time, ¢ the mean residence
time and D,,/uL the vessel dispersion number with D,, as

axial dispersion coefficient. The axial dispersion coefficient
of the continuous phase D, . was calculated using Eq. (4).

3 Results

3.1 Drop Size Distribution

The effect of the operation parameters hydraulic load and
rate of rotation on DSD and ds, in the TCDC300 was deter-
mined and compared with the data of TCDC100.

3.1.1 Effect of Measurement Level

Fig.2 depicts the influence of the measurement level and
positions on ds, in the TCDC300. Measurement level 2
yields lower d3, values than level 1 and 3. This is caused by
higher shear and impact forces occurring at the contact area
of the two toroidal vortexes. The results of measurement
level 1 and 3 indicate decreasing d;, values with increasing
column height, which corresponds well with real operation
conditions.

3.1.2 Effect of Hydraulic Load

The influence of hydraulic load on DSD in the TCDC100 is
nearly negligible [1,4]. The minor effect of the hydraulic
load on DSD was confirmed for the TCDC300. As shown
in Fig.3 ds, is independent of varying total hydraulic load
at fixed rate of rotation. Fig. 3 also indicates a transition of

Table 3. Operation conditions for RTD experiments in the TCDC100 and TCDC300.

Operation mode TCDC100 TCDC300
B[m’m~h™] n [rpm] w/o [-] B[m’m~h™] n [rpm] w/o [-]
single-phase 10 250 5 121
15 300 10 170
20 400 15 218
500 242
600
two-phase 20 250 121
25 300 15 170
30 400 20 218
35 500 25 242
600
two-phase 20 400 0.5
25 0.67
1
1.5
2
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Figure 2. Effect of measurement levels on d3; in the TCDC300.
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Figure 3. Effect of varying hydraulic load and rate of rotation
on ds; in the TCDC100.

the flow regime with increasing rate of rotation. After ex-
ceeding a critical rate of rotation n.;; =242 rpm, significant
droplet breakup is observed. Droplet breakup occurs

Chemie
Ingenieur  Research Article 867
Technik
14 because the force exerted by motion in the continuous
_ R phase overcomes the cohesive forces due to interfacial ten-
E 12r Py a sion and dispersed phase viscosity. These operation condi-
= a0l 5 tions can be assumed as fully developed operation range.
; o The operation range below 242 rpm is subcritical and may
‘E 0.8 A be classified as onset operation range.
S o6 | ¢
= 3.1.3 DSD Comparison of the TCDC100
2 04 DOlevelt and the TCDC300
5 ©level 2
S 02 r L eves Fig.4 shows the cumulative drop size distribution Q; for
@ 0.0 . constant hydraulic load and varying rate of rotation in a)
200 250 300 the TCDC100 [2] and b) the TCDC300. With increasing
rotational speed [rpm] rate of rotation, DSD in the TCDC100 shift towards smaller

droplet diameters. Compared to the TCDC300, the DSD in
the TCDC100 shows a wider drop size range and higher ds,
values at lower rate of rotation. Drop size range and ds, at
low rate of rotation is smaller in the TCDC300, which is
due to lower wall effects for larger column diameters. This
was also reported for RDC operation by Marr et al. [9] who
stated that in small-scale columns a significant amount of
power is consumed in overcoming wall friction, resulting in
larger droplet size range. At 450 and 500 rpm the TCDC100
shows same ds, values as observed in the TCDC300 at 121
to 242 rpm.

The experimentally obtained dj, data of the TCDC300
were compared with the correlation proposed in [4]
(Eq.(5)) and the parameters for 0.3-m scale were adjusted
(Tab. 4).

[ < < <
sl () -l 13
dg dyp.n? drpn? We Fr p,

(5)

The constant G includes the dimensionless geometric da-
ta D/dy, dsu/dr and Hc/dg of both columns and the physi-
cal property data pa/p. 74/1 of the system ShellSol T/water.
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Figure 4. Comparison of the effect of varying hydraulic load and varying rate of rotation on DSD in the TCDC100

and TCDC300.
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Table 4. Parameter values for prediction of d3, with Eq.(5) in 2
the TCDC100 and TCDC300.
Parameter TCDC100 TCDC300
- 1.5
onset fully developed 2 %
operation ] r &Qe
a R
A 2.28. 345 2.56 ' 1F =20
£ Q.
cl 0.56 0.67 0.59 E @ OB = 10 m® m-2h-*
@ 0.35 057 0.39 < 05 | ' ©B=15m*m2h
G 0.41 0.39 0.39 L AB =20 mm=h;s
OB=25m*m™2h™
0 . 1 1 L
0.0 0.5 1.0 1.5 2.0
At low rate of rotation, droplet breakup is controlled by the dap [mm] - Experiment
ratio of buoyancy to interfacial tension [10]. This ratio
explains the deviating parameter values for the onset opera- Figure 5. Predicted d3,, using the proposed correlation of
tion range of the TCDC300 compared to fully developed Grafschafter et al. (Eq. (5)), compared with experimental results.
operation range and the parameter values of the TCDC100.
Fig. 5 compares the predicted d;, data of the TCDC300 at 3.2 Dispersed Phase Holdup

varying rate of rotation with the experimental data. It is

shown that the pl'OpOSed correlation in Eq (5) agrees well The dispersed phase holdup was investigated for Varying

with the experimental results. hydraulic load and varying phase ratio w/o in the TCDC100

and the TCDC300 extractor.
3.1.4 Start-up of the TCDC300

3.2.1 Effect of the Phase Ratio w/o on Dispersed

DSD during start-up of the TCDC300 was investigated at Phase Holdup

242rpm and a total hydraulic load of B=20m’m~>h™".

Sauter mean diameter ds, was evaluated from start-up time Fig. 6 depicts the effect of varying phase ratio w/o on ¢ for
at t=0min until £=115min. After 5min a constant ds, low hydraulic load (B = 20m’m~h™") and high hydraulic
value was obtained. A leap of ds, from 1.3 mm to approxi- load (B = 35m’m~h™") in the TCDC100. The influence of
mately 1 mm within the first measurement interval was the w/o ratio on ¢ at low hydraulic load is negligible but at
observed. high hydraulic load the w/o ratio has a strong impact on ¢.

