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Abstract

To this day a liquid/liquid-extraction column can be reliably dimensioneg @om
preliminary tests in pilot plant columns using the original fluids. Thleadliantage of this
procedure is that large quantities of fluids are necessary whachften difficult to provide.
Furthermore, experiments in pilot plant columns are expensive anddmsaraing, and thus
reduce the profitability of liquid/liquid-extraction processes. Fosgheasons, the aim of the
chemical industry is to develop new dimensioning techniques. To achiegoéhjsattention
has turned to the investigation of the fundamental behaviour of single droge ifkiesti-
gations involve studies of the velocities, the breakage mechanisms anddwéransfer rates

of single drops in extraction columns.

When the fundamental behaviour of single drops is properly understood, tfaetintes of
drops in a swarm have to be studied. By understanding the basic prin€iplesnotion of drop
swarms, a more reliable dimensioning technique can be establishgl® &iop experiments
combined with computer simulations of drop size distributions, hold-upbdistms and
concentration profiles can bring extraction processes cheaperketraad can reduce the time-

to-market.

The objective of this work is the investigation of the influence ofirool internals on the
behaviour of single particles and swarms of particles. Sieve traystused packings, rotating
disc agitators and Kuhni blade agitators are used as internals &u pulsgitated extraction
columns. Further objectives of this work are the modelling of theactaistic velocities of
single particles and the modelling of the hold-up influence on the moti@ansefarm. To
develop models for the characteristic velocity and the swarm welaoigjid polypropylene
spheres as well as drops are studied. Using rigid spheres offat/ireage that investigations

can be carried out in absence of breakage and coalescence effects, which arfetyjrmas.

The breakage of single drops is investigated to give information aboeffénts of energy

input and drop size on the breakage probability, the number of generated dréipsiaside
distribution. In addition, the influence of column internals, energy input and drop size on mass
transfer can be seen from experiments with single drops and swérminops. Two different
liquid/liquid-systems are used in this work: the standard systeoent(d)/acetone/water and
butyl acetate (d)/acetone/water, which are recommended by the “Euréigelmnation of

Chemical Engineering".
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Zusammenfassung

Trotz der Vielzahl technischer Anwendungen und der intensiven Entwicklurmgehmssllicher
Apparateausfihrungen in den letzten 50 Jahren ist die Auslegung von Flussgy/flus
Extraktionskolonnen immer noch mit erheblichen Problemen behaftet. Bie kéahen
Extraktionskolonnen nur basierend auf Vorversuchen im Technikumsmalstamrapéder
zum Einsatz kommenden Originalflissigkeiten ausgelegt werden. Die daftr bendtggen gr
Mengen an Originalfliissigkeiten sowie die kostenaufwendigen Experimemtageen die

Wirtschatftlichkeit eines Extraktionsprozesses.

Das Ziel der Industrie ist es deshalb, Extraktionskolonnen basietgnexperimentellen
Untersuchungen mit einzelnen Tropfen in standardisierten Laboranlagenegaszubazu
mussen die grundlegenden Vorgange beim Tropfenzerfall, die Geschwindigkezeimer
Tropfen und die Stofftransportmechanismen von Einzeltropfen in unterschedkmlonnen
bekannt sein. Ein weiterer wesentlicher Aspekt einer exakten Auglegnas Extraktions-
apparates stellt die Bestimmung des Einflusses eines Tropfemathwaf die Bewegung
einzelner Tropfen dar. Nur durch eine genaue Bestimmung des Schwaussasfld. h. des
Ubergangs vom Einzeltropfen zum Tropfenschwarm, wird eine Auslegung vorktiexisa
kolonnen auf der Basis von Einzeltropfenexperimenten in Verbindung mit RGsirzten
Simulationsprogrammen mdglich. Die Kombination von Einzeltropfen-Untersuchwrgen
leistungsfahigen Simulationsprogrammen fuhrt zu einer erheblichen Rethgider Kosten
wahrend einer Kolonnenauslegung und hilft, die immer wichtiger werdendetaimarket

eines Extraktionsprozesses deutlich zu verkirzen.

Aus diesen Griunden beschéftigt sich diese Arbeit mit der Untersuaemdeinflusses
unterschiedlicher Kolonneneinbauten auf das Verhalten von einzelnen Radtkete Kugeln

und Tropfen) und Partikelschwéarmen. Das Hauptziel der Arbeit i&edigmmung der charak-
teristischen Geschwindigkeiten von einzelnen Partikeln und dienBesiig des Schwarmein-
flusses auf die Fluiddynamik in unterschiedlichen Extraktionsapparaten.Md&aden experi-
mentelle Untersuchungen mit einzelnen Partikeln und Partikelschwéarmen sowaldierten
Siebboden- und geordneten Packungskolonnen als auch in gerihrten RDC- und Kuihni-
Kolonnen vorgestellt. In den einzelnen Kolonnen werden starre Polypropylen-Kuggin
Tropfen untersucht. Der entscheidende Vorteil bei der Verwendung vomstargeln liegt

vor allem in der Vermeidung von Zerfalls- und Koaleszenz-Erscheinungen.
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Die Untersuchungen zum Zerfall von Einzeltropfen dienen der Bestimmuntgdallswahr-
scheinlichkeiten sowie der Bestimmung der beim Zerfall einedeMrdpfens entstehenden
Tochtertropfenanzahl und derren Tropfengréf3enverteilung. Durch die Untersuchungen von
Einzeltropfen und Tropfenschwé&rmen kann auf3erdem der Einfluss der untHisicbre
Einbauten, des Energieeintrags und der Tropfengréf3e auf den Stoffibergang &n Tropf
ermittelt werden. Als Flussig/flissig-Stoffsysteme werdenlshglen Standardstoffsysteme
Toluol (d)/Aceton/Wasser und Butylacetat (d)/Aceton/Wasser untersdiehtjon der Euro-
paischen Foderation fur Chemie-Ingenieur-Wesen fur experimentellersuaohungen in

Extraktionskolonnen vorgeschlagen werden.
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1 I ntroduction

Liquid/liquid-extraction, also referred to as solvent-extraction, sidely-used separation
technique in the metallurgical industry, in the oil industry, in conditioning of nuclelardod
for wastewater treatments, seechlmair and Steude 199Rydberg et al. 1992tc In recent
years liquid/liquid-extraction has also become a preferred sepatatibnique for environ-
mental, biotechnological and pharmaceutical processes, seSdchlisodt 1994Compared to
distillation, its biggest competitor, extraction offers several adgmst in the separation of
azeotropic mixtures or the purification of liquids with small amousitshigh boiling
constituents. Extraction additionally provides considerable advantages ratsepanixtures
whose fractions have similar physical properties, B#feofer 1989and Blafd 1997 In an
extractor one or more solutes of a multi-component liquid feedrafiphase) is separated
through addition of an immiscible liquid solvent (extract phase). One gblthses, feed or

solvent, is dispersed to increase the interfacial area and the mass tedasfer r

For economic reasons the solvent must be recycled, which is ofteavedthiy distillation.
Sometimes extraction is the only feasible process for a separatowever, if there is an
alternative separation technique, for example distillation, an extmaptocess must offer
distinct advantages. An extraction process is preferred if the ewemand for solvent
regeneration is clearly lower than for distillation. Through carefivient selection, the energy
demand for solvent regeneration can be significantly reduced and fogabn, extraction is
often used for the treatment of industrial wastewater. Dseparation of the aqueous feed
through distillation would require large amounts of energy because of thetighlpy of
evaporation of water. Thus extraction is the preferred separattumdee, see alsGoldmann
1986

In spite of the various advantages of extraction, it is often notdsyes in industry. This is
mainly due to the fact that a large number of parameters influémedisiiddynamics and the

mass transfer in extraction columns, which makes the dimensioning atauaims difficult.



1 Introduction

1.1 Problems in Column Dimensioning

The fluiddynamics in counter current liquid/liquid-extraction columns witferdint internals
is affected by many parameters. A very important factor is thesilzepand drop size distri-
bution of the dispersed phase along the column height. The drop size dtrisudbverned
by breakage and coalescence mechanisms and can be relatively oramol, depending on
column internals and operating conditions. The drop size has great onghetdrop velocity.
In addition, the drop velocity is controlled by the internals, which exhasdrance to the drops,
and the energy input. Furthermore, the velocity of a swarm of dropgycdiircaintly differ from
the velocity of single drops. The influence of drop concentration (i. e. hold-up) eeltaty
of a swarm, which is the so-called swarm influence, is nofaetiisily understood to this day.
Hence, the prediction of the maximum throughput rates of the dispersed plnde is

strongly related to the velocities of the drops, is a complex issue.

Mass transfer also has a strong influence on fluiddynamics, and visa. Vidre physical
properties of the liquid/liquid-system change along the column height. Forpkxamass
transfer has a strong effect on the interfacial tension of allguid-system. For this reason,
breakage and coalescence behaviour will change along the column height ershtddffop
sizes and velocities will appear. Thus, the development of scale-tippasebased on

fluiddynamic evaluations without considering mass transfer seems insufficient.

Even though mass transfer in and out of single drops has been studied bl researah
groups, there still exists no reliable method for modelling the massfér rates in swarms of
drops. Furthermore, the effect of surface instabilities Bla®& et al. 200D which cause
convections or turbulent eruptions at the interface (Marangoni convectéindshe effect of

tensides are not well understood.

1.2  Ways to Solve the Problems

As mentioned, there are many parameters that influence fluiddynamdcsiass transfer in
extraction columns. It is obvious that the dimensioning of extraction columith®ut

preliminary tests is not possible with the current standard of knowl&dgehis reason, pilot
plant tests are often carried out using the original liquids. Basedheomesults of these

experiments, models can be developed for predicting the performancetqgilaiit columns



1.3 Obijectives of This Work

and scale-up methods can be used. The disadvantage of this approadargetsanhounts of

liquids are needed and that experiments in pilot plant columns are time-consuming.

Nowadays, the aim of novel scale-up methods is to reduce the expeliefémtaof the
preliminary tests by investigating the fundamental behaviour of single dfdyws.basic
phenomena typically studied during experiments with single drops are thkadeea
mechanisms, the drop velocities, and the mass transfer rates nieqmsrivith single drops are
performed in laboratory scale columns. These columns typically haveatdraof 80 mm and
a height of 1 m. The volume of liquids required for these experimemsyidow, for example,
only a few litres. However, not only the quantity of liquids but also the tor the preliminary
experiments is considerably reduced. Hence, enormous cost reductiossariatad with

these novel methods.

Finally, an extraction column is dimensioned from the results of tiggesilrop experiments in
combination with computer simulation programs. These simulation prognemsoamnally
based on drop population balance models (DPBMs). DPBMs describe the beb&disarete
drop size classes in different column sections along the column axis.tbisipgocedure, the
efficiency of pilot plant extractors can be predicted with an acgush 20 % of the actual
column efficiency, sekloting 1996 Modes 1999Henschke 200%tc

1.3 Objectives of This Work

Objectives of this work are the investigation of the behaviour of spaytécles (rigid spheres

and drops) and swarms of particles in extraction columns with ditfargéernals. The
dependence of drop velocity, breakage and mass transfer on drop size, energndhput
internals is of main interest. In addition, the influence of drop coratemiron the motion of

drops is of special interest. Through a correct description of the behaviour of both single drops
and swarms of drops, hold-up distributions, drop size distributions and @¥asetirates can

be accurately calculated by DPBMs.

The behaviour of single rigid spheres is investigated to gain information abanftukace of
column internals and energy input. Using rigid spheres allows the dedtion of the
parameters that have the greatest influence on the velocit@sgié spheres in absence of
breakage and coalescence. Furthermore, single drops are analysedhtmfaotaation about

velocity, breakage and mass transfer rates in compartments with diffeegnaist
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Swarms of rigid spheres and drops are also studied. A new swarnh farogdeedicting the
influence of particle concentration on fluiddynamics will be preseritechddition, mass
transfer efficiencies of different extraction columns will ®wn. For these reasons, rigid
polypropylene spheres and two different liquid/liquid-systems will be edudr pulsed
columns with sieve trays or structured packings as well as inedjitc@lumns with rotating

discs or Kuihni blade agitators.

* Annotation to this work

The main part of this work resulted from work on an industry-funded prdjecee research
groups from three different universities were involved in the projetteanew design method
for different extraction columns was developed. While this work dealalynwith experi-
mental investigations and the development of correlations to predigekbaties of single
drops and swarms of drops, the other groups involved were mainly concernethavith
development of simulation programs based on drop population balance modelsbiimatiom
with the experimental data and the derived correlations, these sonufaograms gave
information about the accuracy of the new scale-up method. Parametieiss drop size distri-
butions, hold-up distributions and concentration profiles obtained from expesimelitferent
pilot plant extractors were compared with calculated parameftéing project partners. Exact
information on the simulation programs and their validation can be found FirtheReport
AiF 40 ZN 2004



2 Critical Review of the Literature

The following sections provide an overview of different ways to modexdraction column
and give information about the most important parameters which inflitbadeehaviour of
single drops and swarms of drops. In addition, the fluiddynamic and magertrandels in the
literature used to predict parameters such as drop size, hold-u@asdramnsfer rates in liquid/

liquid-extractors will be critically reviewed.

2.1 Modelling of Counter Current Liquid/Liquid-Extractors

The performance of extraction columns has been extensively invedtigagiebuhr 1982
Kumar 1985 Korchinsky and Ismail 1988\Nedungadi 1991etc The objectives of many
investigations were to simplify and improve the selection and dimensiohexjractors. For
this purpose, physical models derived from these investigations destgbeal parameters
such as average drop size, total hold-up of dispersed phase, axial dispeesiicients of both
phases and overall mass transfer coefficients. Thus, the dispersedghaated as a mono-
dispersed or a quasi-continuous fluid. The dispersion model and the bacldtiel ane often

used.

The deviations between these models and experiments, together vwtbhilens associated
with transferring the derived integral models to different columredsions or liquid/liquid-
systems, reveal that new ways of modelling extraction columns mfgire In particular, the
consideration of the poly-dispersed character of the dispersed phasesgives more realistic
description of the two-phase flow and the mass transfer in eatracblumns. Thus, drop
population balance models are often used for dimensioning extractorsti@sh types of
models the characteristic features of the dispersed phase, sdobpagelocities, breakage
behaviour and mass transfer mechanisms, are determined as@nfohdtiop size distribution.
Hence, the characteristic features of the dispersed phase aredidor all drop size classes.
In addition, the combination of drop population balance models with resultagié sirop
experiments produce much more reliable results than integral maskelseOlney 1964 The
basic features of integral models and drop population balance modegtsesented in the
following sections. The backflow model is explained in detail as an @eaof an integral

model.



2 Critical Review of the Literature

2.1.1 Backflow Model

The determination of the mass transfer performance of an extiacdften carried out by
modelling the column as a cascade of equilibrium stages. A very simgylds achieved

assuming that plug flow exists for both phases, seesalsaeitzer et al. 1996:0r mass transfer
from a continuous to a dispersed phase, the mass transfer perfoisrithroedetermined by the

number of equilibrium stages,,  per active column hekgiijt

Ny 1 [( xin_Yin/m) [( 1) 1} m
s | | 1-=]+= when 4 71 21
H H,c Oni Xout— Yin/ M A A Mo/ Mg (2.1)

ac

Niy (Xin_Yin/m B ) 1 m
H

— h— when 4 =1 (2.2)
xout_Yin/m ac IVlc/Md

Here, the main mass flow rates of the continuous phase and offibesdi$ phase are given by

ac

M. andMy , respectively. The solute concentrations of the continuous phizsédetX;,, and
at the outletX,,; as well as the solute concentration of the dispehseseY;, are expressed
in terms of mass fractions based on solute free bases. Theeparams the distribution

coefficient.

However, the assumption of plug flow is in contrast to the actual dibwoth phases. In
extraction columns a part of each main phase flow is mixed back. fhesg back mixing
currents, so-called axial mixing currents, flow in the oppositetiine of the main phase flow.
Axial mixing causes a reduction of the driving concentration differeacaniss transfer.
Subsequently, it reduces the mass transfer rates. In addition, axiabncauses large
uncertainties in the determination of the mass transfer ratesctraction columns with

increasing column diameter.

To account for axial mixing, the backflow model is often used. The basatiens of backflow
models are derived by the subdivision of the complete column height int@alsegeilibrium
stages, sedigure (2.1) The main mass flowsM. and My) to and from each stage are
accompanied by axial back mixing currents. To account for axial backgnnxithe material
balances, back mixing coefficients for the continuous ptese the dispersed phagare used.
Component balances for the solute in an intermediate stage, whenagbdransfer direction
is from the continuous to the dispersed phase and the dispersed phasntefie light phase,

give:
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dx
pe A Ch, (1 -hy) D—di = (2.3)
. Yk
M L1+ £) C0, 1= %) + £ Ty 1= X1~ D [ DAL Th [ X, — 7
d
py A Ch_ Ch, DaTk = (2.4)

. Yk
Ma L1+ 6) V1= Vi) + 0 W0Vt 1 = Yi)] *foe b, (B TAG Th, [ X, — )

f

Q'Md'Yk+1 f-MC-Xk
1 A
| :
stage k h
A A
| |

A J

(1+g):MyY, 4 (14f)-M X,

Figure 2.1: Characteristic stage of height With convective and axial back mixing streams
for both phases

The component balances in the first and last stages slightly, diffiee it is assumed that there
is no back mixing underneath the inlet of the dispersed phase and thatexisee a
concentration jump at the inlet of the continuous phase. For the csi®ady§ state operation,
this system of differential equations can be analytically solvén@ ifwo phases are immiscible
and a linear phase equilibrium exists, Marklenburg and Hartland 196&ndSteiner 1988
With the help of the backflow model the mass transfer ratesarteactor can be predicted. For
this purpose, additional models have to be used to determine the backaoedfingentsf and

g, the volumetric mass transfer aa and the integral overall mass taedfaients,. .
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2.1.2 Drop Population Balance Models

The consideration of the dispersed phase as a quasi-continuous fluidaslictory to the poly-
dispersed character of the drops. As a result of the breakage descenae mechanisms,
relatively wide drop size distributions often exist in extraction colnsedigure (2.2) The
drop size distribution can significantly alter along the column heighitaquilibrium between

breakage and coalescence is reached.

Outlet light phase

poly-disperse character of
swarms of drops

Inlet light phase

Outlet heavy phase

Figure 2.2: Scheme of an extraction column and characteristic drop size distribution

The influence of drop size distribution on residence time distributidheolispersed phase
strongly affects the mass transfer of single drop size cldds@y. authors have demonstrated
that the residence time of both phases in an extractor is a faetor for mass transfer, see
Reissinger 198andWagner 1999Drop population balance models (DPBMs) account for this

interrelationship by considering all drop size classes.



2.1 Modelling of Counter Current Liquid/Liquid-Extractors

According toCasamatta and Vogelpohl 198/®Ilume balances of a certain drop size class and

the continuous phase result in the following equations:

oP(t,
(af d) + 21vy ot,2 )P(L 2 q)] = (%[Daxdgg_zp(t,z, D]+ SrSrs

terml term 2 term 3 term 4
(2.5)
oh(t,z) 4 9 d
—S+ 2V o1, 2) (1, 2)] = 5—2[Dax ¢ Bt z)} S (2.6)

Here, the basic paramet®(t, z d) is a drop size distribution functiorrepegsents the
volumetric fraction of drops of diametgrat column height and timet. According to DPBMs,

the volume balance for a certain drop size class is governed by ¢eevemtsportterm 2,

axial back mixing term 3 of drops with diameted; and the loss and gain of drops with a
diameter ofd; due to breakag8; and coalescenc®- (term 4),seeequation (2.5) The factors

S g of term 4andS: . in equation (2.6)account for the feed inlet of the dispersed phase and the

continuous phase and are normally characterised by a Dirac function.

In equation (2.6)the parameteh (t,z) characterises the volume fraction of the continuous
phase and depends on the holdryft, z)

ho(t 2) = 1-hy(t 2) where hy(t,2) = [ dmaXP(t, z d)dd, 2.7)
0

While the equations above allow the determination of drop size and hold-ufpegrof
component mass balances make the evaluation of concentration priafilgsttee column

height possible. A detailed description of the derivation of the followdgugtons is given by
Al Khani et al. 1989

200t 2 d) P(t 2 )]+ 2L y(t 2 4) [Pt 2 d) [, (1,2 d)] = 28)

t’ [}
2D, 2t 2 DIP(L 2 )+ § Boctd) Pt 2 ) x(t, 9 - 22D o Ty

Here,y(t, z d) characterises the average concentration of all dropdiamieterd; at column
positionz and timet. The second term on the right side describes the mass trartsfeebe
considered drop size clads and the continuous phase. The param&jeaccounts for the

mixing effects due to breakage and coalescence for the average concentration of theglrop cla
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considered. Analogously, the concentration of the continuous phase is evaluated by:

0 0 0

a—t[hc(t’ 2)X(t, 2)] + 52[\/‘3' o(t, 2 (t, 2) Ik(t, 2)] = (E—Z(Dax CEééz[ h.(t, 2) Ix(t, z)])— m(t, 2)
(2.9)

wheremy(t, z) takes the mass transfer of the solute between all aabpiseacontinuous phase

at column height and timet into consideration:

dmax
my(t, 2) = jo SEBOC(di) Pt z q) [[x(t, -1 (1,2 og)}ololi (2.10)

To solve the system of equations above, boundary conditions for the inlet agtdobintbth
phases have to be formulated. AccordingKimrchinsky und Young 198@he following

expressions hold:

z= 0: W:O and Yt zd =y, (2.11)

z=H,.

i M Dp = Mo DX(t, 2) — Ag [, (D Dg—z[hc(t, 2) TX(t, 2)]

ax, c

Hence, the concentration of the continuous phase does not change beneathidhezposi.
Furthermore, a concentration jump appears at the inlet of the contipluiasss due to axial back

mixing.

Drop population balance models have been used by many groups for predictingptimegmee

of extractors. For exampldputain et al. 1998&ndHenschke 200&valuated the operating
mode of a pulsed sieve tray extractor (PSE) with the help of BPBM 1995andHoting 1996
used DPBMs to predict the performance of a pulsed extractortwittitged packings (PESP).
The fluiddynamics and mass transfer rates of an agitated extwaith rotating discs (RDC)
were determined b@€ruz-Pinto 197%ndModes 1999The operating conditions of an agitated
extractor with blade agitators (Kihni) were investigatedagnponi 1996nd Steiner et al.
1998 Further information about the application of DPBMs and numericalisatufor the
system of equations in DPBMs are describedrimer et al. 1995Attarakih 2004andAttarakih

et al. 2005

10
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2.2 Fluiddynamics in Extraction Columns

Fluiddynamics in extractors are controlled by different parameteris as drop breakage and
velocities of drops. DPBMs take these parameters into considepatiaipally on the basis of
single drop experiments or correlations derived from single drop expdsmeghus, the
following sections give a review of single drop phenomena and their destsiph the
literature as well as a presentation of correlations to preldéracteristic features of swarms of

drops like hold-up, axial back mixing and maximum throughput of extraction columns.

2.2.1 Drop Size

Drop size and drop size distribution have a significant influence on throughguimass
transfer in extractors. The drop size determines the velocity as well assbéramsfer rate of
the drops. Swarms of drops can be characterised by average valuedropthiee, for example
by the sauter diameter. The sauter diameter is defined as thetelisof drops in a mono-

dispersed swarm that has the same interfacial area per volume as the agtdiapgosion:

> i}
>0, [o?

To model the sauter diameter the theory of isotropic turbulen&®lnyogorov 1958s often

dp , (2.12)

used as a basis for the description of the average drop size mhssveeeFischer 1973
Coulaloglou and Tavlarides 197@iebuhr 1982 Sovova 1990etc A number of other
correlations can be found in the literature which evaluate the depysi& set of dimensionless
numbers, sekeaddha et al. 197850dfrey and Slater 199%ndKumar and Hartland 1996

In contrast to the description of swarms of drops by an average drop dicanatme detailed
investigation of liquid/liquid-extractors gives rise to the reabsathat the width of the drop
size distribution has a strong impact on mass transfer rates. A small rfrtdyge drops can
hold a relatively large fraction of the dispersed volume and causeye feduction of the
interfacial area. Furthermore, small drops have poor mass tracséfficients. Hence,
relatively narrow drop size distributions are desired to enhancetraasfer. Because of the
width of the drop size distributions, average diameters like the rsdigmeter do not
sufficiently characterise a poly-dispersed phase. Hence, DPBMwirdctor the dynamic

change of the entire drop size distribution along the column height throudtagpeeand

11
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coalescence expressions for each drop size class. This leadsr® ralistic description of the

two-phase flow.

» Drop breakage

Breakage of drops with diametdrand production of drops with diametéby the breakage of

larger drops can be predicted by:

S =9(tz d)IP(t 2 d) (2.13)
dmax
S. = jo d3(dy, dge) CO(L 2 dy) CP(t Z d,)ddy

whereg(t, z d) represents a breakage frequency. The breakage frequencyed tgfithe

ratio of the number of breaking drops to the initial number of drops and time:

number of breaking droy
initial number of dropg]

g(t z qd) = (2.14)

The production of drops with a diametkr  further depends on the para(@grd, ) - This
parameter denotes the volumetric density distribution of the daughter afrdsmneterd,

generated by the breakage of a mother @figp . Hence, the volumetric desislytion in
eqguation (2.13has to be determined for a daughter drop with the same size @ #idered

drop classdyy = d, .

There are numerous approaches for the evaluation of breakage fregueri@eid/liquid-
systems in the literature which are based on the assumptidodhkturbulence eddies cause
breakage if the kinetic energy of the eddies is larger than treesweghergy of the drop. In these
approaches, the local turbulence eddies are considered to have apprgx}imeataime size as
the drop, sedlarsimhan 1979Tsouris and Tavlarides 199dtc. The breakage frequency is also

often determined as a function of the breakage probapgity

Vq o,z d)
9(t z d) = pg(t. 2 d) B—p—— (2.15)

c

The breakage probabilifyg can be experimentally obtained by the fraction of breaking drops
from a number of mother drops analysed in a laboratory scale column. The second term on the

right side ofequation (2.15fonsiders the time for breakage in a compartment hejght h

12
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Haverland 1988 Leu 1995and Hoting 1996 determine the breakage probability in single
compartments with different sieve trays and structured packinga &sction of the
characteristic drop diametaig,,andd,qq The diameteds;,,is the maximum stable diameter
for a certain pulsation intensity adghydefines the diameter of mother drops which will be split
with 100 percent certainty in the compartmerigure (2.3) shows the dependence of the
characteristic drop diameters on the energy input in a pulsed corepastith a single sieve

tray and in a pulsed compartment with a single structured packing.

10.0
butyl acetate (d)/water

MM | A& A Montz-Pak B1-350, ¢p = 97.4 %, Hoting 1996
® o Sieve tray, d, = 4.0 mm, ¢ = 40.3 %, Haverland 1988

d
6.0 | N
| dstab |
4.04 x .
— d400

20 r
00 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 20 cm/s 2.5

o
o

diameter of mother drop dy,

pulsation intensity a-f

Figure 2.3: Characteristic diameterggpand d oq for the breakage of single drops in pulsed
compartments with a single sieve tray and a single structured packing

While the values fodg,, are in close agreement for both types of internals there igaat ma
difference in the values fal oo Hence, breakage is higher in the structured packing than in a

compartment with a sieve tray with 4 mm hole diameter.

Following Haverland 1988andLeu 1995 the breakage probability for drop diametdfs  in
between the characteristic diameters can be evaluated by:

d—d c
| stab ) (2.16)

leO_ dstab

pe(d) = (

where the exponer@ is a function of the pulsation intensity. The breakage probapjity

different pulsed compartments is illustratedigure (2.4) This figure reveals that breakage in

13
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sieve tray columns strongly depends on the hole diameter of the sieve tray.

10 T T T T T T
i dp,=2.0 mm

0.8 L Sieve tray dy = 4.0 mm ]
L T laf=25cm/s
> - Haverland 1988
S o6t |
o)
o
5_ -
(0]
S 04F¢ Montz-Pak B1-350 T
§ I af=2.0cm/s
2 Leu 1995

0.2 r .

toluene (d)/water
OO 1 1 1 1
0.0 2.0 4.0 6.0 80 mm 10.0

diameter of mother drop d,,

Figure 2.4: Breakage probability in pulsed compartments with single sieve trays and a single
structured packing

In agitated columns the breakage probability can be determineduasteorh of the critical
rotational speedg, .y according taFang et al. 199%ndModes 1999The critical rotational
speedng it is the maximum rotational speed where no drop breakage appeardrégr of

diameterd, . Fang et al. investigated drop breakage in Kihni-compartments anchtthe t

breakage probability is well described by:

1?895 = 6.25[(/) e Ore° Y, [dgq”é'S‘”éISCrit )1'32 (2.17)
Plots of the breakage probability against the rotational speed veele imorder to determine
the critical rotational speewk ;- Subsequently, the critical rotational speed in the Kihni-
compartments was determined by an extrapolation of the breakage prphakdédro for a
certain mother drop diameter. Modes determined the breakage probabdiynpartments

with rotating discs similar to Fang et al.:

(2.18)

pB B ,088 D700.2 [di Dji.‘G [[n|]__\.).8_ nl:l-'\-’:scrit 1.595
= 0.118({
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where g i = O.738E(pc(fdi)-o'5[(3—;)_0.986 (2.19)

Figure (2.5) presents a plot of breakage probabilities in single agitated conguastnwhich
shows that the use of Kiihni blade agitators results in much larger rauailimeakage events
than the use of rotating discs. Although the rotational speed in the BR@actment is 2.3
times higher than in the Kiihni-compartment, breakage probabilitiesldngber for the blade

agitator.
1.0 T T T T T T T T T
0.8 | 1
&
- Kahni - blade agitator
= d, =68 mm
gu) 061  n, =150 1/min 1
= Fang et al. 1995
S 04| :
X
@®
(O]
= RDC
0.2 < d, =90 mm
i ngr = 350 1/min |
toluene (d)/water Modes 1999
0.0 : : : ' ' '
0.0 1.0 2.0 3.0 40 mm 5.0

diameter of mother drop d,,

Figure 2.5: Breakage probability in a single compartment with different agitators

To model the drop breakage in extraction columns by DPBMSs, the dropdsimsty
distributionsqz of the daughter drops must be known. Drop size density distributions can be
described by many different distribution functions. Normal, beta and MugelesE

distributions are often used. Beta distributions are described by:

xp_l[(l—x)q_1 dyq
0s(x) = T ] 1 where x:d— and 0Osx<1 (2.20)
_[ Y E(l—x)q_ dx M
0
X - P and § 4= P
"ot 7 (pra)+(pra+ )
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The mean value of the dimensionless volume distribution of daughter drgperisbyx; ;
with the standard deviatios} ; . The transformation of the dimensionles$ulistni function
into a dimensional one is carried outdpy(d,,;, dyq) = d3(X)/dy . While Haverland, Leu and
Hoting used the equations above, Modes used a different structure tf fureion from

Bahmanyar and Slater 1991

dgg e d3,
dm dwm
dy, 1.83
With nyy = 2+0.17 ——1} (2.22)
crit

Here, nyq is the average number of daughter drops per breakagel.gnts given by a

rearrangement afquation (2.19)

Henschke used a different approach to evaluate drop size profdatsed sieve tray columns.
The author considered all parameters that influence the stable droptelr, the breakage
probability, the number of daughter drops per breakage and daughter drop distributions

Detailed information about this model is giverHanschke 2003

To simplify the modelling of drop breakage, some groups assumed that droggaifuisttwo

or at most three daughter drops. However, this is an oversimpbficatithe problem since
particularly larger drops are fragmented in greater numbers nagthdsing energy input, see
Bahmanyar and Slater 199Eigure (2.6)depicts the number of daughter drops produced by
drop breakage in a pulsed sieve tray compartment, which shows thathenoitevo daughter
drops are typically generated. For example, mother drops with a diaméjgrd mm break
into 11 daughter drops at a pulsation intensity of 2.5 cm/s. Since dropudistriprofiles react
very sensitively to the number of daughter drops produced by breakage, all genargiteerda

drops should be considered, see &saz-Pinto 1979
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14.0

| Sieve tray
d,=2.0 mm mother drop
120 B (Pst= 227 % dM = 50 mm 1

"a=10-18 mm
10.0 + Haverland 1988

8.0

o}
z
I
N
o
3
3

6.0

number of daughter drops per breakage n

4.0 1
toluene (d)/water |
20 1 1 1
0.0 1.0 2.0 3.0 40 cm/s 5.0

pulsation intensity a-f

Figure 2.6: Number of daughter drops produced by breakage in a single pulsedraieve t
compartment

 Drop coalescence

Although the rate of coalescence is normally suppressed in techpmalations through the
choice of the mass transfer direction, coalescence must not betedgkeddienschke 2003
However, the determination of the influence of coalescence in ligqudihsystems, especially
in extraction columns with different internals, is one of the modterigang issues. For this
reason, the influence of impurities or surfactants as wetlleaditection of mass transfer cannot

be sufficiently described by theoretical considerations yet.