The holdup increases strongly with decreasing phase ratio,
especially for w/o<1 (the dispersed phase dominates). At
low hydraulic load ¢ increases progressively up to about

a) 20 b) 20
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—o—w/o =067 R ,2( *
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g —-0-wlo=15 Al g P 9/6 /
> —X—w/o=2 I o & s, }{
g 12 ".;”3’ 512 v s’ x
-3 I 9 3 & o o /
= 1 3 -
o I c . o~ Ix
< i'{l ! < Ve e a,
2 ':‘ X @ - “ n’ﬂ’ X
g8y VA= g8 O_,,cf// x~
7 =3 -
s i o o X awlo=05
0] v o - o -
bl = g @ o~ Tx—" —o—w/o=0.67
— — - -
@ 45 o= —;_ﬁ;z-x-{ 2 4w ~o—wlo=1
z ‘F:%i_xf’ £ o-wo=15
%_ —X—wlo=2
0 0
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
rotational speed [rpm] rotational speed [rpm]

Figure 6. Effect of w/o ratio on ¢ for a) low hydraulic load (B = 20 m*m~h~") and b) high hydraulic load
(B=35m>m~h™") in the TCDC100 at varying rate of rotation.
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400rpm with rising rate of rotation. When exceeding
400 rpm, a significant increase of holdup values was ob-
served close to the flooding limits (marked as crosses). At
high hydraulic load, the holdup approximately follows an
exponential trend with increasing rate of rotation. No sig-
nificant transition point was observed.

3.2.2 Comparison of Dispersed Phase Holdup
of the TCDC100 and the TCDC300

A comparison of the dispersed phase holdup ¢ for the
TCDC100 and the TCDC300 at a total hydraulic load of
B=20m’m~h™! is shown in Fig.7. For comparability, the
holdup is plotted over power per volume (P/V values), for
providing same specific power input for both columns.
Compared to the TCDC100 the TCDC300 shows higher
holdup values at same P/V.
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Figure 7. Comparison of ¢ in the TCDC100 and TCDC300 at
B=20m>m~>h"".

3.3 Residence Time Distribution

The residence time distribution was investigated for differ-
ent total hydraulic load, different phase ratio w/o and vary-
ing rate of rotation in the TCDC100 and the TCDC300
extractor (see Tab.3). Exemplarily, the Ey curves for both
column scales are shown in Fig. 8. Tailing of the RTD in the
TCDC300 is more distinct compared to the TCDC100. The
nonsymmetrical Ey curves indicate large deviation from
plug flow (D/uL>0.01 or Bo<100) in both columns, sug-
gesting application of the tank-in-series model for RTD
analysis.

The number of corresponding vessels N for the tank-in-
series model can easily be evaluated via the maximum shape
of the experimental RTD curves. The tank-in-series model
can be used with any kind of kinetics and it can be applied
to any arrangement of compartments (with or without

Chem. Ing. Tech. 2018, 90, No. 6, 864-871

1.2
——TCDC100
1 - = TCDC300

7 os| !

c

K] !

g ]

£ 06 ||

°

© ]

o 1

2 04 |

.‘,_-c‘

w 1

02 1
i
..
o U N L
0 1 2 3 4
dimensionlesstime 8 [-]

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 8. Exit age distribution £, for TCDC100 and TCDC300 at
B=20m’m?h™" and P/V =240Wm™.

recycle) [7]. For comparison D,y was as well deduced from
the exit age distribution.

3.3.1 Effect of Hydraulic Load and Rate of Rotation
(TCDC100)

The number of vessels N in series for single-phase and two-
phase operation mode is displayed in Fig. 9a. Comparability
between both operation modes is achieved by plotting N
over the rate of rotation and the hydraulic load of the
continuous phase B.. With increasing hydraulic load, the
number of vessels N in series increases. Higher rate of rota-
tion leads to decreasing N due to higher axial dispersion.
Compared to single-phase operation, two-phase operation
engenders higher N and the effect of increasing hydraulic
load is intensified. A maximum number of vessels N for
single-phase and two-phase operation is obtained at
B=40m’m~’h™" (B.=20m’m~h™" in single-phase opera-
tion) and n =250 rpm.

The axial dispersion coefficient of the continuous phase
D,y is shown in Fig 9b. D, . increases with rising rate of
rotation. In single phase operation the effect of increasing
hydraulic load on dispersion is negligible. Two-phase opera-
tion shows 2.5 times higher D, . values compared to single-
phase operation. Furthermore, in two phase operation D,y
increases more distinct with increasing rate of rotation.

The effect of varying phase ratio w/o on RTD was investi-
gated for a total hydraulic load of B=20 m’m~h™" and vary-
ing rate of rotation. The results are summarized in Fig. 10.
High w/o values (w/o=2) yield higher number of corre-
sponding vessels and lower D,,. values. With decreasing
w/o ratio the number of vessels N in series is reduced and
D, . values increase.

3.3.2 Comparison of TCDC100 and TCDC300

The number of corresponding vessels N in series for the
TCDC100 and TCDC300 is displayed in Fig 11. RTD in the
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Figure 10. Effect of varying phase ratio w/o on RTD for total hydraulic load of B = 20 m*m~h" and varying

rate of rotation.

TCDC300 shows a less distinct dependency on varying
hydraulic load and rate of rotation than in the TCDC100.