Investigations of coalescence phenomena make clear that drop/drogeocedestrongly
depends on the liquid/liquid-system and the size of the drops. Drop population balance models
(DPBMSs) allow a realistic description of the coalescencéar@sms in poly-dispersed swarms

of drops. In DPBMs normally only binary coalescence is considered, whibsdibed in

terms of the number of drops with diameterslpfindd, which coalesce with a certain rate
w(d;, d,). The number of coalescence events per unit volume and time is given by
w(d,, d,) [N(d;)[Ad [N(d,) [Ad, whereN(d)[Ad denotes the number of drops per unit

volume:
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P(t,z d)

N(t 2 ) Ad = g

Ad. (2.23)

V(d) describes the volume of a drop with diameterThe gain and loss of drops of claks

due to binary drop coalescence is given by:

_V(d) P(t, z d) P(t z ) di\2
St T T2 EI Wt &) By By E(d_z) dd (2.24)
_ ® tzd)
_=P(tzd) Ejo w(d., d;) DW— dd, (2.25)

whered, is defined by/(d;) +V(d,) = V(d) , see akkmnberger et al. 1995Hence, drop/
drop-coalescence is characterised by a single parameter, the coalesteniee coalescence
rate is often described by the product of collision frequenfy,, d.) and ceat®Esc

efficiency 1(dy, d,) :

w(dy, d,) = h(dy, d,) C(dy, d,) (2.26)

According toCoulaloglou and Tavlarides 197the collision frequenchi(d;, d,) of two drops
can be described in analogy to the collision frequency between gasilesléc contrast to the
collision frequency, the coalescence efficiency accounts for tleedfnaontact between two
drops and the time of coalescence. After a collision the contaet must exceed the
coalescence time, which is given by the drainage time of the liquid&tmeen the drops, see
alsoBlal? 1990 According to the kinetic gas theory and the film drainage theory, Cowalogl

and Tavlarides evaluated the collision frequency and the coalescence efficiéolonas

173

h(dy, dy) = Ci ?ph Ol + d) a3+ a2 3 * (2.27)
- 2 D7c g)c E¢ dl [dz 2

Here,@is the energy dissipatioBovova 198#escribes the coalescence efficiency based on the
assumption that the velocity and subsequently the kinetic energy with which twadhages
Is greater than the surface energy of the drops. If the impact energy inca&ssel is higher

than the surface energy, coalescence efficiency is described by:
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2 2 3 3
C, (07 +d3) (7' + d7)

2/3, 2/3
)

2 43 3 433 (2.29)
pqglhg T, (1+hy)~ dy COy [d;" " +d;

A(dy, d,) = exp{—
By the combination oéquation (2.28)andequation (2.29)Sovova gives a correlation which
can also be applied when the collision energy is less than the sen@aagg of the drops, see

alsoSovova and Prochazka 1981

To gain reliable results for the coalescence effects in liggudd-systems, the constants in
equation (2.27)equation (2.28)andequation (2.29)are evaluated from experimental investi-
gations. The experimental investigation of coalescence phenomena iscate@apand results
have to be treated carefully. Often coalescence effects argrediin stirred vessels, séabin
and Ramkrishna 199®rop size distributions are detected before and after switchirteoff
agitator. The change of drop size distribution gives information about thesceace effects
and, in turn, the constants in the equations above. The determination etenatein this way
Is doubtful. Shearing rates are still high even after the agisjoowered down, resulting in

further drop breakage events.

A better way to gain reliable results for the coalescenceigdte carry out experiments in
columns where no drop breakage occ8ison et al. 200Bwestigated drop/drop-coalescence
in a venturi tube. In this venturi tube, single drops with a defined stzgemerated by a two-
phase nozzle. The continuous phase flows counter currently to the dispeasedso that a
swarm of mono-dispersed drops remains at a constant position in the tube due torthmgit te
velocity. After the formation of a swarm of drops with diamekgrsingle drops of diameter
d, >d,; are formed. If a single drop coalesces with a drop in the swhergenerated drop
moves upwards and is analysed by a photoelectrical suction prold@jreder 1977 and a
high-resolution camera. Using this experimental set-up, drop/drop-coalescamnc be
determined as a function of drop size and hold-up in the column. Thus, tesceoa&e rate
w(d,, d,) is derived from the experimentally determined coalescence propahikind the

residence timges of the drops in a voluméc,,,where coalescence occurs:

k

d.. d 2.
—pc(tl 2 Veomp Where pg(dy, dy) = i=1

ni,coal D‘/i,coal

w(dy, d,) = (2.30)

V

res total

Figure (2.7)illustrates the coalescence probabttitas a function of drop size and hold-up. The

coalescence probability increases with the hold-up. In addition, swatimdrap diameterd;
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of 2.0 mm show higher coalescence probabilities than swarms with droetdrad; of
1.5 mm. For drops larger than 2.0 mm in the swarm, constant or lowes@aate probabilities
exist. According to Simon et al., this is due to the deformation of large drops. fohmalson
of drops leads to an increase of the space between adjacent dropsaanddrease of film
drainage time. Hence, the residence time of two adjacent deformeslidroften too short for
a coalescence event. Although the experimental appro&imoh et al. 2008 promising, the
experimental data only give information about the coalescence behaviaglefdrops for a
maximum hold-up of 12.5 %. Since the hold-up in extraction columns is often htgker,

coalescence behaviour of single drops needs further investigation.

1.0

Simon et al. 2003
toluene (d)/water

venturi tube

e d,=1.5mm
08 o dy=20mm .
A dy=25mm

coalescence probability p,

0.0 25 5.0 75 10.0 125 % 15.0
hold-up hy

Figure 2.7: Coalescence probability of drops in mono-dispersed swarms wétenifirop
diameters ¢ with respect to hold-up

It should be noted that reliable results for drop breakage as wielt asalescence are only
gained by experimental investigations. Quantitative information about theenoé of

electrostatic repulsion, surfactants and the direction of massfdracannot be obtained by
theoretical considerations. For this reason, the aim of further igatshs must be the

development of more reliable experimental techniques with lower operating expenses.
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2.2.2 Single Drop Velocities

Although the velocity of drops in a swarm differs significantly fromt tbeasingle drops,
numerous investigations prove that the so-called swarm velocity candedled on the basis

of single drop velocities.

» Terminal velocity

A single drop moving unhindered in a continuum, for instance, in an extractionrcalithout
internals, attains a constant velocity after a rather shorhdesta his velocity is often called the
terminal velocity. The distance that a drop needs to reach its&dwelocity is approximately
as short as 2 to 4 times of its own diameter S$elmair 2001 The terminal velocity of single
drops predominantly depends on the physical properties of the liquid/liquetysgat the drop
diameter. Extensive investigations reveal that small drops behaantikeove as fast as rigid
spheres, sddu and Kintner 195%Klee and Treybal 1956&race et al. 1976etc. This is due to
the fact that small amounts of impurities accumulate on thecidnd reduce the surface
mobility. With increasing drop diameter the surface mobility increases and, in teuiation
currents within a drop are generated. Drops with circulations mowee than rigid spheres, see
figure (2.8)

Large drops lose their stability and, in turn, show form oscillationsfldWeaesistance of drops
with form oscillations, so-called oscillating drops, increases duddarge surface area
exposed to the oncoming flow. The terminal velocity of oscillating dropsedses, and
subsequently the drops move slower than rigid spheres of same voluméargerdrops lose
their spherical shape completely and take the shape of deformedhsapsgain move slower

than rigid spheres.

Although the free rise or fall of rigid spheres is well known, therd@hation of the terminal
velocity of drops is still associated with some uncertaintiege@tly, the effect of circulations
within a drop, of surfactants as well as of the rate and direofiomass transfer can only be
qualitatively described. This is surprising considering that the ternehacity of single drops
has been extensively investigated, Beauer 1971 Clift et al. 1978 Wesselingh and Bollen
1999 etc.
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Figure 2.8: Terminal velocities of single drops and single rigid sphee¥sus particle
diameter

Figure (2.9)illustrates the terminal velocity of single butyl acetate drapsater. The drops

achieve a higher terminal velocity in the diameter range from 2.0 to 3.5 mmigidhspheres

of the same size. This effect is larger when no mass transfers because mass transfer

reduces the circulations within a drop by eruptions at the interfacexémple induced by

turbulent Marangoni convections.

A comparison of the experimental resultsHe#nschke 2008ith several models reveals that
these models are unable to adequately describe the strong influeincelafions within a drop
and mass transfer on drop velocity, figere (2.9) For this reason, the author developed a
general model for the terminal velocity of rigid spheres, drops and buBhtesugh this model
includes several fitting parameters, it offers a method for obtasuantitative information on

the effect of impurities and circulations within a drop.

The following section presents the application to liquid drops. Accordidgnschke 2003he
terminal velocity of single drops is determined by a transfer fomdietween the velocity of

spherical drops and oscillating or deformed drops:

V0, sphericaleo, os-e
0 1/C;

Cy Cy
(Vo, spherical+ Vo, os—da)

(2.31)

22



2.2 Fluiddynamics in Extraction Columns

018 T T T T
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Figure 2.9: Terminal velocities of single drops with and without massfegremparison of
experimental results and model from Henschke 2003 with other models

The terminal velocity of a spherical drop is obtained from the \glota spherical rigid sphere
and a spherical bubble since the Reynolds number of a spherical drogers lyi an

interpolation between these two limiting cases:

R%, spherical = (1 - fl) ER%, rigid sphere+ f1’ ER%,bubee where 0< f1' <1 (2-32)

Introducing the terms to determine the Reynolds number of a singlespigete and a bubble

results in:

’ 4 Ar ' Ar 77C

V, = [(1-f) 0z O—————+f, [ O (2.33)
© spherical [ N3 Caorigiaspere + 12[70.0650Ar 1)V 6} pc

Here, the drag coefficient of a rigid sphere is given by:

1/3
432, 20  0.510Ar
- = —+ + .

Cd,o-rlgld sphere Ar Ar1/3 140+ Ar1/3 (2 34)

Ar denotes the Archimedes number. The paranfgter ~ depends on the HadamaythdRybcz

factor K,z which was modified subject to the diameter,

3 +n/f
et 0 fy) g f,=1- L (2.35)

20, +3 O/ T, L+ (@d )
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The diameted is that diameter where drops change from rigidttdeting behaviour. The

r—c

velocity of oscillating and deformed drops is given by the following equation:

(VC3 +V(()2’3d9)1/C3 _ (w)f + (é@_@)7 (2.36)

v 0, 0s pc [d 2 u)c

0,0 ~

The parameter€,, C,, C3, C4andd are determined by fitting the model to experimental

r—-c
results. The paramet€l; indicates the transition from oscillating to deformed drops@nd
describes the extent of oscillation and its effect on the velocitthexfdrop.Figure (2.9)
demonstrates that the model of Henschke accurately describesldabigyvef single butyl
acetate drops. In addition, the difference of the parandeter forlwlyives quantitative
information about the effect of mass transfer on single drop velocity, whegeis 2.2 mm in

absence of mass transfer ad . is 3.0 mm in presence of mass transfer.

» Characteristic velocity

Single drops move significantly slower through columns with internalswviitaout internals.
Thus, the so-called characteristic velocity of single drops in extramtiomns is significantly
lower than the terminal velocity. For instance, drops in pulsed columiidecaith the sieve
trays or the structured packings. The steady collisions of the dropsheittolumn internals
reduce their velocity. In agitated columns, drops circulate withindhgartments due to the
rotations of the agitators. In addition, for high rotational speeds the @®gsmetimes pulled

back into a compartment after they passed it.

The characteristic velocity is often determined by measuring tloeiyebf swarms of drops

for different hold-up values and extrapolating the so-called swarm tyeto@ hold-up of zero.
Such derived characteristic velocities of single drops have to dtedrevith care since drops
can act differently in swarms due to the different fluiddynamic ¢mmdi compared to single
drops, seehapter 2.2.3Against this background, single drops have been investigated in many
extraction columns in recent years, e. g. to determine the effeaeody input by varying the
pulsation intensity or the rotational speed. Thus, the description ch#nacteristic velocity is
primarily based on semi-empirical and empirical correlationsei@é correlations for the
prediction of the terminal velocity as well as for the charatie velocity in different extractors

are given irtable (2.1).
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A weak point of the correlations is that many of them do not include all relevant parsuoret
interpret the effect of certain parameters on the chardatevislocities differently. For
example, the correlation baddha et al. 1978r RDC-columns disregards the influence of the
drop diameter. The correlations 8kibert 1986and Mackowiak 1993for columns with
structured packings include the drop diameter. However, these correlstionsa different
dependence on the drop diameter. Hence, a further development of corrédedietesmine the

characteristic velocity of single drops must be pursued.

The characteristic velocity of single toluene drops in pulsed comgaisnwith structured
packings was studied in detail bgu 1995 He found that the velocity of single drops cannot
be correctly described considering the void fraction and the volumetfizce area of the
packing only. It has to be related to a larger number of geometrical factbrasstie gradient
angle and the width of the flanks of the packing channels. By includirgjalant geometrical
parameters and considering the pulsation inteagity , Leu derived a cdomtaan for the

characteristic velocity. Further information about this model can be fourelii995

The motion of single drops in a sieve tray extraction column was igatsd byQi 1992and
Wagner 1999The experiments with different perforated sieve trays demoashvait the ratio
of the drop diameted to the diameter of the halgs mainly detesnthe characteristic
velocity. However, no conclusions can be drawn about the impact of energyompiubp
velocity from Wagner's experimental results. In contrast, thalteesf Qi show that the

characteristic velocity of single drops is relatively independent of the pulsa&orsiiyt

The energy input in pulsed packed columns has less influence on the velairtgle drops
than on the drop breakage, dem1 1995andHoting 1996 In contrast, the energy input in
agitated columns dominates the single drop velocitied-aeg et al. 1995Weiss et. al 1995

Modes 1999etc.An increase in the rotational speed leads to a decrease of the drop velocity.

The characteristic velocities of single drops in differentastars referred to their terminal
velocities in columns without internalg,,,. /v,  are showrfigure (2.10) Single drops
move considerably faster through sieve tray compartments or packingthtbagh RDC-
compartments. In pulsed compartments, the characteristic velosigghé drops is strongly
influenced by the geometry of the internals. In agitated compartments, the rotatieckhape
great impact on the characteristic velocifigure (2.10) reveals that an increase of the
rotational speed by 100 1/min causes a reduction of the velocityvatig/v, 10 %ffor

drops in RDC-compartments. Because of the much higher energy input ind¢tithpartments
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> A Sieve tray, d,=4 mm
o A Sieve tray, d,=2 mm
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Figure 2.10: Influence of different internals on the characteristic veéscof single drops in
reference to their terminal velocities. As liquid/liquid systems, Wal##9 used
tridecanol (d)/water while Leu 1995 and Modes 1999 used toluene (d)/ water.

than in RDC-compartments, an increase of the rotational speeaffedit the single drop
velocity more strongly in Kihni-extractors than in RDC-extractors. fusis confirmed by

single drop experiments in agitated columns fi&fagner 1999
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2.2 Fluiddynamics in Extraction Columns

Table 2.1: Overview of correlations for the prediction of the terminal elmaracteristic
velocity of single drops; PSE = pulsed sieve tray extractor, Karrcgm®cating
plate extraction column, PESP = pulsed extractor with structured packings, PERP
= pulsed extractor with random packings, RDC = rotating disc contactor, Kiihni =

city

stirred column with blade agitators

Literature source, Correlations for the terminal velocity,  and the characteristic velo

column type Vehar, o Of single drops in different extraction columns
Hu and Kintner 7 0.15

1955 Vo = [10.7980Y°"®-0.75) for2<Y< 70C
spray column Pc
0.15
(P
v, = e 43.7010Y**%?-0.75 for Y> 70
p.

2 2 BTS
whereY = 4o [0 Th P%15  and p = —2¢

3o e Mo

Klee and Treyba
1956
spray column

3.0420p 0P Np 0283 011 MO for small drops

Vo

4.96p 0 MNp°28 3215018  for large drops

Wagner 1999
PSE

-0.2
Vehar o = 0.72E(dgh) v, for aff= 1.0 cny

Weiss et. al 1995

0.856
ot Venar o = 9.060xp( —0.1631 ) Od

Mackowiak A0pN\V4 /dIA 1/2
1993 Vehar o = O.565E1p51/6E(a D'D E(———p
PESP P Pe

wherey . is a drag coefficient depending on the packing

Mao et al. 1995

0.67 2915
PESP Vehar 0 = C [[1—( 1+ 0.1630E8™) [(dﬂ) } [,
P
2
d™ A 4 0.5
where EO = = =P and dp = (ﬂp) [tosA5°
o n L
(n is the number of channels per cross-sectional apeafAacking)
Seibert 1986 6
PESP Vehar, o = cos(% %d) Oy, where & = app +ap foramass
transfer direction from c to d and whefe= a,  for a mass transfer

direction from d to c
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Rohlfing 1991 A
PERP Vchar, [0} = V2 Q) 0.5
1+ 1.5[( 2.2 )
(dgp—d) [Ap [
where gp denotes the diameter of a random packing and given by
Mersmann 1980
Spaay et al. _ —0.254
p19¥1 Venar o = 6.32010° %72 "8 a1 ) 0
-0.184
PERP Tap M1-pp)] 05035
for L <0.406
_ <3 _,—0.06 0.56 2,-0.11
Vehar o = 2:570107 ™ (Ap " Hall") O
-0.61
ap {1-¢p)] D?EO'SS
for L >0.406
-0.144
wherel = g%7% DApo.zsst(a o 2) Tap (1—¢p)] 0.426
Laddha et al.
1/4 C
1978 R ( g jE{OSQ)C] E(éﬁ)o.s g
RDC char, o 1 dA l:h,% 773' e Pe
E(o‘ Dﬁp [g)O.ZSE( hC )0.9[( ds)z.lE( dA )2.1
pé da da Dc
where G and G depend on the direction of mass transfer
Modes 1999 0.02 d 1.38
RDC | Venaro = [1—2.95[( f )"~ 0.931 - —dA) +
S

h, 025
+2. —<
2.92({ Dc) } 0,

Weiss et. al 1995

O

1.14Cexp( - 0.2257 )