4 Conclusions

The Taylor-Couette disc contactor (TCDC), as evolved from
CFD optimization of the RDC, has proven applicable for
liquid-liquid extraction. Since TCDC design does not need
stator rings, it is expected to be much less endangered of
crud accumulation and fouling than conventional agitated
extraction columns. The design of the TCDC follows simple
rules, originating in Taylor-Couette reactors. Different to
the Taylor-Couette reactor the energy transfer is intensified
in the TCDC by rotor discs. Moreover, the TCDC design
provides high hydraulic load.

www.cit-journal.com
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Hydraulics and operation performance of the TCDC have
been evaluated for 0.1 m and 0.3 m diameter scales. For hy-
drodynamic characterization the effect of the hydraulic
load, rate of rotation and w/o ratio on drop size distribu-
tion, dispersed phase holdup and residence time distribu-
tion was investigated. The minimum rate of rotation neces-
sary for formation of fully developed toroidal vortexes in a
single compartment (fully developed operation range) can
be predicted for specified operation conditions. Applicabil-
ity of algorithms derived from 0.1-m scale has been vali-
dated experimentally for 0.3-m scale. Analysis of the resi-
dence time distribution of the continuous phase suggests
application of the tank-in-series model. For given rate of
rotation, the number of corresponding vessels in series
increases with increasing hydraulic load. A reversed trend
was observed for fixed hydraulic load and varying rate of

Chem. Ing. Tech. 2018, 90, No. 6, 864-871
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rotation. Increasing rate of rotation will cause a drop of the
number of corresponding vessels N in series.

The authors gratefully acknowledge the cooperation with
SOPAT GmbH. Special thanks go to Georg Rudelsdorfer
and Andreas Kottlan for column construction, Bettina
Rauchdobler and Sebastian Pickl for test execution as
well as Rene Fras for his excellent support in column
construction.

I Symbols used

A [-] parameter

B [m’m>h™"] total hydraulic load

B, [m’m~h™] hydraulic load of continuous phase

D [m] column diameter

D,y [m*™] axial dispersion coefficient for
flowing fluid

Ey [-] dimensionless exit age distribution

ds, [m] Sauter mean diameter

dr [m] rotor disc diameter

dsiy [m] shaft diameter

Fr [-] Froude number, (dgn*)/g

G [-] constant

g [ms™] gravity (9.81)

Haciive [m] active column height

H. [m] compartment height

N [-] number of corresponding vessels
in series

n [s7'] rate of rotation (rotational speed)

Qs [-] cumulative distribution

t [s] time

Chem. Ing. Tech. 2018, 90, No. 6, 864-871
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t [s] mean residence time
\% [m’] volume
We [-] Weber number, (di’pn’)/o

I Greek symbols

n [Pas] dynamic viscosity

P [kgm™] density

Ap [kgm™] density difference between liquid
phases

o kg s surface tension

1 [-] dispersed phase holdup

0 -] dimensionless time, ¢/t

I Subscripts

C continuous phase

d dispersed phase

I Abbreviations

CFD  computational fluid dynamics
DSD  drop size distribution

RDC  rotating disc contactor

SST ShellSol T

TCDC Taylor-Couette disc contactor
TCR  Taylor-Couette reactor
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7. CoNTINUOUS MULTIPHASE FLOW IN THE TAYLOR-COUETTE
Disc CONTACTOR!

(LIQUID-PHASE REACTION WITH LIQUID-LIQUID EXTRACTION)

Abstract

Economic isolation of carboxylic acids from dilute aqueous effluents can be achieved by
the combination of liquid-phase catalysed reaction with liquid-liquid extraction.
Exemplarily the esterification of acetic acid with methanol, accelerated with a cation
exchange resin, with simultaneous transfer of the product methyl acetate into the solvent
biodiesel, was successfully performed in batch experiments. The experiments may serve
as a first example for the demonstration of industrially relevant multiphase flow
applications. Continuous multiphase flow was thus implemented in the Taylor-Couette
Disc Contactor (TCDC). Applicability of multiphase flow was confirmed in lab scale, and

detailed hydraulic investigations were performed.

1. Introduction

Global and sustainable implementation of biobased raw materials has become a high
priority task. Unfortunately, downstream processing in the biobased industry often faces
highly dilute multicomponent mixtures, making product isolation a challenge. For
instance, black liquor condensate from pulping contains carboxylic acids at low
concentration. Isolation of these low value constituents from aqueous effluents fails
because state of the art downstream processes like distillation cannot achieve economic
feasibility. Hence, nearly 50 % of the processed wood is finally used for steam
production, with a significant loss of carboxylic acids as for example listed in Tab. 1

1, 2I.

' This chapter is intended for publication
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Table 1: Total amount and composition of ingredients of black liquor beside lignin, as well as specific

quantities of wood, pulp and black liquor [1]

Black liquor ingredients beside lignin [M*Mwood™' %]:

Overall (Pine, Kraft - Process) 17
+  Formic acid 16
* Acetic acid 11
*  Glycolic acid 3
* Lactic acid 11
*  2-hydroxybutanoic acid 4
»  2.5-dihydroxyvaleric acid
*  Glucoiso saccharini acid 39
*  Xyloiso saccharin acid 4
» other

Specific quantities: t

Pulp: 1

Wood: 2

Black liquor: 4

When talking about highly dilute carboxylic acids, process optimization can be obtained
by properly chosen chemical conversion of acids by esterification combined with solvent
extraction. Esters are important fine chemicals and have wide applicability in the industry
and consumer applications [3-7]. Berthelot and St. Gilles [8] already studied
esterification reactions in the year 1862 and found in general that esterification is an
equilibrium reaction [6]. The interest in esterification reactions increases due to the fact
that reaction yields of 100 % can theoretically be achieved when the products ester and
water are removed as fast as they are formed [6].

Following this fundamental characteristic of equilibrium reactions suffices to
indicate the potential for integrating such reactions into solvent extraction processes. Via
continuous phase transfer of the product by solvent extraction, the limitation of single
phase equilibrium conversion is shifted to the product side. The consecutive isolation of
extracted esters by distillation will contribute to economically feasible whole-plant usage
of renewable resources.

To proof the concept of chemical conversion with product separation by liquid-
liquid extraction, several esterification experiments with simultaneous liquid-liquid
extraction were performed in a batch reactor setup. Since esterification reactions are

slow reactions, catalytic acceleration is essential. Homogeneous acid catalysts were
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excluded, since they have several disadvantages as for instance corrosion problems,
waste of catalyst and contamination of the product. However, the crucial drawback for
using homogeneous catalysts is the huge energy consumption needed for separating
the catalyst from the reaction broth [9]. Acceleration of esterification reactions with
heterogeneous catalysts has found increasing interest especially for continuous
operation, since they are easy to separate from the reaction broth via sedimentation
[7, 9-10]. For this reason, the cation exchange resin Amberlyst15 was used for
heterogeneous catalysis of esterification. Exemplarily the esterification of acetic acid (AA)
with methanol (MeOH) with simultaneous transfer of the product methyl acetate into the
solvent was investigated at 65 °C and 80 °C. In order to maintain process sustainability,
biodiesel (FAME), provided by BDI — BioEnergy International GmbH, was used as
solvent. For comparison of conversion esterification was performed without extraction
at 65 °C too. The initial AA concentration was capo = 120 g*L"' and the mass fraction
of the catalyst was 14 wit%. Fig. 1 presents the overall AA transfer at temperatures of
65 °C and at 80 °C and different phase ratio of w/o = 0.5 and w/o = 1 for esterification
with MeOH and simultaneous product extraction. By simultaneous extraction of the
product, the overall yield of AA transfer (acid extraction plus ester extraction) increased
from 15 % to 32 % at same reaction temperature of 65 °C. The highest overall transfer
yield of 37 % was obtained for the double amount of solvent to aqueous phase
(w/o = 0.5). Several results of esterification experiments with methanol published in
literature [3, 9, 14-15] show that higher temperature is favorable fo acceleration of the
forward reaction. The positive effect of elevated temperature on conversion was not
confirmed when extracting the product. 32 % of AA was converted at 65 °C while 29 %
was converted at 80 °C. The reason for less conversion can be explained by the fact that
with increasing temperature the water solubility of MeAc rises, and extraction efficiency
drops, resulting in less conversion at 80 °C compared to conversion at 65 °C.
Esterification with ethanol (EfOH) was investigated too and shows lower conversion of
AA compared to esterification with MeOH. A comparison of AA esterification with and
without liquid-liquid extraction is exemplarily shown in Fig. 2. The extracted amount of
the respective product is listed in Tab. 2. Although esterification with EfOH shows lower
conversion of AA, the extracted amount of EtAc is greater compared to MeAc due to the

lower water solubility of EtAc. Kinetics of AA esterification with MeOH and EtOH can be
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found in literature [7, 9, 11-12], and kinetics with ion-exchange resin catalysts is

reported in [3, 12-15].

Table 2 — extracted amount of the respective esterification product

Methyl Acetate

Methyl Acetate

Methyl Acetate

Ethyl Acetate

(MeAc) (MeAc) (MeAc) (EtAc)
phase ratio / - w/o =1 w/o =1 w/o = 0.5 w/o =1
temperature / °C 65 80 65 65
time / h 6 6 6 6
extracted amount / g 11.7 11.0 15.5 17.8

40
| 065°C w/o = 1 (MeOH)
o ©80°C w/o = 1 (MeOH)
X 30 f o) i
§ o) M + 65°C w/o = 0.5 (MeOH)
5 ¢ *
c 20 | o + o 65°C w/o = 1 without
~g <o + extraction (MeOH)
9 ® g o o o o 0 +65°C w/o = 1 (EtOH)
5 +
o 10 &
0 & 1 1 1 1 1
0 1 2 3 4 5 6
time / h

Figure 1 - Comparison of acetic acid (AA) conversion at: 65 °C and 80 °C, w/o = 0.5 and 1; methanol

(MeOH) and ethanol (EfOH) were used as reactants
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(!5 + AA without extraction
120 ¢
+ X MeAc without extraction
~ 100 + © 3 + + + + + + 0AA
|
[0)] (o]
O MeA lculated
; 80 L o o o o S eAc calculate
.2 A MeAc
S
£ 60
o
O
c
S 40 } o o © o 9
Q :: x x % X extracted amount
20 + © A of MeAc
X A A A
A
0 L(‘ 1 1 1 1 1 1
0 1 2 3 4 5 6 7

time / h

Figure 2 - Comparison of acetic acid (AA) and methyl acetate (MeAc) concentration with and without

simultaneous methyl acetate (MeAc) extraction at 65 °C, mca = 14 wi%, w/o = 1.

After the proof of concept of heterogeneously catalysed liquid-phase esterification in
dilute aqueous carrier with liquid-liquid extraction, the technical needs for industrial
implementation had to be solved, since industry does prefer continuous operation. The
implementation of continuous multiphase flow (liquid-liquid-solid) requires adequate
process and apparatus design. When focusing on column type extraction devices, the
Taylor-Couette Disc Contactor (TCDC) [16, 17] satisfies the requirements of appropriate
multiphase contact and simple phase separation. The TCDC is a stirred liquid-liquid
extraction column with a simple design of internals. The design of internals does avoid
formation of hydrodynamic dead zones for accumulation of solids and crud. The TCDC
provides excellent mixing properties for liquid-liquid-solid (LLS) phase contact. The
TCDC design is similar to the design of the Rotating Disc contactor (RDC), but with
increased shaft and rotor disc diameter and without stator rings. The rotor discs separate
the column into compartments, offering sufficient space for formation of two counter
rotating toroidal vortexes in the single compartment. The vorticity of the toroidal vortexes
depends on the rate of rotation of the shaft and the rotor discs. At convenient operation

conditions, the shaft and rotor discs of the TCDC induce stable banded two phase flow
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with appropriate mixing of the liquid phases and the solid catalyst phase, and sufficient
residence time for the solid catalyst and the dispersed solvent in the single compartment.

This topic focuses on the implementation of continuous multiphase flow in the
TCDC for combining heterogeneously catalysed esterification and solvent extraction.
The hydraulic performance was investigated to collect data for modelling multiphase
flow in the TCDC. In order to ensure comparability with hydraulic data gained from
experiments in TCDC columns with 100 mm and 300 mm diameter [18-20], hydraulic
investigation was also performed with ShellSol-T and deionized water. The operation
range of the TCDC for liquid-liquid (LL) phase contact, including dispersed phase
holdup measurements and droplet size measurements, was determined in a first series
of experiments. Dispersed phase holdup measurements were then repeated with the
solvent FAME and water. After detailed investigation of LL hydraulics, solid phase holdup
measurements in the aqueous phase (SL) were performed. Finally, the dispersed phase
holdup and solid phase holdup, as well as the on-set of appropriate liquid-liquid-solid
(LLS) operation were investigated for different rate of rotation, hydraulic load and mass

flow rate of the solid phase.