Kihni Vehar, o = 15.730exp(—~1.181g ) [d
Fang et al. 1995 . Re,
Kahni (1—<ps)E(7.18mo‘ D;—)
Vchar, o~ 1- R S o
5 QQ
1+7.18010 O—
Ps
nR [dAz g)c
where Re; = —77—
C
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2.2 Fluiddynamics in Extraction Columns

2.2.3 Swarm Velocity and Hold-up

The velocity of particles in a swarm significantly depends on e dfi the particles and the
volume fraction of the dispersed phase, i. e. the holbuthy = Vy/ (Vg + V) . The relative
velocity between the particles and the continuous phase in the colaftenisalled the relative
swarm velocity or slip velocity. The relative swarm velogjtyis given by both effective phase
velocities, see alsGayler et al. 1953

Vg oV,

= Vdg et Ve e = -h—d + l—Chd (2.37)

VI’S

Here,vy andv, characterise the superficial velocities of thpedied and continuous phase,
respectively. According tdersmann 1980equation (2.37)can be transformed in terms of
superficial velocities:

1-hy

Vg = Vy DTd— +Vv, where v, = v, [{1-hy) (2.38)

By combiningequation (2.38vith other models to predict the swarm velooiin dependence

of the hold-up, the swarm velocity and the hold-up can be iteratively deggtnMany models
for the prediction of swarm velocities in columns with and withowrils existLogsdail et

al. 1957 Thornton 1957Anderson 1961Misek 1963Yaron and Gal-Or 197Widmer 1973
Pilhofer 1974 Barnea and Mizrahi 1973 arr et al. 1975Pilhofer 1978Ishii and Zuber 1979
Pietzsch and BlaR 198Godfrey and Slater 199%&tc The results of these research groups
indicate that the velocity of particles in a swarm is normally lower thavetioeity of a single
particle. In addition, the velocity of particles in a swarm is ceduvith an increase of the hold-
up. Consequently, the swarm velocity can be determined subject to theyvefoaisingle
particlev, and the hold-up; . A widely used model which accounts fomtieigelationship

is that ofRichardson and Zaki 195#ho evaluated the swarm velocity for packed and fluidised

beds of rigid spheres:

VS — n _
vl (1-hy)" where n = f(Rg) (2.39)

o

Here,nis the so-called swarm exponent which indicates the extent of theipahfluence, i. e.
the swarm influence. Thus, the essential influencing variables oratibeof the velocities
VsV, are the hold-uh, and the Reynolds number of a single paRigle . Richarison

Zaki developed correlations for the exponemt different ranges of the Reynolds number. The
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dependence of the swarm exponeah the Reynolds numbéte, is showrfigure (2.11)by

solid lines.
7 : , | | | |
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N=465 =435/Re,
-t /
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Figure 2.11: Swarm exponent n of rigid particle systems in dependence ofeyneld®

number Rg; — Richardson und Zaki 19!, —— equation (2.44 in combi-
nation with the correlation of Kaskas 1971 for the drag coefficient of a rigid
sphere

The swarm velocity can be better described when the influence sivtren is related to the
drag coefficient of the particlesy and not to the velocity of the particles. According to

Stichimair et al. 198%he drag coefficient of a swarm of particigg, is given by:

Cq, —4.65
C—S = (1-hy)

where ¢y, = f(Re,) (2.40)
d,o

Again, there exists a dependence on holdyp ~ and Reynolds nReper of a stigée pa
However, the influence of the hold-up is now independent of the Reynolds numliegaueth

by the constant exponertd.65 . The influence of the Reynolds number is given bglthe w
known relation between the drag coefficient of a single partjcle  trenBeynolds number.
The swarm influence description via the ratio of the drag coefte® /¢, , has significant

consequences for the description of the velocity naliv, , Which can be written as:
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2.2 Fluiddynamics in Extraction Columns

% ch AR&) 4.65 (2.41)

v cqo(RE) H1-hy)

(o]

Equation (2.41)reveals that the influence of the hold-bp on the swarm velocitpws
exclusively determined by the drag coefficient of a single partigle For this purpose, the
drag coefficient, , has to be evaluated at the Reynolds number of a single fa, and at
the Reynolds number of a particle in the switeg By examining the two limiting cases for

laminar and turbulent flow, it is shown that:

Vs _ 4.65 .

= =(1-hy) for laminar flow wherec; , 01/ Re (2.42)
A '

V.

\TS =(1- hd)4'65/ 2 for turbulent flow whereey , = const. (2.43)

(o]

These results agree very well with the experimental resulRiabfardson and Zaki for the
swarm exponent in rigid particle systems, 8gare (2.11) To compare both models for all
relevant Reynolds numbers, swarm exponents according to Richardson anceZdktaared

by combiningequation (2.41andequation (2.39)

n= (2.44)

1 Cq, o(R&) 4.65
In(1-hy) Dr\/ Cq o(RE) H1-hg)

Using the model ofStichimair et al. 1989n combination with a correlation for the drag
coefficient of a rigid sphere, e. g. the correlatioiKatkas 197 1allows the swarm exponemt

to be determined in the whole range of the Reynolds number. This isaéabsinfigure (2.11)

by two dashed lines. It is obvious that both models agree very well whible range of the
Reynolds number. However, the hold-up has some influence on the swarm exponent of

equation (2.44)

In contrast to Richardson and Zaki, the model of Stichlmair etlavakhe prediction of the
swarm influence only from knowledge of the drag coefficient function sihgle particle:
Cqo = f(Rg). This offers a promising approach for the prediction of the swaflorence in

multiple drop systems, as will be shown later on.

As mentioned before, the combination of a model for the swarm veloitityeguation (2.37)

or equation (2.38pffers the possibility to evaluate the hold-up in an extraction column:
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— Vrs-l_Vd_Vc (Vrs+vd_vc)2 E
hd - 2 D‘/rs - 2 D‘/rs - Vis (2-45)
Vd
hy= —3 (2.46)
Vs + Va—Ve

The hold-up can only be iteratively determined frequation (2.45pandequation (2.46)This

is due to the implicit form of these equations since the swarocitelv,s andvg) depends on
the hold-up. In contrast, there exist many correlations in the liter&dupredict the hold-up
independent of the swarm velocity, $&&l and Babb 196Hafez et al. 1974ANiebuhr 1982
Kumar and Hartland 1989Godfrey and Slater 1994tc. Such explicit correlations principally
consist of several dimensionless humbers whose effects on the hold-detarmined by
regression analysis. In spite of the large quantity of experimentludad to derive these
correlations, the application of such explicit functions is often proliemidumar and
Hartland 1995developed a correlation to predict the hold-up in extraction columns usieg mor
than 1200 data points from several research groups. Howafagner 199%ound major
deviations between his experimental hold-up data in a sieve tray calndhthe calculated
values from this correlation. According to Wagner, the correlation adueaess the influence

of the viscosity of the dispersed phase.

While correlations which include the velocity of single partialgsandirectly account for the
influence of the physical properties of the liquid/liquid-system, the egiin of explicit
correlations is not advised. In contrast to explicit correlationgljéihcorrelations like the one
of Richardson and Zaki additionally provide realistic results for the limitisggh; -~ 0 and
hg - 1.

2.2.4 Flooding Capacity

Extraction columns are often operated close to the maximum throughputjase.to the
flooding capacity. Flooding occurs if the counter current flow of the twogshaeaks down.
The flooding capacity of a column is reached if a slight increatfieedfow rate of any phase
causes an infinite increase of the dispersed phase hold-up:

0 Vy 0V,

_— = —C:
ah, 0 or ah, 0 (2.47)
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2.2 Fluiddynamics in Extraction Columns

To ensure that a column is operated with a sufficient safety margithodléng capacity must
be known. Models for the flooding capacity are often derived by combegngtion (2.38)
with a model for the swarm velocity and by determining the firstvdBons according to
equations (2.47)Following Mersmann 1980the superficial velocity of the continuous phase

at floodingv,,  can then be determined using the modRiaifardson and Zaki 1954

<

ol (1-hy )20(1=hy )" = (n=1) Thy (T 1-hy )" 7] (2.48)

(o]

<

Because the evaluation of the flooding velocities of both phases cannot be solved explicitly by

equation (2.38andequation (2.48)Mersmann developed an approximate solution:

Va, 1 n—1 Ve f_ X 1 ve 1120
— = XO1-X)"""—— 0= where X ==01-| — (2.49)
Vo A 1-X n Vo

The graphical evaluation of this equation is illustratefigare (2.12) which proves that the
flooding velocities of both phases can be easily determined from rinen& velocity of a

single particlev, and the corresponding swarm exporrent

\)
c,f
orv
char,0o

ch
Vo

flooding velocity of cont. phase

S T

102 2 4 6 810" 2 4 6 810°
- - - d,f Va,f
flooding velocity of disp. phase or :
o} Vehar,o

Figure 2.12: Flooding diagram according to Mersmann 1980
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Applying Richardson and Zaki’'s equations to extraction columns with eliffetypes of
internals is risky. Richardson and Zaki developed their model for rigiitleasystems in
columns without internals. In extraction columns the influence of internals has teebearito
account.Mackowiak 1993used the characteristic velocity of a single drop to determine the

swarm velocity in packed extractors:

Vs n
= (1-hy) (2.50)

Vo, char

To evaluate the flooding velocities of both phases, Mackowiak used rtiee m@cedure as
Mersmann and made a comparison with experimental data. His relsoltsthat the swarm
exponent in columns with structured packings is significantly smaller thahdf Richardson
and Zaki.Godfrey and Slater 19%lso found values of the swarm exponemt different types

of extractors which significantly differ from Richardson and Zaki’s model.

Further models to predict the flooding capacity of extraction columrgi\ae inSeibert 1986
Kumar et al. 1986Kirou et al. 1988 Lorenz 1990Godfrey and Slater 1994{Delplancq and
Delvosalle 1996Wagner 1999tc Some of these authors usagliation (2.38)n combination
with models for the swarm velocity. Others present empirical sosatike the one of
McAllister et al. 1967

Drop population balance models (DPBMSs) also allow the determinattbe 8boding capacity
from knowledge of swarm velocities. Different criteria for tleefling capacity are often used.
For example, simulation programs based on DPBMs are able to datdctsops retained in
the compartments due to the counter current flow of the continuous fiese.flooding
capacity is predicted when the number of retained drops is higher tkatical value.
Furthermore, DPBMs allow the determination of entrainment in the quprattom section of
the column. Thus, flooding capacity can also be predicted when the calcuidte of

entrainment is too high. This proves again how powerful DPBMs are.
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2.2 Fluiddynamics in Extraction Columns

2.2.5 Axial Mixing

No plug flow of both phases exists in extraction columns. In fact, @paatch main phase flow
is mixed back. Thus, these back mixing currents, so-called axial mixing cuffewtsounter
currently to the main phase flow. Axial mixing is generated by the towmaf large eddies,
the entrainment of the continuous phase in the wake of the drops (we&e-s#8Nasowski
and BlaRR 198yand the different velocities of the drops due to their sizelliston. In addition,
axial mixing in extractors is caused by the forced transport of liquéddirection opposite to
its main phase. For instance, in agitated columns both phases areuifesl back into a

compartment by the rotators after they passed it.

Axial mixing adversely affects the mass transfer in extracidms. is due to the fact that axial
mixing significantly reduces the driving forces for mass transfer by reducing thentiaiion
difference between the phases. This is particularly observed atritods ®f a column where

concentration jumps are produced due to axial mixingfigee (2.13)

raffinate

————— lug fl
entry, X, piug Tiow

------ complete mixing

axial mixing

{
solvent /"
entry,y, /.

height in column z —

phase concentration x,y ——

Figure 2.13: Influence of axial mixing on the concentration profile and its infRiencmass
transfer efficiency

The reduction of the concentration difference by axial mixing can be understood byranalysi
for instance, the solute concentration of the raffinate phase. Tie soincentration of the
raffinate phase is reduced on its way through the columriggee (2.13) If a fraction of the
raffinate phase which has already passed through a section of arta@xig mixed back into
this section, it will be mixed with the new incoming raffinate. 8ittee back mixed raffinate

has a lower solute concentration than the incoming raffinate, thertoateen of the mixture is
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reduced. Subsequently, the concentration difference between the mais Ehasduced.
Analogously, the solute concentration of the solvent phase is increasedbynixing. This

results again in a reduction of the driving concentration differencéigsee (2.13)

Similar to the molecular diffusion model, axial mixing in extractsrsonsidered by the axial
dispersion model to be a result of macroscopic diffusion. All phenomehaahses axial
mixing are then assumed to follow an eddy diffusion relationship wherediffusion
coefficient is replaced by an axial dispersion coefficepg , sekaimar 1985andSteiner

1988 The axial dispersion model describes the solute concentratidhe raffinate phase by:

chZ? X Poc (x-¥) (2.51)

0x _
D Ve 0z (1-hy)

ot @
Analogously, the solute concentratipm the solvent phase is described by:

[?—y vy o L+ e 2 rfx-4) (2.52)

at Pax d m

The axial dispersion model is often given in dimensionless form, se€aldmann 1986For

this purpose, the dimensionless Peclet numBeys of both phases are used:

Vy oL v
Pey = —— and Peg, =
Dax, d ax, ¢

(L

C e

(2.53)

The experimental determination of axial dispersion coefficient®Pemet numbers of the
dispersed or the continuous phase is mainly carried out by tracer mddeoesone phase is
mixed with a liquid tracer, e. g. a potassium chloride solution or a phosghayedye. The

tracer is injected at a certain column position and its concemtrigtthen usually detected at
two different downstream positions, dg@auer 1976andAufderheide 1985Subsequently, the

axial dispersion coefficient is determined from a regressiorysisalomparing the calculated
to the measured profiles. On the basis of these results, donelate developed to predict axial

dispersion coefficients for different operating conditions.

The application of axial dispersion coefficients for the charaetion of axial mixing in
extractors is a contentious issue. Total radial mixing does not exbtaxtractors, which is a
precondition for the correct use of the axial dispersion modeBaeer 1976In addition, it is
qguestionable whether this model can accurately describe effextthd accumulation of the
dispersed phase under a stator or the development of large eddy oinsulatia column.

Nevertheless, many groups use this model for both phasedljyseechi and Oya 1963Rod
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1968 Rozen et al. 1970ngham et al. 1974Hantsch and Weiss 19/Riebuhr 1982Kumar
1985 Rauscher 199ZKumar and Hartland 1994&Rauber and Steiner 199&tc

With the help of DPBMs, axial mixing in the dispersed phase can bect@@dinly from the
drop residence time distribution, which is determined by the drop sizelrapdvelocity
distribution, as is reported bMenschke 2003For the prediction of axial mixing of the
continuous phase by DPBMs, correlations for the axial dispersion centficare generally
used. Henschkapplied the following equation to predict the axial dispersion coefficitie

continuous phase in a pulsed sieve-tray column:

Dax ¢ = 0.41007 ° (D ° Qv + vy) (2.54)

a

It is questionable whetharquation (2.54)can predict the axial mixing in pulsed sieve-tray
columns for a large range of operating conditions. This is due todti&a it does not include
relevant parameters such as the hole diameter and the retagverdss-sectional area of the

sieve-trays as well as the energy input.

To account for axial mixing of the continuous phase in an agitated RI@w by DPBMSs,
Modes 199%pplied an empirical equationi¢mar and Hartland 1994hich is valid over the

entire range of agitation speeds, including the case of zero agitation:

O (2.55)

ax c

Vv, - /hp[d
Doy, ¢ = | 042+ 0.297 + 1.260710° [ - A), 13.38
C

—U. . . 2
E(VC—[(;?E%) 008[(3_;:)01%(99)010Dd_1 Ve

In contrast to Henschke, Modes also used the axial dispersion model to predict axiglahixi
the dispersed phase. For this purpose, he determined the axial dispeesfarent of the

dispersed phase accordingSivand et al. 1962s follows:

D.. ,=|0.0138+ 826]10_7E(DB£A)3'3 Ch. o 2.56
ax,d = | - ' Vyq CEE (2.56)
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Analysing the published correlations for,,  proves that large unceesmate associated with
the determination of axial mixing effects. Some of the models negésential influencing
parameters or show different dependencies of the relevant varidbdes.example,
equation (2.56)ncludes neither geometrical dimensions of the agitated celle@oretocity of

the continuous phasg. Considering that axial mixing is very important for the scale-up of
extractors, it is surprising that so little effort has been exmemdée investigation of this issue

in recent years.

2.3 Mass Transfer in Liquid/Liquid-Systems

Mass transfer between drops and continuous phase is characteriséidgigndprocesses as
well as by convective transport mechanisms in the interior and the external ackgommd of
the drops. The transfer rates are controlled by the massetragsistance in both phases, while
mass transfer resistance in the interface is assumed ¢éodoedzcording to the film theory, see
Kumar 1985 the mass transfer of a single component from the continuous to thesédspe

phase is described by:

M = Alpy By Qi —Yp) = Alp B TXy—Xif) (2.57)

Here,y, andk, denote the bulk weight concentration of the solute in thesgidgdrase and
the continuous phase, respectively. The concentragipns xand  are thesodetatrations

in each phase at the interface. The concentration at the interface is normally ninkaptiis
reason, the entire mass transfer resistance is formally prterphase only by the overall
concept. If the total mass transfer resistance is in the degppphase, the concentration of the
dispersed phase at the interface can easily be determined frdylkheoncentration of the
continuous phase and the distribution coefficrany;; = m[x,. Similarly, the concentration
of the continuous phase at the interface can be determined if tladl ovass transfer resistance
is only in the continuous phase; = y,/m . This allows the mass transfdoriaé described

by the bulk concentrations of each phase according to:

M = Alpy Bog MM, —Yy) = ALp. By Xy — Y,/ M) (2.58)
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2.3.1 Mass Transfer Coefficients

The overall mass transfer coefficiefls, (overall disperseceplaasl3 . (overall continu-

ous phase) are related to the individual mass transfer coeffiignts . and  by:

i __1 .. m 4 1 __1 . 1
ﬂodg?d ﬂdgbd ﬂcgjc ﬁocgjc ﬁchc ﬁdgjdtm

(2.59)

The individual mass transfer coefficients mainly depend on droprsiizéoav conditions inside

and outside the drop.

« Individual mass transfer coefficiefjj in the dispersed phase

In the following section, the mass transfer of a single drop irtiarstay continuous phase is
considered. If no circulations occur inside the drop and the drop behavasitiicesphere, the
bulk concentration of the drogt) during mass transfer is described by the moddlesfman
1931

t) —y"* o0 4Dy 1
Y-y Soy (iztexp[-(n Dz)thod]) with Fog = —2 (2.60)
Yo—¥ T n=1"N d
In equation (2.60) y, is the initial concentration of the dropy; is the equilibrium

concentration anéfoy  is the dimensionless time. An approximate solutesjuafion (2.60)

for short and long contact times can be fountll@rsmann 1986

. 1-L8 ¢ Fo,+ 3 [Fo, for Fo,;<0.1584
Yoo | expi—n? (Foy]; for Fo > 0.1584

T

From knowledge of the change of drop concentration with time, the mastetraoefficient
B4 of rigid drops can be evaluated. For this purpose, the mass trartsfef eadrop with a

constant volume is determined:

-z

M= 20 0y Y = 2 0% 0y By Ty~ y(9) (2.6

39



2 Critical Review of the Literature

This leads to:

-y 6By
Y-y _ exp(_ By ) (2.63)
Yo=Y d

Thus, the Sherwood numb8ty  and the mass transfer coefficjent  adinagisl are given

by the combination oéquation (2.63pandequation (2.6Q)

_ B d? 6 ° 1 2
=, = gm,n | X, (pEeemiEal)] e

Equations (2.61)can also be used in combination welquation (2.63)to determine the

Sherwood numbe8h, of rigid drops.

With increasing drop diameter circulations are generated withirop. @uch circulations
improve the mixing of the drop interior and enhance the transport velodite @olute. The
effect of circulations within a drop on mass transfer is takEnaccount bKronik and Brink

1950

q? 3 @

sm:@—[—d:— Eln[—DZ
Dy 6D, 8

whereC,, are constant factors atyl  are eigen-values givdadijjes et al. 195£Izina and
Banchero 195%:tc

(C2 Cexpl—A, (16 OFo, ] )} (2.65)
=1

n

Furthermore, the creation of turbulent eddies and, in turn, the high degneeraf in the drop
significantly enhance the mass transfer. The increase of thenanasfet is correlated with the
degree of turbulence in the drop. The Sherwood nuiShgr of such drops cantéddter
according tdHandlos and Baron 1957

_ﬁdEd_ d2 * 2 'InEVOD:
sty = - _—GEDd[tDn(zuzn:1cn Cex _128DdE(1+77d/17c)D (2.66)

Considering only the first term efquation (2.66)the mass transfer coefficigfij  is obtained

by:

V,
= 0.003750—— (2.67)
Pa 1+n4/n¢

The model of Handlos and Baron is often questioned in the literatuagideed shows no

dependence on the diffusion coefficiédyt . However, many research groups have pointed out
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2.3 Mass Transfer in Liquid/Liquid-Systems

that the application of this model results in a better correspongeticexperimental data than

other models.

There are many other models for the description of mass tracsédiicients for rigid,
circulating and oscillating drops in the literature. For examplelland and Wellek 1964

describe the mass transfer of non-oscillating and oscillating drops:

- ) for non-oscillating drops:

0.371

s B d 02
_ Bq 0.338 4).125E( 0 QD_C] for 37 <Re, <546 (2.68)

Shy = —5~ = 3140Fq (B, -

whereSg; = n4/(pq[Dy) Iis the dimensionless Schmidt number of the dispersed phase.

-) for oscillating drops:

_ By

shy = 5 = 0.320RE® K Foy oM

for 411 <Rg, <3114 (2.69)

3.2
o
whereK, = —?39— is a dimensionless number characterising the liquid/liquid-system.
g L. [Ap

* Individual mass transfer coefficiefif in the continuous phase

The mass transfer coefficient in the continuous plfageoften described by equations of the

form:

=
e

Sh = ‘E)C = A+BRe B (2.70)

Here,Sg¢ = ./ (p.[D.) isthe dimensionless Schmidt number of the continuous phase. The
term A takes the mass transfer into account if only diffusion is resporfsibtée transport
(Re, = 0) and is often described by = 2 . The experimental examination of rigidespher

and rigid drops of several groups show that:

=
e

Sh, = —5— = 2+ BRe?[8¢” where B = 0.6- 1.1 (2.71)
C
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Brauer 1971and lhme et al. 1972used the following empirical correlation to predict the
Sherwood numbe$h, for rigid drops fti< Rg, < 100

[ 066 , S& 0'79}5 (Re, (5¢)"" (2.72)

—I7c —_
Sh, = =2+ |77 S¢ 24+ S¢ S¢P| 1+ (Re (Bg)™

For highly circulating dropsRg, — « (lift et al. 1978suggested theé8h, can be given by:

e

Be

2
Shy ==~ = =

05
- = [(Re, [B¢) (2.73)

which is the well knowrBoussines@quation.

By analysing experimental data from different research grstgiser 198@leveloped a model
for the Sherwood numbedh,  that can be applied to a wide range of Reynol8stanit
numbersSq, . The actual Sherwood number is determined from the Sherwood ntienbgid

and circulating drop by:

Sh,—Sh rigig
Sh:, circ_Sh:, rigid
for 10< Rg <1200 and190< S¢<24100C. TherebySh, .. is given Bguation (2.73)

andSh, ,j4iq is correlated by:

= 1-exp-4.18010° Re, (;5¢)**]

(2.74)

Sh, igig = 2.43+ 0.7750 RE? (5% +0.01030Rg (B¢ (2.75)

» Mass transfer coefficients in swarms of drops

Since the hold-up changes the fluiddynamic conditions around drops, the influénatd-op

in the prediction of mass transfer rates in swarms of drops sheulken into consideration.
An interesting approach to determine the mass transfer coeffiglenandg; in swarms of
drops is given irKumar and Hartland 1999Analysing data from 596 measurements, the
authors found a satisfactory agreement between their correlatioex@erimental results of
swarms of drops in different extraction columns. Another possibdityrédict the individual

mass transfer coefficieff,  in swarms of drops was introducédgtymura and Ishii 1980

pcd_ 2
De  (1-ng®

Sh, = +0.6 RE" B&" M1-h;*? (2.76)
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2.3 Mass Transfer in Liquid/Liquid-Systems

v. [
for 100< Rg<1000 with Ress—s-—%

Ne
A summary of correlations for the prediction of mass trangfefficients in swarms of drops
can be found irslater 1994 Most of these correlations are empirical. Analytical solutfons

the mass transfer in swarms of drops are only possible if oveifgimgplassumptions are made.

2.3.2 Experimental Investigations of Mass Transfer Between Sngles and
Continuous Phase

Numerous experimental investigations of mass transfer in and outgbé sirops have been
carried out in recent years. To determine overall mass tracééficients in dependence of
drop size and energy input, appropriate laboratory scale columns and misil@satbeen
developedQi 1992 Wagner 199%ndHoting 1996used a method with two measuring points
within a laboratory scale column to determine the concentration chamgengfdrops. The
experimental set-up and the operating procedure is described inbgefaill 992 Measuring
the concentration of rising drops at a lower position 1 and at an uppeomp&sis well as
determining the concentration of the continuous phase leads to the evahfatihe overall

dispersed phase mass transfer coeffigiqt

_ d Y =¥
Pod = 5TAT Dn(y* _YZ] (2.77)
Here, At is the time a drop needs to pass a distanoetween position 1 and position 2:
At = L/v, or L/v,

columns without internals are illustrated figure (2.14)for different systems. The system

har, o- 1 h€ results of the mass transfer measurements with orgapgidr
butyl acetate (d)/acetone/water shows the highest overall madet@efficients. In contrast,
nonanol (d)/propanol/water and tridecanol (d)/propanol/water have much lowell ovasa
transfer coefficients. This can be attributed to the high viscaditthese organic phases
compared to butyl acetateu-aq:

M4, widecanol = 42.0010°Pals, 74 nonanot= 15.1010°Pals, 74 py.ac= 0.7010 °Pals
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Figure 2.14: Overall mass transfer coefficients of different ligigjditl-systems in columns
without internals; Hoting 1996: butyl acetate (d)/acetone/water; Qi 1992:
butanol (d)/water, butanol (d)/succinic acid/water, toluene (d)/acetone/water;
Wagner 1999: nonanol (d)/propanol/water, tridecanol (d)/propanol/water

To evaluate the dependence of the overall mass transfer coefficifferent extractors on

drop size and energy input, internals have to be installed insid®matary scale column. A

plot of the experimental results @f 1992for a column with and without sieve trays is given in

figure (2.15) It is obvious that mass transfer in single drops in sieve tlaynns is larger than

in columns without internals. Unfortunately, the influence of the polsatiensity in sieve tray

columns was investigated by the author only to a maximum valagiof 1.0 cm/s even

though such columns are often operated at higher pulsation intensities.

The investigations oHenschke 200®f single toluene and butyl acetate drops in a pulsed
column with different sieve trays reveal that mass transsagmificantly influenced by the drop
residence time beneath the sieve trays. The flow around a drogit@nepulsation intensity is
highly turbulent if the drop is positioned under a sieve tray for aicditae. In addition, the
mass transfer is influenced by the ratio of the drop diameter tbolleediameter. The drop
interior is better mixed if the drop is deformed when moving through the.Hdtgh effects

result in higher mass transfer rates in sieve tray columns than in columns withoatnte
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Figure 2.15: Influence of energy input on mass transfer in a column with and wiilevet
trays, Qi 1992

The experimental approach of Henschke differs from that of Qin@tlee authors mentioned
above measured the mass transfer in a stationary aqueous fluid. dhké&Esgxperiments, the
continuous water phase was in counter current contact with the dépegsaic phase. Due to
the conic shape of the column, the drop residence time could beweagly by changing the
flow rate of the continuous phase. For this reason, the influence ofesidpmce time on mass
transfer could be investigated. As an examiijgire (2.16)shows data fronerémping 2004
who used Henschke’s method. In this diagram, the dimensionless drop conceistgabted
versus the residence time of the drop in a column without internalsexpscted, the
concentration of the drops approaches the equilibrium concentratioimaieéasing residence

time.

According to Henschke, the experimental data can be used to evalgtectine diffusion

coefficientDy o , Which is defined by:

v, [
Cp 1+ 77d/77c)

Dy, eff = Dg+ (2.78)

The constant factdC,,  iequation (2.78pccounts for the influence of turbulent convections

and eruptions at the interphase, so-called Marangoni convections. Marapngeactons
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Figure 2.16: Dependence of drop concentration on residence time of a drop irurancol
without internals, comparison of experimental data (Gromping pé&ad model
of Henschke 200@lashed line)

significantly increase the mass transfer. To determine the ptesC,, andD, o , the

molecular diffusion coefficienDy in theguations (2.61)s replaced bYD 4 ¢ . Subsequently,

regression analysis using experimental dataegptions (2.61is carried out.

The evaluation of the effective diffusion coefficiddf .  for a certain dropdsallows the

Sherwood number to be determined:

4 o2 Shyg, i Dy, eft |
Shhq i = Jﬂ—' ¢ = e D (2.79)

+7 = PBogi =
EDd,eff,iEt od i d;

|
Based on the single drop experiments, the concentration of drops withtefidiria a swarm
and of the continuous phase can be predicted from Henschke’s drop population balance model

for each time step by:

n n-1_ 6D5Mn

n
y' =y, and x" = x"~1_AM

(2.80)
4 [U|3 Cby : : Ve bpe

where AM" = x Ediz by u%;d, m Dﬁ”_l—yi”_l) [At. Using this approach, the
concentration of each single drop in the swarm is determined. Sireailtsly, the lifetime of

each drop due to breakage or coalescence is considered. Although this preceelatively
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2.3 Mass Transfer in Liquid/Liquid-Systems

complex and time consuming, it represents a promising possibilitydaraely predicting the

mass transfer in extractors.

2.3.3 Marangoni Convections

As mentioned previously, turbulent convections at the drop surface, so-84dleangoni
convections, significantly enhance the mass transfer rates. Orddidg @r irregular eruptions

occur which are shown figure (2.17)

Figure 2.17: Eruptive interfacial convections caused by mass transfer, Wolf 1999

The influence of these interfacial convections and their eftectaass transfer was studied by
Golovin 1992 Wolf 1999 nd Tourneau 2004Tourneau compared the development of overall
mass transfer coefficients with time for single drops and drdpswvea swarm. His experiments
show that Marangoni convections essentially depend on the driving concentrégoende
and the flow of the continuous phase. The mass transfer rate iscsigtyf increased if the
initial driving concentration difference is higher than a criticdl#aAccording to Tourneau,
the critical concentration difference of 3-chlortoluene (d)/acetatemis4 wt.-% Further-

more, the overall mass transfer coefficients of swagys;  alar@ys higher than of single
dropsf,q -
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2.3.4 Other Factors Influencing Mass Transfer

Several other factors influence the mass transfer in extractorgflttence of surfactants and
small amounts of impurities in the column has been known for many years. The datiemi
of the impact of surfactants on the mode of operation is stillcdiffi Because surfactants
decrease the interfacial tension in a liquid/liquid-system and reduce theesorbbility of the

drops, different mass transfer rates are expected. Informationtabontiuence of surfactants

on mass transfer can be found.iang and Slater 199®later 1995andChen and Lee 2000
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Preliminary experiments are necessary for dimensioning extractiomasldue to the large
number of influencing factors, sebapter 2 The determination of these factors through single
particle experiments represents a promising approach. Compared to kit plant columns,
the use of single particle experiments reduces the amount of liquids andeheetessary for
the experiments. For these reasons, single particles (rigid spheres and drepsyegtigated

in this work. Furthermore, experiments with swarms of particles eareed out to determine
the influence of hold-up on the fluiddynamics and to obtain information aboutthetransfer

rates in different extractors.

The advantage of using rigid spheres in extraction columns for igagsg the fluiddynamics
is the absence of breakage and coalescence. In addition, mono-dispersledspatms can be
studied.

3.1 Polypropylene-spheres/\Water

Experiments with rigid spheres and water were conducted to detethenmfluence of
internals and energy input on the characteristic velocity of singlé sigheres and on the
velocity of swarms. The rigid spheres for these investigations mvade of polypropylene (pp).
Polypropylene is a suitable material for the spheres becauseésges a density that is very

similar to the density of toluene and butyl acetate, both standard liquids for extrastson te

When the velocity of a single rigid sphere is evaluated, the dersiitjodtion within the sphere
has to be considered. A sphere with an irregular density distributgoa dédferent velocity
compared to a sphere of same size but with a uniformly distributedydédiiss is due to the
fact that a sphere with an irregular density distribution showsctuating motion in columns
without internals. To control whether the density within a spherefisronly distributed or not,
the rolling behaviour of the sphere on a smooth horizontal plane is invedtiJae rolling
behaviour of all pp-spheres used for the single particle experimestamrolled. Only
particles with no preferred direction of rolling were used. The pprepheere further sorted so

that only particles with the same size and density for a certain particle eiameee used.
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The behaviour of mono-dispersed particle swarms in extraction colunsndetermined with
precisely grounded pp-spheres fr@mherotech GmbH, Germankhe diameter and density of
the pp-spheres was checked by a random examination of 500 parti@astigrarticle size to
ensure that size and density distribution of the particles wereisoffy precise. The results
revealed that the deviation of the particle size was lower than declaree byrhipany and all
pp-spheres had very similar densities for a certain particleFsirgnermore, the examined pp-
spheres did not show any favoured direction of rolling. The size and denbkdthahe single
pp-spheres and the pp-spheres for the mono-dispersed swarms are datde (8.1) and
table (3.2)

Table 3.1: Particle size and density properties of single pp-spheres

diameter
[mm] 9 19+ 0.01| 2.0+ 0.02 25 002 3H 003 3F4 002 40 0.04
densit
[kg/mg]pp 894+ 3.1 884 21 872 08 868 46 864 35 884 1.5

Table 3.2: Particle size and density properties of pp-spheres for mono-dispersed swarm

diameter
9 30+ 006 35 004 48 004
[mm]
densit

%’pp 875+ 4.0/ 888 5.2 89& 4.6
[kg/m?]