2. Chemicals and Experiments

2.1 Chemicals

2.1.1 Esterification

Acetic acid (AA) (Carl Roth GmbH, CAS: 64-19-7), methanol (Car Roth GmbH, CAS:
67-56-1) and ethanol (EtOH) (AustrAlco GmbH, CAS: 64-17-5) with a purity of >98%
were used as reactants for esterification experiments. AA was diluted in deionized water.
Biodiesel (FAME), provided by BDI — BioEnergy International GmbH, was used as
solvent. Amberlyst15 (Aldrich Chemistry, CAS: 39389-20-3) was selected as
heterogeneous catalyst. Amberlyst15 is a strong acidic macroreticular cation-exchange
resin. The physical and chemical properties of the catalyst are shown in Tab. 3. For

titrimetric analysis, 0.1 molar potassium hydroxide solution was used.
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Table 3 - Chemical and physical properties of Amberlyst15

Properties Amberlyst15
Type macroporous
Acid site (eq/kg) <4.7

Moisture holding capacity 52 - 57 % (H* form)
Density 1100-1400 (kg m=3)

Harmonic mean size 0.6 - 0.85 mm

2.1.2 Hydraulics

For the first series of hydrodynamic investigation of multiphase flow, ShellSol-T (SST,
Donau Chemie) was used as dispersed phase, deionized water as continuous phase
and Amberlyst15 as solid phase. The hydraulic investigation was then repeated at same

operation conditions with FAME. The properties of the test systems are listed in Tab. 4.

Table 4 - Physical properties of the solvents and the carrier

Density  Kinematic Viscosity Interfacial tension (water)
kg m3]  [m?s]] [mN m]
ShellSol-T (dispersed) 756.8 1.85*10¢ (20°C) 34.0 (20°C)

6.71*10¢ (20°C)
Biodiesel (dispersed) 844.3 2.76*10°¢ (65°C) 16.57 (65°C)

2.21*10% (80°C)

Deionized water (continuous) 998.1 1.102*10¢ -
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2.2 Experimental set up and experimental procedure

2.2.1 Esterification

The esterification experiments mentioned in the introduction were performed in a batch
reactor setup with thermostatic jacket. The temperature of the heating jacket was kept
constant within = 0.5 °C. The temperature of the reaction mixture was set to 65°C and
80 °C by using a Lauda RE206 thermostat and was measured with a digital thermometer
(MGW Lauda R40/2; =0.1 °C). A reflux condenser, cooled with water, was installed at
the lid of the reactor to avoid loss of volatiles. Water with 120 g L™ (cano = 120 g L) of
AA, the solvent FAME and Amberlyst15 (mco. = 14 wi%) were heated to the desired
reaction temperatures. An equimolar amount of MeOH was added to the aqueous
phase after the set point reaction temperature in the tank reactor was reached. For
sampling 2 x 0.3 ml of the aqueous phase was taken for titration analytics and 0.7 ml
was taken for analytics with gas chromatography.

The overall transfer of acetic acid into the solvent was determined by mass balance.
Esterification experiments were stopped after 6 hours. For comparison, the esterification

experiments were repeated without extraction.

2.2.2 Hydraulics

For continuous multiphase operation, LLS flow was implemented in a TCDC with 50 mm
column diameter and 700 mm active column height. The geometric data of the design
of internals are listed in Tab. 5. The setup was operated in counter current mode. For a
first series of hydraulic investigations, SST was used as dispersed phase. The solvent was
fed at the bottom of the column. Deionized water with the solid catalyst was fed at the
top. The continuous aqueous phase was used as carrier phase of the catalyst. At the
bottom, the solid catalyst was separated from the aqueous phase via sedimentation and
was collected in a downstream collector pin. From the pin, the solid catalyst was dosed
continuously to the water tank where it was mixed with the water feed and pumped to
the top of the column. A peristaltic pump (Ismatec Ecoline) was used for dosing the solid
catalyst to the water phase as well as for pumping the suspension to the top of the
column. The flow chart of the setup is depicted in Fig. 3. To gain data about the
multiphase flow performance of the TCDC, the effect of total hydraulic load (B), rate of

rotation (n) and mass fraction of the solid catalyst on holdup and residence time
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distribution were investigated. Investigations were started with LL flow, followed by SL

flow, and were then performed with continuous LLS flow. The mean droplet size was

determined for different rate of rotation and hydraulic load. Holdup measurements were

also performed with the solvent FAME.

Table 5 - Design specifications of the TCDC

Abbreviation Value Unit
Column diameter Dc 50 mm
Shaft diameter dsh 25 mm
Column height H 700  mm
Compartment height H. 25 mm
Rotor disc diameter  dr 43 mm
agueous
phase feed salid phase >
 —
. feed
agqueous + solid phase)
Da—
Aqu:pump outlet organic phase
organic °
(solvent) el o o
phase =
valve
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Figure 3 - Flow chart

solid phase
collector pin

Y

73



7. Confinuous Multiphase Flow in the Taylor-Couette Disc Contactor

2.2.2.1 Dispersed phase Holdup
According to equation (1) the mean dispersed phase holdup is deduced from the ratio
of the volume of dispersed phase (V4) and the total volume of the dispersed phase V4

and the continuous phase (V.):

Va

(p:Vd+VC (])

The dispersed phase holdup was determined volumetrically by monitoring the level

change of the phase interface at different rate of rotation.

2.2.2.2 Solid phase Holdup

The solid phase holdup was determined volumetrically by recording the level change of
Amberlyst15 in the collector pin. For dense packed spheres, the volume of the catalyst
amounts 74 % of the total volume of the solid phase. The solid phase holdup results

were calculated according to equation (1).