3.2  Toluene/Acetone/Water and Butyl Acetate/Acetone/Water

Investigations with liquid/liquid-systems were carried out to glate influence of physical
properties and the influence of surface mobility of single drops on ¢baséc velocities,
breakage mechanisms and mass transfer rates. Furthermore, exjsevitie poly-dispersed
drop swarms were performed. The aim of these investigations was rtmidete/hether or not

the developed correlations for swarms of rigid particles candesfarred to liquid/liquid-
systems. Two standard systems recommended by the European Federaiibanotal
Engineering, se&FCE 1984 were used: toluene/acetone/water and butyl acetate/acetone/
water. Physical properties are listed in the following tablesewhifbrmation about the phase

equilibria of both systems can be found in the appendix;issger A
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Table 3.3: Physical properties of mutually saturated liquid/liquid-systemsnelacetone/
water “t/a/w“ and butyl acetate/acetone/water “bu-ac/a/w* at 20°C accordiag t
EFCE 1984, x= denotes for the weight fraction of acetone in the aqueous phase;
index a = aqueous phase, index o0 = organic phase

physical property unit tiw t/alw bu-ac/w bu-ac/a/w
Xo= 0.05 Xo= 0.05
densityp, [ kg/mq] 998.8 992.0 996.4 990.9
densityg, [ kg/m3] 867.5 863.3 881.3 877.5
viscosity 77, [108PaCs]  1.029 1.134 1.022 1.163
viscosity 77, [103PaCs]| 0.596 0.566 0.738 0.709
interfacial tensiorr [103NCm]| 34.31 24.41 13.97 10.96
distribution coefficient| [ kg/kg ] - 0.843 - 0.933

Table 3.4: Binary diffusion coefficients of acetone for different acetoneentrations in both
the aqueous and organic phase of toluene/acetone/water at 20°C according to
EFCE 1984

diffusion coefficient of acetone in diffusion coefficient of acetornia
aqueous phade, [ 10°m?%/s ] toluene phas®, [ 10°m?/s]

weight fraction of
acetone [kg/kg]

0.03
0.05

1.155
1.152

2.789
2.788

Table 3.5: Binary diffusion coefficients of acetone for different acetoneentrations in both
the aqueous and organic phase of butyl acetate/acetone/water at 20°C according
to EFCE 1984

weight fraction of | diffusion coefficient of acetone in diffusion coefficient of acetone in
acetone [kg/kg]| aqueous phade,[10°m?s] | butyl acetate phade,[10°m?/s]
0.03 1.093 2.200
0.05 1.092 2.199

The results of the investigation of the phase equilibrium and thidodisin coefficienimreveal
deviations between the experimental data and calculated valuegdumations proposed by
EFCE 1984 In particular, the distribution coefficient for acetone in the tollez@one/water
system shows relatively large deviations, fegeare (3.1) Similar differences fom were found
by Henschke 2003His empirical correlation agrees very well with the experiadetdta of this

work. The comparison of the distribution coefficient for butyl acédattone/water reveals that
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the experimental data can be predicted in close agreementwitiotrelation oReissinger

1985 while small deviations occur compared to the equation givERGCE 1984

[ p— EFCE 1984 20°C
— — Henschke 2003 i

12| — — Reissinger 1985 _
e m own exp. data

- butyl acetate/acetone/water -

distribution coefficient m

0 4 1 1 1 1 1 1 1 1 1

0.00 0.02 0.04 0.06 0.08 0.10

weight fraction of acetone in water x,

Figure 3.1: Distribution coefficient m for both liquid/liquid-systems amnparison of
experimental data to different correlations in the literature

Despite these deviations, all other experimentally evaluated phpsagarties are predicted
very well by the correlations of tHeFCE 1984 For this reason, these correlations were used

for all calculations.

Deionised water was used for the aqueous continuous phase. The qudigyvedtér was
controlled by continuously monitoring its conductivity. The conductivity measurerieritse
deionised water showed the same values as for bi-distilled watarh is in the range of
Kpgw = 0-5-1.0uS/cm, seeWagner 2003 As an example, the results of conductivity
measurements for the deionised water used are shofigum (3.2) It is obvious that the
deionised water had a very low conductivity of aboyt = 0.63uS/ cm for a tempermaiture
20°C. From this result it can be concluded that the deionised water @sedeny pure and

contained only small amounts of electrolytes.

Experiments with single drops were performed with organic liquids of the qpeditgnalysis
(p.a.).During the experiments the settling time of the liquid/liquid-systeass continuously

checked to see whether coalescence behaviour had changed. If diferetheesettling time
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were detected or if the stationary continuous phase was in thatiatyscale columns for three
weeks, the liquid/liquid-system was replaced and disposed of. In coetxpstiments with
swarms of drops in different pilot plant extractors were conductibdeluene and butyl acetate
of the quality technically pure Constant liquid purity was provided for the pilot plant
experiments with swarms of drops through the regeneration of the prapgss in a

distillation column.
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Figure 3.2: Representative plot of the conductivity of the deionised wagel fos the
experimental investigations

Finally, it should be mentioned that in all fluiddynamic investigationpki@ses were mutually
saturated. When both fluiddynamics and mass transfer rates weltggaees the water and the
solvent were mutually saturated before acetone was admixed to tlhesgbease. This allowed
the experiments for the mass transfer of the solute to be pedommabsence of any

superimposed mass transfer currents.
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The experimental investigations of single rigid spheres and drops as wedlvearofs of rigid
spheres and drops were conducted in several columns. Experimentgyuwlitspheres were
carried out to investigate the fluiddynamic behaviour in different extsaetbile experiments
with single drops and swarms of drops were performed to obtain informabout

fluiddynamics and mass transfer in liquid/liquid-systems.

4.1 Single Rigid Sphere Mini Plant

The terminal velocity and characteristic velocity of singledrigpheres were determined in a
mini plant that consisted of a laboratory scale pulsed and agitatedncatuboth columns the
inner diameter of the active part was 80 mm, the total heigh@@3 mm and each column
had a total volume of approximately 10 litres, depire (4.1) The temperature of the
continuous water phase in both columns was maintained at 20°C with amaegtling unit
and was monitored underneath and above the active part of the column. Ting doable wall
consisted of a rectangular PVC shell which was filled with water. The rectarsizipe of the

double wall prevented refraction, which normally exists in a cylindrical glass column.

The single rigid spheres were pumped to the bottom section of the coluthrastvase pump.
After rising through the column, the spheres were sucked from thedipnsérough a glass
funnel. In this way, infiltration and adhesion of small air bubbles inteahenn and onto the
pp-spheres was prevented. As the rigid spheres rose through the colpompheas switched
off to ensure that the water phase was stationary. There existedcoorent flow or counter-
current flow of the rigid spheres and the continuous water phase. Tduitiesl of the rigid
spheres were measured in a 300 mm long column section with a dagrtabrder and a PC.
The frame rate of the camcorder was 25 frames/sec, reduciagn@asurement deviations to
a minimum ofAt = +0.04 sec The velocity of a rigid sphere in the mini plant wasrdened

as the average of at least 50 single measurements to eliminate stocfeastic ef

A pulsator was installed at the bottom of the pulsed column whicledaus liquids to oscillate.
The pulsation amplitude in all experiments was 8 mm. Note thainipditude characterises the
total liquid stroke in the column and not the amplitude of the pulsator. For the agitated column

the rotational speed could be continuously varied in a wide ragge @ 2000 1/min).
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Figure 4.1: Single rigid sphere mini plant: pulsed and agitated column configuration and
measuring technique

4.2 Single Drop Mini Plant

The experimental set-up of the single drop mini plant was veryasitoilthe configuration of
the single rigid sphere mini plant. Single drops were generated bingesgystem and small
stainless steel capillaries and then dispersed in one of theotwmns by the use of an eight-
way valve, sedigure (4.2) Using this syringe system, drops with a diameter within 1 %
deviation from the nominal diameter were generated by an impulsextgpement of the

syringe plunger.

The investigation of single drops was carried out in a stationar walumn maintained at
20°C. Several internals of the one type were installed inside the mehiren the velocity of
single drops was determined. The drop velocity was evaluated with al digihcorder by

averaging at least 50 single measurements for each drop size and operating mode.
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Figure 4.2: Single drop mini plant: pulsed and agitated column configuration; syrnsjens
for the generation of single drops and measuring technique

In contrast, the investigation of single drop breakage was carried oatumns with only a
single sieve tray, a single structured packing and either one or tvatoegitThe number of
daughter drops produced was determined visually with or without the hedp dogital
camcorder. The size and size distribution of the daughter drops wasuretkaby a
photoelectrical suction probe developedRithofer 1977 A schematic of a photoelectrical
suction probe, which consists of a cylindrical glass capillary andagauriag device, is plotted
in figure (4.3) The measuring device consists of two lamps and two photo transistops.dde

deformed into cylinders in the glass capillary. The length of the cydiaitirideformed drops
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|4 and their velocity is determined by the measuring device due to feeedif refractive
indexes of organic and aqueous liquids. From knowledge of the diameter of the gltamy capi
dcap and the length of a cylindrically deformed digp , the diameter of a vilgreguivalent

spherical drop can be determined.

ﬁ lamp

measuring device

glas capillary — photoelectrical suction

d probe
T © N © N G N 0 N O N 1 deap
@ &m N
O
IS L
o .
O o° photo transistor
o © &\
column wall

Figure 4.3: Photoelectrical suction probe to determine drop size distributions

For each experiment, the size of 1000 drops was measured to gain reliablémedudis size
distribution and average daughter drop size. Furthermore, to obtain precisefoeshésirop
size distribution, it was necessary to suck the two-phase mixtanggtinthe glass capillary at

a constant flow rate. This was achieved by the use of a gear purfiguse¢4.2)

Mass transfer rates of single drops were determined by evaluagirmyerall dispersed phase
mass transfer coefficief ; . For this purpose, the same meataimique and the same set-
up was used as i 1992 seechapter 2.3 Mass transfer coefficients were determined by
measuring the change of the drop concentration within a measuring sedt®ndrdp
concentration at the start of the measuring section, which was rhO8@lave the tip of the
stainless steel capillary, was measured for each drop size bgéorals were installed inside
the columns, see alsWagner 1999Afterwards, the concentration of the drops was measured
at the end of the measuring section with or without internals, whash200 mm above the
starting point, seéigure (4.2) The concentration of the continuous phase was continuously

measured by two sample probes connected at a lower and an upper column section.

To correctly determine the drop concentration, it is important tleabéight of the coalesced
drops in the glass funnel is as small as possible. The coaledwEgbe was minimised by

ensuring that the drops coalesced rapidly. For this purpose, a funnel wasabgiignificantly
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4 Experimental Devices, Internals and Measuring Technique

reduced the coalescence time by the use of a porous teflon fitemhical sketch of the funnel

is shown infigure (4.4) After coalescence, the organic phase was evenly distributed along the
teflon filter and built a thin liquid layer on the filter. A constéilth thickness of the organic
phase in the funnel was maintained during the experiments by continuouslyawitigithe

liquid film by the syringe system. After a sufficient number of droyas collected by the

syringe system the concentration of the drops was analysed.

@ 6 mm

[

e

metal nut —— glas capillary

—
teflon sealing——-qi ;
4( )_

.
;\ N \J— metal coupling

/ \

1 —_—

metal coupling

sockets — porous teflon filter
thin organic glas funnel
liquid film
@® drop
@75 mm

Figure 4.4: Scheme of the funnel for the extraction of single-phase drop samples (& mater
for the metal nut, the coupling and the coupling sockets stainless steel was used)

4.3 Rigid Sphere Swarm Extractor

The investigation of the influence of the particle concentration oneloeity of rigid spheres
was carried out in an extraction column with a total height of 3.65 m diadreeter of 80 mm,
seefigure (4.5) PP-spheres, sefep figure (4.5) were transported from a particle/water-tank
into the column by an eccentric screw pump. To prevent infiltratiorr dfitai the column the

particle/water-tank was mixed by a stirrer and the two-phaseiraixtas withdrawn from the
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4.3 Rigid Sphere Swarm Extractor

tank beneath the water surface. The wiigs fed to the colunirewsarew pump exited the
column immediately and did not flow co-currently upwards with the pp-sphé&tes was
proven by colour tracer experiments, which showed that the water Stigamas carried out
at the bottom of the column and did not flow into the active part afdhenn. The pp-spheres
flowed up through the column due to their lower density. The rigid sphveresremoved at the

top of the column with a small water fliky,  and then returned to the particle/waker-ta

Length unit: 10°m

particle
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Figure 4.5: Pilot plant for the investigation of swarms of rigid spheres terchne the
influence of particle concentration on fluiddynamics in different extractor types
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4 Experimental Devices, Internals and Measuring Technique

The water that flowed counter currently to the particle phase in the calas pumped to the
inlet above the active part of the column with a piston pump. A small poitmm wftdhe
water pumped to the water inlet was used for removing the rigidesplveéhile the main portion
Vwe flowed downwards in the column, sbgure (4.5) Both liquid and particle flow rates
Vwe, Vwb, Vwe andVp were continuously measured. This was achieved by temporarily
diverting the flows to beakers and measuring the weight and volumetedlia@ certain time
interval. Steady state conditions were reached when all volume flowseghtanstant for an

hour. The liquid level in the column was controlled by a weir.

The hold-up of rigid spheres within the active part of the column wasi@ed using two slide
valves. The slide valves were pneumatically opened and closed. Afterdiees were closed,
the spheres accumulated beneath the upper valve. By determining thehtigtgarticle bed
beneath the upper valvlelIob , the hold-bip within the active part of the colasn w

calculated by:

H_ . [h
hy = pﬁ P®  \where H,_ = 2000 mn (4.1)
ac
Here,H,. is the active height of the column ehbq) is the volume fractitime spheres

within the densely packed bed, which is known from preliminary testssgdémal design of
the closing plates inside the valves allowed the rigid pp-spherefigddeack but not the water
phase. Thereby, the entire quantity of particles within the active ookeution could be
transported under the upper slide valve with the help of a pulsaagitators Figure (A.4)in
the appendix illustrates the various closing plates used to detehmihelt-up, seehapter A
Although PVC, aluminium and silicon were used as construction matesidis chemically
resistant materials were used for all other column eleménitghe single drop mini plant and
the drop swarm extractor, which will be introduced in the followingi@econly teflon, glass

and stainless steel were used for all column parts which contacted the liquids.

4.4 Drop Swarm Extractor

The influence of hold-up on fluiddynamics and mass transfer of drop swarms was inedstigat
in the extractor illustrated ifigure (4.6) A scheme of the entire extraction plant including the
distillation column for the regeneration of the solvent is given in piperdix, seehapter A

Pulsed and agitated experiments were carried out in the extraittalifferent types of column
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4.4 Drop Swarm Extractor

internals such as sieve trays, structured packings and different afpagitators. In all
experiments the organic phase was dispersed beneath the active tpartcofumn with a
cylindrical finger distributor (4 rows each with 12 holes, hole diamefiemm). The dispersed
phase left the column at the top after the drops coalesced at the prineigatein the upper
settling zone. The water phase flowed counter currently downwards. ovhedles of both
liquid phases were determined with pump calibration curves and contbgilédw meters.
Both phases were cooled to a temperature of 20°C before enteringuhm cdb control the
temperature of the liquids, the temperature of the inlet and ofittetich phase as well as the

temperature profile within the column was recorded.
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Figure 4.6: Pilot plant extractor for the investigation of drop swarms to uatal the
influence of drop concentration on fluiddynamics and mass transfer rates
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4 Experimental Devices, Internals and Measuring Technique

The size distribution of the drops was measured immediately aboudehef the dispersed
phase and at three positions within the active part of the column by @ubtimal suction
probes. Each photoelectrical suction probe performed at least 1000 somlaeisurements
to determine the size distribution, sgepter 4.2 The hold-up was determined by a similar
procedure as in the rigid sphere swarm extractor, using three psiesndéss steel slide valves
and teflon closing plates inside the valves. The use of pneumatic dowdie esylinders
permitted the simultaneous measuring of the hold-up in three diffesmhn sections, each

with a length of 300 mm. Photos of the teflon closing plates can be fodlnel appendix, see

chapter A
slide valve closing plate
—F
glas tube

Figure 4.7: Slide valves for the determination of the hold-up within a meassettgn of

Htotal = 300 mn

After simultaneously closing all valves, the rising drops coalescengat®y the upper valve.
Measuring the height of coalescenkk,,, allows the determination dfoldeup, see

figure (4.7) The hold-up within a certain column section is then given by:

h. = Hcoal

here H
w where

total — 300 mm (4-2)

total

The advantage of this measuring technique is that no time-consumingatoatibof the

measuring system is necessary. In addition, this technique provideaceemate results for
both pulsed and agitated extractors. A disadvantage of this techniqueaisghase inlets have
to be shut after the valves are closed. Thus, experiments have terheted until the column

once again reaches steady state conditions. Preliminary tesitetbtieat a steady state was
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4.5 Internals

reached for all types of column configurations after a minimum ofdolemn volumes was

replaced.

The concentration of the solute in the continuous and the dispersed peaksevained at the
phase inlets and outlets as well as at three positions withcohlinean. To obtain single-phase
samples from the two-phase mixture, measuring probes with cylihdaoaus filter elements

were used, sdegure (4.8) Due to the different wettability of teflon and stainless steel, single-
phase samples could be obtained by adjusting the filter elementahatetiby low suction

flow rates. The advantage of the cylindrical form is that the whiltde is always wetted with

one liquid (organic or agueous) independent of the type of column and operating mode. In this
way, single-phase samples are obtained in columns even at high leeslergy input, for

instance, in Kihni-extractors with high rotational speeds.

metal measuring porous teflon filter or
probe sintered metal filter liquid film

suction flow rate \ \

@ 6 mm @12 mm @ 8 mm

Figure 4.8: Measuring probe for different porous filter elements to obtainlesplipse
concentration samples within the two-phase flow (porous teflon filtenegits
are preferentially wetted by organic liquids while sintered stamlsteel filter
elements are preferentially wetted by water)

4.5 Internals

In the mini plants and the swarm extractors, four different typegerhals were installed. For
pulsed experiments, different types of sieve trays and a structutadgé@dontz-Pak B1-350)
were used. The investigations in agitated columns were carriedtoutwoe different types of
agitators: rotating discs and Kuhni blade agitators. The agitated domepés (height = 50 mm,
relative free cross-sectional stator area = 40 %) weresdhee for both types of agitators.
Figure (4.9)illustrates the compartments that were installed insidedflnennis. Geometric data

of the internals are listed table (A.1)in the appendix, sezhapter A
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4 Experimental Devices, Internals and Measuring Technique

Figure 4.9: Various compartments that were installed inside the columns; top row (ftom lef
to right): sieve tray - g= 2 mm, sieve tray -jp= 4 mm, Montz-Pak B1-350,
second row (from left to right): RDC-compartment, Kiihni-compartment

4.6 Determination of Phase Concentrations

The analysis of the composition of both liquid phases was carried outrdy different
methods. While only refraction and titration methods were used to cdahtohcetone
concentration of the feed mixtures for the experiments, gas chromatogvapapplied for

determining the concentration of all components in the experimental samples.

» Gas chromatography

In all runs the samples were analysed in a gas chromatograph (i-Radkard gas
chromatograph of the type 6890 in combination with a Pora-Plot-Q capiikduynn). The
capillary column had a length of 25 m, an inner diameter of 0.32 mm, andbameeter of
0.45 mm and a coated film thickness of @@. A thermal conductivity detector (TCD) and
helium as the carrier gas were used. For calibration, samplke&nawn compositions were

prepared. Furthermore, quality of the calibration curve was checked by three controssample
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4.6 Determination of Phase Concentrations

Each experimental sample was analysed three times and ths vestd only accepted if all
measurements did not significantly differ. For a certain operating ttmmdiuring single drop
experiments, three samples with a total volume of 1 ml per sangrke taken to determine the
drop concentration. For example, for a drop with a diameter of 2 mmyehege concentration

of approximately 230 drops per sample was measured since the volutheaf drop is 4.21l.

Thus, 690 drops3samplesx 230 droj ) per experiment were analysed. The concentration of
the dispersed and continuous phase in the drop swarm extractor wateeMaltratwo samples

at each measuring point, which were successively extracted in aistgoiriterval. There were
three measuring points for each phase within the active part oblimarcand one measuring
point at the inlets and outlets of both phases. Th@ss 2 samples weneirtakach

experimental run.

The advantage of gas chromatography is that all substances in @aomytbnent mixture can
be detected with a very high degree of accuracy. The disadvantagehe ttelibration and the

measurements are time-consuming.

o Titration

Due to the long time required for the analysis by gas chromatography, n#asuring
techniques were used to determine the concentration of acetone feethenixtures. The
analysis of the aqueous feed mixtures was carried out by titrdMettiér Toledo titrator of the
type DL 20). Acetone was converted with hydroxyl ammonium chloride into an cxmule
equivalently converted into hydrochloric acid. The hydrochloric acid was subssujiteatbd
with 0.1 N NaOH. Through neutralisation of the hydrochloric acid, the concentcitacetone

was found from the quantity of 0.1 N NaOH consumed.

» Refractometry

The concentration of acetone in the organic and aqueous feed mixtuseaddiionally
assessed by refractometry. A digital refractometer (Mefibdedo refractometer of the type

RE 40) was used with a refractive index metering range fngm = 1.BZ® The wave

length of the light source wag = 635010 m  and the required minimum volume of a
sample was/,, = 0.25 ml . The probe chamber could be sealed to prevent any change of the

composition by evaporation of the volatile components. The temperature tinsideamber
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4 Experimental Devices, Internals and Measuring Technique

could be controlled with a precision &ofT = +0.1°C  while the deviation of theacéfre

index was given bAny = +1 mo” . The advantage of this method is that only small amounts
of liquids are necessary and results are obtained quickly. The disaganthis method is that
reliable results are only obtained for binary mixtures. Becauskjthé/liquid-systems used for

the experiments have a wide miscibility gap, especially for a wemitentration of acetone
from 0 to 6 %, mixtures could be treated as binary mixtures. Thusictene concentration

was determined using the refractive index and calibration curves folidpatd/liquid-systems.

It should be emphasised that the exact determination of component cormestrats always
carried out by gas chromatography. Only the acetone concentration indhaikteres was

controlled by titration and refractometry.
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5 Terminal and Characteristic Velocities of Single Particles

Knowledge of the velocity of single particles plays a decisive rolmadelling the fluiddy-

namics and mass transfer rates of extractors, particularly by tloé dissgo population balance
models. The evaluation of the velocity of single particles is the bmsiletermining the relative
swarm velocity and the effective phase velocity. Consequently, itsblogvprediction of the

hold-up, the residence time of both phases and the mass transfer rates.

5.1  Terminal Velocity

While the velocity of single rigid spheres in columns without internalich means the
terminal velocity, is well known, the prediction of the terminal vejoaf drops is still
associated with some uncertainties. This is due to the fadhthatfluence of the mobility of
the drop surface and the influence of the mass transfer are onitatiuedy understood.
Investigations with single rigid polypropylene-spheres (pp-spheres), toluepg aind butyl
acetate drops were conducted to determine the effect of cotislatithin a drop on terminal
velocities. In addition, the behaviour of drops with oscillations and defamnsatwas

experimentally examinet.

The experimental results for the terminal velocity of rigid sphe@nd drops are illustrated in
figure (5.1)in dimensionless form. It is obvious that toluene and butyl acetaterdoygsfaster
than pp-spheres within a wide range of particle sizes. This differeust be related to the
mobility of the drop surface, which causes a lower flow resistance. Fudle it can be seen
that butyl acetate drops have higher terminal velocities than tolueps idr the range of the
dimensionless diameter fromg =16 to 40 This must be due to the higher degree of
circulations within the butyl acetate drops. Obviously, the formationrafilations within a
drop is influenced by the interfacial tension, which is significantlyelofer butyl acetate (d)/

water than for toluene (d)/water.

As an additional effect of the lower interfacial tension of thglladetate (d)/water system,
butyl acetate drops lose their form stability at smaller dizgsghan toluene drops. Thus, butyl

acetate drops reach their maximum terminal velocity at a dreptig = 36 (i. e.d = 3.5 mm)

1. It should be noted that the symbols in the figurethis chapter as well as in the following cleaptpresent
own experimental data. Whenever data from thedlitee is used, this is explicitly stated.
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5 Terminal and Characteristic Velocities of Single Particles

while toluene drops reach their maximum terminal velocity at a dempdf 755 =64 (i. e.

d = 6.0 mm), seéigure (5.1)?

Although the prediction of the terminal velocity with published correlati®@ssociated with
deviations, particularly for butyl acetate drops, the modélefschke 2008seechapter 2.2

shows a good agreement with the own experimental data. Moreover, the anodedtely
describes the change from rigid to circulating drop behaviour and frouatating to oscillating

drop behaviour, sefeggure (5.1)
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Figure 5.1: Terminal velocity of single rigid pp-spheres, toluene and butyl acetate drops

In addition to the mobility of the drop surface, the mass transfaremfes the terminal
velocities of single drops. During mass transfer, Marangoni convectrah®raptions are
generally produced at the drop surface. Due to these eruptions, thaticravithin the drops
are suppressed so that they move slower than without mass tramsfex.dxperiments, the
influence of mass transfer on the motion of both single toluene and batgteadrops was

observed. The Marangoni convections caused a distinct reduction of tieateratocity of

2. It should be noted that also the dynamic visgasithe drops influences the terminal velocitielse higher the
dynamic viscosity is the more the drops behaveriiffied spheres due to the suppression of circutatiwithin
the drops. Since the liquid/liquid-systems usedehawimilar dynamic viscosity, the influence ommgral
velocities could not be determined. Information w@thihe influence of the dynamic viscosity on thertiaal
velocity can be found iBrauer 1971 Clift et al. 1978andWagner 1999
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5.1 Terminal Velocity

toluene drops, sefigure (5.2) For mass transfer from the continuous to the dispersed phase
(c to d) and for the reverse direction (d to c) a maximum reducti@xcai/s was found for a
drop diameter of 4 mm. Furthermore, it could be observed that the alirettnass transfer did

not influence the terminal velocities of toluene drops.
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Figure 5.2: Influence of mass transfer on the terminal velocity of stofjlene drops and
comparison of their velocities with rigid pp-spheres (see figure (5rhgss
transfer of toluene drops was always studied with toluene of charge A

In contrast, the terminal velocities of butyl acetate drops vesverl for mass transfer from
“d to c" than for the reverse directiéoito d“ for the same initial concentration difference, see
figure (5.3) Only an increase of the initial concentration differenog ty, = 6 wt.-%for mass
transfer fromf'c to d* resulted in terminal velocities similar to that for an ihiti@ncentration
difference ofy, - x, = 3 wt.-%for the reverse directiord‘to c*. Thus, the effects of Marangoni
convections and eruptions at the interface on the terminal vetoddiaot only depend on the
physical properties of the system and the concentration differencdiohddly, they depend
on the mass transfer direction. This is confirmed by the resWi®Ibf1999 who investigated

the generation of Marangoni convections for several liquid/liquid-systems.

Although experimental results of different grouphdrsen et al. 1968oting 1996 Henschke
2003 etc) prove that mass transfer reduces the terminal velocity, a qimetiprediction of
this influence is not yet possible. Therefore, further investigationsmusarried out to clarify
the influence of mass transfer on the terminal velocities of single drops.
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Figure 5.3: Influence of mass transfer and mass transfer direction on thenéénelocity of
single butyl acetate drops

A further interesting result is that different terminal velesitwere found for toluene drops for
two different charges of toluene (charge A and B). For both experimenggltoluene of the
same quality (qualitypro analysi3 but from different companies was used. Although no
difference in the physical properties could be detected in the labo@tdoy settling time
measurements for the liquid/liquid-systems, drops of charge A had leweinal velocities
than drops of charge B, séigure (5.2) This effect may be attributed to small amounts of
impurities in charge A, which affected the development of ciraratwithin the toluene drops.
Experiments with different charges of butyl acetate did not show aaplaadeviations of

terminal velocities, as can be seeffigure (5.3)

 Single patrticle velocity in pulsed columns without internals

The velocity of a single rigid sphere or drop in a pulsed column without internaigas than
the terminal velocity. This reduction is attributed to the steady chahflew around the
particle. The permanent acceleration and deceleration of thel@#tassociated with a higher
flow resistance than in a column without pulsation. Thus, increasedipnlsgensity results

in higher transfer of shearing stresses and friction forces pattiele interface. This effect was
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5.1 Terminal Velocity

studied in detail bivolinier 1976andHaverland 1988According to Haverland the velocity of
a drop is reduced to 95 % of the terminal velocity for a drop diaraéte= 3 mm for pulsation
intensities in the range &[f =0 - 2.5 cm/s The ratio of the velocity of a single drop in a

pulsed liquid v to its terminal velocity, is well described by Hearef's

0, pulsec
correlation:
\Y;
o} i)/ulsed: 1 59.9&5%).91[f 1'90Ed 0.85 (5.1)
0

The own experiments confirm this correlation, Bgere (5.4) Furthermore, it can be seen that
the influence of the pulsation intensity is slightly larger on drops than on rigid pp-sphleee
larger impact of the pulsation intensity on the drop velocities seems tobseqoence of the

disturbance and suppression of circulations within the drops.
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Figure 5.4: Effect of pulsation intensity on the velocities of rigid sphamd drops in

columns without internals; comparison of own experiments with Haverland's
correlation
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5.2 Characteristic Velocity in Pulsed Columns with Sieve Trays

While the influence of the pulsation intensity on the particle vigldai columns without
internals is relatively small, internals in pulsed and agitatednuod strongly influence the
single particle velocities, i. e. the characteristic velocitiBlse characteristic velocities in
columns with different internals was studied with and without soppErsed mass transfer. In
absence of mass transfer, four sieve trays, three structured packings agitated
compartments were installed inside the laboratory scale columns. In preserass afansfer,

three sieve trays, two structured packings or four agitated compartments were used.

Single patrticles in pulsed sieve tray columns show significantly loxedcities than in
columns without internals. This is due to the steady collisions of ttielpa with the sieve
trays. Thus, the characteristic velocities of toluene drops wdiaraeter from 1.5 to 4.0 mm
reach values from 4.2 to 7.8 cm/s, which are significantly lower tharatbes of their terminal

velocities, comparégure (5.5)with figure (5.2)

An important parameter for the characteristic velocities @vesitray compartments is the
diameter of the drops. However, a change of the pulsation intensityafrbm =0.5t0/2.0
has no significant effect. This is also proven by the results wgid pp-spheres, see
figure (5.5)

Rigid pp-spheres have lower characteristic velocities than tolueps.drhis is due to the lower
velocities of the single pp-spheres in the free sections betwesieteetrays. For this reason,
the differences of the characteristic velocities between stoglene drops and single rigid

spheres are similar to the differences of their terminal velocities.

Figure (5.6) shows the influence of the particle diameter on the ratio of hleacteristic
velocity of a single particle in pulsed sieve tray compartmentgstderminal velocity
Vchar,c/ v, - Although the absolute values of the characteristic velocitiegiof pp-spheres,
toluene drops and butyl acetate drops differ, the influence of the saggen the velocity ratio
’(/vo is almost the same. For all binary test systems the velatityis reduced to a value

Vehar
of 0.6 for particle diameters from 1.5 to 4.0 mm.
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Influence of physical properties of the test systems onethetion of the
characteristic velocity of single particles in pulsed sieve trapnpartments in
reference to their terminal velocity

Figure 5.6:
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5 Terminal and Characteristic Velocities of Single Particles

The characteristic velocities in pulsed compartments with diftelypes of sieve trays reveal
that the velocity raticycht,ir’o/vO is not only determined by the particle dembut also by
the ratio of the particle diameter to the hole diameter ofiéve $raysd/d, . To illustrate this,
the experimental results for sieve trays with a hole diameter of 2ndm emm are depicted in
figure (5.7) for a pulsation intensity of 1.0 cm/s. The rat/i@nar,(/vo shows a continuous
decrease for an increasing diameter reltid, . The strong influetfee dibmeter ratio/ d,,

on the characteristic velocity affirmed by the results afagner 1999see alstable (2.1)
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z a‘f=1.0cm/s
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Figure 5.7: Influence of the diameter ratio d/dn the velocity ratio ¢, o/ Vo Of single
drops in compartments with different sieve trays

The influence of sieve trays on the characteristic velogify, . ng sienilar for all test
systems. Same characteristic velocities are determinedfas dith and without superimposed
mass transfer. However, since the terminal veloqa'ty is low@resence of mass transfer,
some deviations of the rat\%har’(/vo are seen. Higher values of thevgﬂgg(/vo result
for mass transfer than without mass transferfigeiee (5.8) An accurate model to predict the

velocity ratiov,

har,(/ v, has to take this interrelationship into account.
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Figure 5.8: Influence of mass transfer on the velocity ratig,\s/V, of toluene and
butyl acetate drops in pulsed sieve tray compartments

The characteristic velocities of single drops in pulsed sieyecolumns are often evaluated
with correlations that do not account for all relevant parametersngtance, the correlation of
Weiss et. al 1993ncludes neither the ratio of the diameteb&d, nor other geometrical
parameters of the sieve trays, shapter 2.2Consequently, it predicts characteristic velocities
which significantly differ from the experimental values, $egire (5.5) The equation of
Wagner 1999see alschapter 2.2takes the influence of the diameter ratia, into account.
However, in this equation the characteristic velocities of the dmgs determined
independently of the relative free cross-sectional area of tkesplBhus, Wagner’s equation
predicts values of the characteristic velocity that are too higticylarly for larger drop sizes.
The influence of mass transfer on the velocity in pulsed sieyetrapartments is not taken

into account by either correlation.