2.2.2.3 Residence time distribution

The residence time distribution (RTD) of the aqueous carrier phase was determined via
tracer experiments by spiking the aqueous feed at the top of the column with 1 ml
saturated sodium chloride solution. The electric conductivity was recorded via a non-
commercial probe with a sensor tip diameter of 0.6 mm. The RTD curves were
interpreted with the dispersion model with open-open boundary conditions, according

to Levenspiel [21]:

In equation (2), t represents the time, t the mean residence time and D,,/ul the vessel

dispersion number with the axial dispersion coefficient (D).

2.2.2.4 Mean droplet size
The droplet size distribution was recorded with a FDR-AX700 4K HDR camcorder

synchronized with a flashing stroboscopic light source. For better illumination and for
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capturing the area covered by the shaft, a mirror was installed at an angle of 45° to the
camera lens. Two high power light sources were installed at the area of the mirror to
ensure the light intensity needed for short exposure time. Image analyzing was done via
a Matlab routine to enhance the image quality and the precision of drop size

measurement.

3. Results

The hydraulic performance of the TCDC for LLS operation was investigated for different
hydraulic load of the liquid phases, rate of rotation, phase ratio and mass fraction of
the solid catalyst. The hydraulic investigations started with the investigation of the LL flow
pattern. Operation limits of the TCDC were determined in a first series of experiments.
Dispersed phase holdup and droplet size distribution were determined with the same
test system. Holdup measurements for LL flow were repeated with the test system
FAME/water. Additionally, the axial dispersion coefficient of the continuous phase (D)
for single phase operation was measured for different hydraulic load and rate of
rotation. The solid phase holdup was measured for SL flow and finally, holdup
measurements were repeated for LLS flow. In Fig. 4 the flow pattern in a single

compartment of the TCDC for LL, SL and LLS operation at 800 rpm and a total hydraulic

load of B = 6 m® m 2h " is shown.

Figure 4 - Flow pattern in a single compartment of the TCDC for a) liquid-liquid; b) solid-liquid; c)
liquid-liquid-solid flow at 800 rpm and a hydraulic load of B = 6 m® m?h-.
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3.1 Liquid-liquid operation

3.1.1 Operation limits

The operation limits of the TCDC for liquid-liquid (LL) flow at varying hydraulic load and
w/o ratio without rotating the shaft are shown in Fig. 5. High w/o ratio will end up in
flooding at the bottom of the column, while high hydraulic load starts with flooding at
the top. The main reason for flooding at the bottom is a construction weakness caused
by limited free cross-sectional area at the bottom bearing. Therefore, it is necessary to
construct bearings with large free cross-sectional area for high hydraulic load. Flooding
at the top of the column is observed when the phase interface raises constantly and the
continuous phase finally reaches the outlet socket of the dispersed phase. For proper
operation (w/o = 0.5 - 3) the maximum total hydraulic load should achieve
B =20-30m>m?h . By increasing the rate of rotation, the operation limits shift

towards lower hydraulic load, as indicated in Fig. 5 for n = 700 rpm and n = 800 rpm.
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Figure 5 - Operation limits of the TCDC for different hydraulic load and phase ratio at O rpm (without rotating the

shaft); for comparison the operation limits for n = 700 and n = 800 rpm are shown.
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3.1.2 Dispersed phase holdup

Fig. 6a depicts the experimental data of the dispersed phase holdup for varying
hydraulic load and rate of rotation at w/o = 1. The holdup increases steadily with
increasing rate of rotation. Compared to operation of TCDC columns with larger
diameter [20] the holdup curves do not show a distinct on-set. At low hydraulic load
(B = 6 m® m?h') and high rate of rotation, holdup values of even 35 % could be
realized. With increasing hydraulic load, higher holdup values at same rate of rotation
were measured and flooding was observed at same holdup values but lower rate of
rotation. Fig. 6b shows the effect of varying w/o ratio on the holdup for the hydraulic
load of B = 6 m® m”?h™'. Flow rate of the continuous phase and phase ratio w/o = 2.3
does not differ from higher flow rate at w/o = 1. With increasing phase ratio of the

dispersed phase (w/o = 0.6), the holdup increases by ~ 50 % at same rate of rotation.
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Figure 6 - a) Dispersed phase holdup for varying hydraulic load B = 6 - 15 m3® m'?h" and rate of rotation at
w/o = 1; b) Dispersed phase holdup at B = 10 m® m-2h-'for phase ratio w/o = 0.6, 1 and 2.3.

Fig. 7 shows the comparison of the dispersed phase holdup for the test system
FAME/water and the test system SST/water. Due to the lower density difference of
FAME/water (Apeamewarer = 153.8 kg m™) compared to SST/water (Apeamewaer= 241.3),
as well as lower interfacial tension, much higher holdup values were be obtained, but
with tfremendous limitation of the maximum total hydraulic load. Stable operation of the
column for a wide range of rate of rotation was obtained for a hydraulic load of just B

=2 m®> m?h" at w/o = 2.1. Higher total hydraulic load (B > 6 m® m?h™") and phase
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ratio of w/o < 1 led to very high holdup values (~ 40 %) but unstable operation of the

column. At this operation point, spontaneous flooding of the column was observed.
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Figure 7 - Dispersed phase holdup of the test system FAME/water compared with the dispersed phase
holdup of the test system SST/water.

3.1.3 Droplet size

Fig. 8a shows the mean droplet size for constant hydraulic load (B = 6 m® m?h™") and
varying rate of rotation. The red dots indicate the average value of the measurement
data. As expected, the mean droplet size shifts towards smaller droplet diameter with
increasing centrifugation number. From Matlab image analyses the mean droplet size
of the large droplets was within a standard deviation of +/- 0.8 mm and the mean
droplet size of the small droplets was within a standard deviation of +/- 0.2 mm
throughout all experiments. The effect of hydraulic load on droplet size was not
investigated since previous experiments in a TCDC column with 100 mm and 300 mm
column diameter showed that the hydraulic load has a negligible effect on droplet size
[19, 20]. The experimentally obtained Sauter mean diameter (ds;) data was compared

with the correlation proposed in equation (3) [22] and it is shown in Fig. 8b.

e )Cl (22 )CZ =228%G (Wi)o'56 (i“—")o'35 (3)

dr d}32pcn2 drpcn? e Fr pc
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In this correlation the constant G = 0.39 comprises the dimensionless geometric data
of the column and the physical properties of the test system SST/Water. The green
diamonds in Fig. 8b indicate the experimentally obtained ds;; data compared with the
values predicted with the correlation shown in equation (3). The proposed ds, values do
not comply with the experimentally obtained values, indicating that the correlation is not

applicable for columns of 50 mm diameter.
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Figure 8 - a) Mean droplet size at B = 6 m® m?h™! for varying rate of rotation (the dots indicate the

average value); b) Comparison of measured and predicted ds; values calculated with equation (3).

3.1.4 Axial dispersion coefficient

The axial dispersion coefficient of the continuous phase (Do) was investigated for
varying hydraulic load and rate of rotation. To provide comparability of energy input
for different column scales, the dimensionless centrifugation number Z was calculated
according to equation (4), based on the rotor disc diameter di, the angular velocity w

and gravity g.

w2xdg (2*m*n)?+dg
Z= 2xg o 2xg (4)

The D, results are shown in Fig. 10. Higher hydraulic load results in higher D, values
at same centrifugation number. For single phase operation, increasing hydraulic load

causing higher D, values could not be observed in TCDC columns with T00 mm and
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300 mm column diameter [20]. This can be explained by the higher impact of wall
effects on operation of columns with small diameter. With rising centrifugation number,
axial dispersion increases too. For comparison, De,c at B = 15 m®*m?h™ in a TCDC with
100 mm column diameter is also shown in Fig. 10. D,,. decreases with decreasing

column diameter.
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Figure 9 - Axial dispersion coefficient of the continuous phase for single phase flow at the hydraulic

load of B = 5, 10 and 15 m®* m'2h"! and varying rate of rotation.

3.2. Solid-liquid operation

3.2.1 Solid phase holdup

Fig. 10 shows the solid phase holdup of the catalyst for varying hydraulic load, mass
fraction of the catalyst in the aqueous carrier phase and rate of rotation. With increasing
rate of rotation, the solid phase holdup increases too. Higher mass fraction of the solid
phase in the carrier phase and lower hydraulic load leads to increased holdup values
in the active mixing height. Maximum holdup values of 8 % were achieved, resulting in
a specific mass transfer area for the acceleration of the esterification reaction of

a = 496 m? m™ when assuming a mean particle diameter of 0.725 mm. The hydraulic
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mean residence time of the catalyst in a single compartment for the solid phase holdup

of ps =7 % and B = 5 m®* m?h”' is tsiq = 25 seconds.
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Figure 10 - Solid phase holdup at varying hydraulic load (B = 5, 8, 11 and 13 m® m?h"), rate of

rotation mass fraction of the solid phase

3.3 Liquid-liquid-solid operation

After evaluating the hydraulic parameter of LL and SL flow, LLS flow behavior was
investigated. Fig. 11 depicts the flow pattern in a single compartment of the TCDC at
5m’m?h" and 10 m® m?h™ for varying rate of rotation. Beyond the critical rate of
rotation of 150 rpm, the vorticity of the continuous phase overcomes sedimentation
force of the solid phase and the solid catalyst is dragged by the toroidal vortexes. The
solid phase is mainly accumulating in the lower area of the compartment (lower vortex)
due to the flow direction of the continuous carrier phase from top to the bottom. The
vortex of the continuous phase in the lower area of the compartment becomes visible
due to the accumulated solid phase, indicating the on-set point for operation. Buoyancy
of the dispersed phase dominates the flow pattern up to ~ 350 rpm. The dispersed
phase accumulates below the rotor discs with low holdup values and large droplet size.
Beyond 350 rpm the vorticity of the continuous phase also overcomes buoyancy of the
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dispersed phase and drags the dispersed phase in the compartment for a reasonable
residence time. The vortex in the upper area of the compartment becomes visible and
indicates the on-set point for the dispersed phase. Beyond 800 rpm, a fully developed
flow pattern is achieved, ensuring intensive phase contact of the three phases. Fully
developed flow pattern shows high mixing performance in the single compartment with
high holdup values and small droplet size and thus high specific mass transfer area.
The solid phase remains dispersed in the continuous phase due to its hydrophilic
properties, despite the high mixing performance and high holdup values in the
compartments of the TCDC.
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Figure 11 - Flow pattern of continuous LLS flow for 5 m3® m?h! and 10 m® m?h"!
3.3.1 Holdup

In Fig. 12, a comparison of the dispersed phase holdup for LL and LLS flow is shown.
At lower rate of rotation (~ 600 rpm) same holdup values for LL and LLS flow were
measured. With increasing rate of rotation, holdup values up to 45 % were achieved for
LLS flow without flooding of the column. Compared to LLS flow flooding of the column

occurs at lower rate of rotation for LL flow. Since the flooding point is shifted towards
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higher rotational speed, much higher holdup values for LLS flow can be realized. The

solid phase holdup remains the same for SL and LLS flow, as shown in Fig. 13.

Dispersed phase Holdup / %

Figure 12 - Comparison of dispersed phase holdup for LL and LLS flow at varying hydraulic load
(B =6,8,9and 10 m® m?h""), phase ratio (w/o=1, 1.6, 2.3 and 3.4) and rate of rotation
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Figure 13 - Comparison of solid phase holdup for LS and LLS flow at varying hydraulic load (B = 5, 8,
11 and 13 m® m?h"), solid mass fraction (2.2, 2.8, 3.4 and 7.5 wi%) and rate of rotation
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4. Conclusion

This topic reports results of experience with implementation of continuous multiphase
flow in the Taylor-Couette Disc Contactor (TCDC). Continuous multiphase flow can be
used for combining chemical conversion with liquid-liquid extraction, such as isolating
highly dilute carboxylic acids from aqueous effluents. Exemplarily the esterification of
acetic acid (AA) with methanol, accelerated by heterogeneous catalysis with a cation
exchange resin, with simultaneous transfer of the product methyl acetate into the solvent
biodiesel, as successfully performed in batch experiments at 65 °C and 80 °C, may serve
as a first example for demonstration of industrially relevant multiphase flow applications.
In the batch experiments conversion of AA was increased from 15 % without product
extraction up to 32 % with simultaneous product extraction at same reaction
temperatures of 65 °C. Therefore, continuous multiphase flow in the TCDC was
investigated. Hydrodynamic investigations of liquid-liquid (LL), solid-liquid (SL) and
liquid-liquid-solid (LLS) flow behavior confirm applicability of this column design for
intensifying heterogeneously catalysed reactions combined with liquid-liquid extraction.
Dispersed phase holdup values up to 45 % and solid phase holdup values up to 8 %
were measured, confirming great hydraulic performance of the column for LLS flow. The
on-set behavior of appropriate LLS operation was investigated for varying rate of
rotation, hydraulic load and mass fraction of the solid phase.

The outcome of this basic project confirms applicability of the Taylor-Couette Disc
contactor for continuous multiphase flow applications. Stable operation of two phase
flow in the TCDC despite the presence of a third (solid) phase, as well as the positive

effect of simple apparatus design on operation under harsh operation conditions have

to be highlighted.
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Symbols and Abbreviations

Symbols

B [m3 m~?h'] total hydraulic load
Dc  [m] column diameter
Doxe  [m?s7] axial dispersion coefficient of continuous phase
dnm [mm] mean droplet size
ds,  [m] shaft diameter

g [m s gravity (9.81)

H [m] active column height
n [15s7] rate of rotation

t [s] time

t [s] mean residence time
\Y% [m?] volume

w [rad s'] angular velocity

yA [-] =(w?dsh)/(2g) = centrifugation number
Greek symbols

o [kg m?®]  density

v [m?s']  kinematic viscosity

o) [-] holdup

Subscripts

C continuous phase

d dispersed phase

s solid phase
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Abbreviations

AA Acetic acid

EtAc Ethyl acetate

EtOH Ethanol

FAME Fatty acid methyl ester (biodiesel)
LL Liquid-liquid flow

LLS Liquid-liquid-solid flow

MeAc Methyl acetate

MeOH Methanol

RTD residence time distribution

SL Solid-liquid flow

SST ShellSol-T

TCDC Taylor-Couette Disc Contactor
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8. SUMMARY & FUTURE PROSPECTS

Liquid-liquid extraction has grown over the last decades to a powerful separation
technique with applications covering a wide range of the chemical process industry. A
variety of different extraction devices have been developed until now, but due to the
change of fossil to biogenic raw material, requirements for reliable operation have
changed. At the very beginning of this thesis, the question raised whether it is necessary
to develop new extraction equipment, and if so, what are the driving forces for the
improvement of design and performance? Since the answer is supposed to be yes,
results of the detailed investigation of a novel two-phase extractor design, called the

Taylor-Couette Disc Contactor (TCDC) are summarized in this thesis.

Since the Taylor-Couette Disc Contactor results from a modified Taylor-Couette reactor
(TCR) design, the effect of decreasing shaft diameter on the hydraulics of a TCR was
examined with the aim to improve the hydraulic capacity. For hydrodynamic
characterization, the dispersed phase holdup, the residence time distribution of the
continuous phase as well as the mean droplet size for varying hydraulic load and
centrifugation number of the shaft were determined. With decreasing rotor shaft
diameter (ds,=0.5*D), the hydraulic capacity could be increased up to 40 m*m2h"" with
holdup values of approximately 8 %. The rather low dispersed phase holdup and high
axial dispersion lead to further optimization by installing rotor discs along the shaft,

resulting in the TCDC design.

The effect of different rotor disc diameter on the hydrodynamics was investigated
subsequently. Compared to the data obtained without rotor discs and shaft diameter of
ds;,=0.5*D, the axial dispersion of the continuous phase could be decreased by ~50 %
for the hydraulic load of 40 m®m™?h"' when the rotor disc diameter is increased to the
suggested [1] value of dz = 0.86*D. With this design specification, the dispersed phase
holdup could be increased up to 18 % for operation with stable flow pattern. Further

investigations of the hydraulic performance of TCDC were thus carried out with the rotor

disc diameter of dz = 0.86*D.

Another part of this PhD-thesis concerned the appropriate design of the TCDC i.a. by

development of empirical correlations for the prediction of hydrodynamic parameters.
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Mass transfer experiments and residence time distribution confirm applicability of the
CSTR cascade model for column design. Mass transfer was investigated with the system
n-butanol/kerosene/water. Through interpretation of mass transfer experiments, an
overall mass transfer coefficient for n-butanol of k'csir = (1.4*10* = 0.1*10*) m*s” was
determined. Results of the dispersed phase holdup and the Sauter mean diameter
predicted by several empirical correlations that were originally developed for the
Rotating Disc Contactor were compared with experimental data. By modification of the

model parameters, the predicted data fit well with experimental data.

Subsequently, empirical correlations for the prediction of the drop size distribution, the
Sauter mean diameter and dispersed phase holdup in the TCDC were developed by
dimensional analysis. The hydrodynamic investigation of an up-scaled TCDC confirmed

applicability of the correlations.

The implementation and investigation of continuous multiphase flow demonstrates the
flexibility of the TCDC. In the column with 50 mm column diameter, dispersed phase
holdup values up to 45 % and solid phase holdup values of 8 % could be realized for
continuous  liquid-liquid-solid flow. This hydraulic setup provides access to
heterogeneously catalyzed liquid-phase reaction with transfer of products into the
solvent phase, as suggested for successful isolation of dilute constituents from biorefinery

broths.

The outcome of this thesis provides a simple tool for the basic design of the TCDC.
Performance and operation range of the TCDC design were investigated and design
rules are developed. The next steps will include investigations of the hydraulics for
different test systems besides the applied system kerosene/water and biodiesel/water.
Mass transfer experiments in the up-scaled TCDC with 300 mm column diameter will
be necessary to confirm the separation efficiency determined for 50 mm and 100 mm
column diameter. Finally, extension of apparatus design to gas-liquid-liquid contact has

to be seriously considered.
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