Based on the analysis of experimental results, a new correlatsodenvaloped which includes
the diameter ratid/ dh , the relative free cross-sectional@srteand a modified dimensionless

liquid number. The ratio of the velociti@réhar A is given by:

v, 1.134
char,o 0.145_ -0.028 d -2.161
S = 1406y O, bep[—0.129[(a]) T1-p,,) } (5.2)
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,05 1/3
nd Ap [y

C

The correspondence between own experiments and experimental dat®ifd®@82 and

wherena is the dimensionless interfacial tensim(p:: o E{

Wagner 199%ith the new correlation is shownfigure (5.9) The new correlation agrees very
well with the experimental data for different liquid/liquid-systesisve trays, mass transfer
conditions and a wide range of pulsation intensities and drop sizes. Thparon of

equation (5.2with 152 data points results in a relative error of 5.8 %.

-
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own exp. data
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Qi 1992
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Figure 5.9: Comparison of the predicted velocity ratio from equation (5iB)experimental
values for the velocity ratiocNyr o/ Vo Of single drops in pulsed sieve tray
compartments

Despite the good correspondence with experimental data it was not @dsgilgtermine the
influence of the compartment heidiyt, . This was due to the factdretperimental data was
found in the literature for the same sieve tray geometry and afiff@ompartment heights.
Smaller compartment heights are associated with lower ckhasdict velocities due to
increased hindrance of the drops. Investigations with different compartneéghts are
recommended to develop a correlation which is even more generally afgplidan

equation (5.2)
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5.3 Characteristic Velocity in Pulsed Columns with Structured Packings

5.3 Characteristic Velocity in Pulsed Columns with Structured Packings

The characteristic velocities of single particles in pulsedhetdrs with structured packings are
lower than the terminal velocities due to the steady collisiottseadrops with the packings. In
addition, the increased length of the path due to the inclined channelspaicktirgs causes a
significant velocity reduction. The results of the investigations ofltaeacteristic velocities in
pulsed compartments with structured packings show that particles mmiestower than in
columns without internals. It is also obvious that the charactevisticity of single particles is
nearly independent of the particle diameter fgpee (5.10) This means that compared to their
terminal velocities, particles are increasingly slowed down by thkings with increasing

diameter, see ald@ure (5.2)

0.10 - . . .
pulsation intensity a* f own exp. data

m/s | e 0 05cm/s e m Ao toluene (d)/water
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S Mackowiak 1993
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o
£ 002}

Mao et al. 1995
- t(d)w,a f=0.0cm/s A
Montz-Pak B1-350
000 1 1 1 1 1 1 1
1.0 2.0 3.0 4.0 mm 5.0

particle diameter dp

Figure 5.10: Characteristic velocities of single rigid pp-spheres and siafjene drops in
pulsed compartments with structured packings; comparison of the obtained
characteristic velocities with correlations from the literature

The pulsation intensity in packed compartments slightly influenceshdracteristic velocity.
The characteristic velocity of pp-spheres and toluene drops assvblityl acetate drops is
generally higher for higher pulsation intensities, fsgagre (5.11) This is explained by the fact
that higher pulsation intensities push the particles faster through the packing channels.
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Figure 5.11: Comparison of the velocity ratiqny; o/ Vv, of single particles in pulsed
compartments with structured packings; binary test systems

In comparison to pulsed sieve tray columns, the values for the velatitlwghar’(/vo are
notably smaller and reach values down to 0.3 for particles with raetka of 4 mm, see
figure (5.11) and figure (5.6) Similar to pulsed sieve tray compartments, the velocity ratio
Vchar,o/vo of pulsed packed compartments is higher when mass transfer istprese
figure (5.12) Because the characteristic velocities of toluene and butytacktps are almost
the same in pulsed packed compartments with and without mass trémsfeffect must be

related to the different terminal velocities of the drops.

The comparison of the correlations kfackowiak 1993and Mao et al. 1995with own
experimental data reveals that both correlations deliver good résultee characteristic
velocities, seefigure (5.10) However, the correlation of Mackowiak was fitted to the
experimental data by a regression analysis. Thereby, a drag coefiidigpt= 8.54 was found
which is significantly higher than the values of Mackowiak (e. g. &tructured packing of the
type “Montz-Pak B1-300“ a drag coefficient &f,,=0.81 is given in the literature). The
correlation ofMao et al. 1995s in good agreement with the experimental data for a range of
the drop diameter from d = 1.5 to 4.0 mm. This correlation was eedlweth n = 54 and

C = 0.5, wheren is the number of channels per cross-sectional area of the packiisa

constant parameter that can be fitted to the experimental dathapter 2.2 The disadvantage
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Figure 5.12: Influence of mass transfer on the velocity ragjg,\/ Vv, of single drops in
compartments with structured packings

of this correlation is that it shows a strong decrease of the charactegistity for drop sizes
larger than d = 4.0 mm. This disagrees with experimental datalflterature, sekeeu 1995

In addition, both correlations do not account for the influence of the packgig.ieach single
packing is positioned with a difference of 90° in its horizontal orieoniath the next packing.
An increase of the number of packings produces lower characterikigities because the
drops are abruptly decelerated by the change of their moving directioedmetwo adjacent

elements, see alé®u 1995

A more sophisticated model for the ratig, . /v, should also include the height and the
volumetric surface of a packing. Drops are increasingly hindered in rti@ion through
packings with higher volumetric surface areas. Thus, the chartctesiso of the velocities

Vchar,c/ v, was correlated by:
v
— — 0.08
char, o _ O.O77Dr|_?'138DI 0'566Ehd 0.7695_[ 0'184E( 1 +naf) (5.3)
P

a, o
V0 P

The dimensionless numbers equation (5.3)were derived by a dimensional analysis of the

main characteristic parameters:
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Figure (5.13)shows thagéquation (5.3torrelates well own experimental data and data from the
literature. This is remarkable because the experimehtsuwi995wvere carried out in columns
with different types of packings. In additiddpting 1996carried out experiments in presence

of mass transfer.
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Figure 5.13: Comparison of measured velocity ratigg,v,/ V,, of single drops with predicted
values from equation (5.3pr compartments with different structured packings

5.4

Characteristic Velocity in Agitated Columns with Rotating Bisc

The characteristic velocities of single particles in agitatddmns are controlled by the size of
the particles and the energy input. Compared to blade agitators, rdiatagre characterised
by a significantly lower energy input for same rotational speeds atatagsizes. This is
proven by the small decrease of the characteristic veloatfiesngle toluene drops with

increasing rotational speeds in the RDC-compartmentsigege (5.14)
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Figure 5.14: Characteristic velocity of single particles in RDC-compantis; comparison of
experimentally obtained characteristic velocities with the con@tabf Laddha

etal. 1978
Figure (5.14) also shows that rigid pp-spheres move slightly slower through RDC-
compartments than toluene drops of same size. As long as the rotspieedlis relatively low
(which is approximately up togw 600 1/min) and the particles do not circulate within the
compartments, the characteristic velocities differ sinyilad the terminal velocities. The
influence of rotating discs on the velocity rat'rghar’(/vo is thus independetiteofest
systems. In addition, almost the same velocity ratios are deterneigardless of whether mass
transfer is present or not. To illustrate this point, charadtevstocities for rotational speeds
from ng = 100 to 400 1/min were averaged for each particle size and tesmsy&te ratio of
the averaged characteristic velocity to the terminal velocityhefgarticles is depicted in
figure (5.15) For all test systems the evaluated velocity ratj:cl)]%r’o/ A havessiwalues

from 0.73 to 0.38 for the range of particle sizes.

The characteristic velocity in RDC-compartments can be modgfledly considering the size
of the particles, the geometry of the agitators and stators, and the energy input. 8lagarorr
of Laddha et al. 1978eechapter 2.2includes most of these parameters. However, it does not
contain the diameter of the particles even though experimentahdatassignificant influence

for smaller particle sizes, ségure (5.14) Furthermore, this correlation predicts too high
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Figure 5.15: Influence of physical properties and mass transfer on the yetatiat V5, o/ Vo
in RDC-compartmentsaveraged characteristic velocities for rotational speeds
from 100 to 400 1/min were used to determigg,\/ v, for each particle size

values of the characteristic velocities, particularly for atiamtal speed of g= 100 1/min.
Contrary to the correlation dbddha et al. 1978he correlation dlodes 199%redicts unreal-

istically high values of the characteristic velocities.

However, Modes’ correlation describes the rargﬁam/ A very well follem@aompartment
dimensions than were used in this work. Thus, this correlation was dioodevelop a more
general and efficient correlation. Firstly, the improvement of Mod&selation was carried out
by using only dimensionless groups and considering the dimensionless power Nggiven

by Kumar and Hartland 1996

59-3.30 )
109.36 1000+ 1.27RE N 2 O,
Np = R— +0.74 = where Regg = ———— (5.4)
%R 1000+ 3.201RE e

Secondly, the correlation of Modes was extended to different compargyeemtetries by a
regression analysis of own experimental data and data from Modésaret al. 1987 The

analysis of the characteristic velocities in RDC-compartmgelkded the following correlation:
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Vcr\‘lar’ ®= 1+ 0.512Dr\|8'362—0.5o7[(d f'd )1'035—0.341[(2—CJ o (5.5)

o] s A C
As can be seen ifigure (5.16) the compartment heigH’uC has a large impact on the
characteristic velocities in RDC-columns. Fan et al. detehrtine characteristic velocities in
RDC-compartments with a height of 70 mm. In contrast, Modes used RB@actments with
a height of 30 mm. The velocity ratiog, . /v,  of Modes show significantly laxa&ies
than of Fan et al. This is due to the increz;lsed deflection of the fdoopshe vertical path by
the increased number of agitators and stators for lower comparteghts.Equation (5.5)
correlates the velocity ratixz;char’(/v0 for all compartment heights, langelium and small,
very well. A good agreement for many experiments with different compattdimensions,

rotational speeds and liquid/liquid-systems is showfigure (5.16)
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Figure 5.16: Verification of equation (5.5) for the prediction of the vela@tio Vinar of Vo
for RDC-compartments with different dimensions

5.5 Characteristic Velocity in Agitated Columns with Kihni Blade Agits

The energy input of Kiihni blade agitators is much higher than of rotaticg) @gen for low
rotational speeds frongr= 100 - 200 1/min rotational flow patterns and circulating cells within

the single compartments are generated, comfiguee (5.17) The residence time of the
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5 Terminal and Characteristic Velocities of Single Particles

particles within the compartments is increased at higher rothspeads, since the particles

circulate more intensely.

ring stator rotating shaft
%
. . s - S s - N
circulating cells / \ / \
\ ! \ /
N - d A Y - e
Kuhni blade agitator INNNNINNNNY
VRN VRN
/ \ I
/ \ /
N - 7 N — '
/]

Figure 5.17: Symmetrical circulating cells in a Kiihni-compartment

The quantitative influence of the rotational speed on the charéictereocities of toluene
drops is illustrated ifigure (5.18) An increase of the rotational speed leads to a decrease of the
characteristic velocity. This is also proven by the characteviskixities of butyl acetate drops
which show a very similar behaviour, degure (5.19) Furthermore, it is observed that for all
test systems the velocity ratiua]ar, Vo  are similarly reduced. Nofisigni impact of the
mass transfer in either of the liquid/liquid-systems is detdotethe range of drop diameters

and rotational speeds investigated.

To predict the characteristic velocity in Kuihni-columns the geometry afdimpartments has
to be considered, i. e. the dimensions of the agitators, the relatverbss-sectional area of the
stators and the height of the compartments. Furthermore, the drop diantetiee energy input
have to be taken into account. It is thus recommended not to use thatrrei\Weiss et. al
1995because it does not include any geometrical parametahagter 2.2The application of
this correlation to compartment sizes different from the one uséteiss et al. results in values
for the characteristic velocities that are too low,fggee (5.18) The correlation ofFang et al.
1995accounts for the influence of the relative free cross-sectayeal of the stators and the
dimensions of the agitators. However, it disregards the influenbe afrop diameter, which is

in contrast to the experimental data, Bgere (5.18)andfigure (5.19)

The characteristic velocities are thus correlated simitarRDC-columns. The velocity ratio

Vchar,c/Vo in Kihni-columns is given by:
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Figure 5.18: Influence of the rotational speed and drop size on the characteesticty in
Kihni-compartments
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Figure 5.19: Velocity reduction in Kihni-compartments for single toluene and &cetate
drops compared to their terminal velocities
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RO - 11 669Np > - 28070 52— ) - 1.159[{ D—Cj +210 9%
Vo c~ % C
(5.6)
where the dimensionless power numbiy Is giveKuoyar and Hartland 1996
Np = 1.08+ 10.94  257.37 (5.7)

Relg.S Re'%.S

The ratio of the velocitieschar’(/ v, is determined very accurately edthation (5.6) This
eqguation describes the experimental velocities for different liggudid-systems and different
compartment dimensions qualitatively and quantitatively very well figaee (5.20) Only
small deviations between calculated velocities and data from owrireepés and from the lit-

erature are seen.
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Figure 5.20: Comparison of the experimental velocity ratigg\s/ V, with calculated values
from equation (5.6) for Kilhni-compartments

The analysis of all available data makes clear that the ndftuef the compartment height is
lower in Kuhni-columns than in RDC-columns. However, this statementohbe put into
perspective. Fang et al. used Kihni-compartments with a height of 7roonttast, Wagner
used compartments with a height of 37 mm. But not only the compartment\Wwagifferent.

Fang et al. worked with perforated stators and not with ring stasoused by Wagner and in
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own experiments. Since the compartment height and the stator design wliffeexact
conclusion can be drawn about the influence of the compartment height dratheteristic
velocity. For this reason, the influence of compartment height in Kihairow should be
investigated. In addition, it would be of interest to investigate tfeetedf the stator design

(perforated or ring shape) for a given relative free cross-sectional area.

5.6 Comparison of Characteristic Velocities in Different Columns

A comparison of the characteristic velocity rat'&%ar,(/vo for agitatetiaulsed columns is
given infigure (5.21) It is obvious that the motion of single drops in sieve tray columns is
hindered in a small degree only. In contrast, in RDC-columns the veradjidyvchar’(/vo
reaches lower values. Lower characteristic velocities alsst éxi pulsed columns with
structured packings. For these columns the characteristic veldtindiwéﬁar,(/ A decreases
from 0.6 down to 0.3 if the drop diameter is increased from 1.5 to 4.0 mmotktonal speeds
from 50 to 200 1/min in Kuhni-columns, values K%ar,(/vo from 0.8 to 0.3 are observed.
Thus, the characteristic velocities in Kihni-columns cover the wiaolge of characteristic

velocities for all other investigated types of columns.
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Figure 5.21: Velocity ratio ¢, o/ Vo Of single toluene drops for different types of extractors:

PSE = pulsed sieve tray extractor (sieve trgg4dlmm), RDC = rotating disc
contactor, PESP = pulsed extractor with structured packings
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6 Single Drop Breakage

The drop size is one of the most important parameter for the parioemof an extractor
because it determines the velocity and the mass transfer catgpsfin a swarm. Breakage and
coalescence control the drop size and the drop size distribution inumrcoBecause
coalescence is normally reduced by the choice of the mass trdinstgion, breakage mainly
affects the drop size profiles. To determine drop size profi@sgalhe column height by
DPBMs, it is necessary to quantitatively describe the drop breaktigpasameters such as the
breakage probability of single mother drops and the volumetric densitypdigin of daughter

drops.

The breakage probability;  of single drops can be experimentally detelrbyrtee number
of breaking mother dropsNg,, from a number of investigated mother dkpps

Pg = Ngp/ Njv - Numerous experiments were conducted to determine the influence of
mother drop size and of energy input on the breakage probability. These expenveee
carried out in columns with only a single sieve tray, a single smegttpacking and a single
agitated compartment. Two binary systems (toluene (d)/water anddoetgte (d)/water) and
two ternary systems (toluene (d)/acetone/water and butyl acetatedfmyie/water) were used.
All systems were mutually saturated. No mass transfer ocalured) the tests. For the ternary
systems the acetone concentration of the continuous aqueous phasesays$ alv-% and
the acetone concentration of the organic dispersed phases was tivgi@guconcentration.
The use of different liquid/liquid-systems reveals how the intaifaension affects the drop

breakage.

The acetone concentrations and the interfacial tensions of theystems, which can be
predicted by the correlations of the European Federation of Chemicalelenigy EFCE
1984, are listed intable (6.1) In this chapter the different test systems are denoted by the

nomenclature given in this table.
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6.1 Breakage Probability of Single Drops in Pulsed Columns

Table 6.1: Weight concentrations of acetone and interfacial tensions of the maatatigted
liquid/liquid-systems according to EFCE 1984; x = weight concentration of
acetone in the continuous phase; y* = weight concentration of acetone in the
dispersed phase at equilibriung; = interfacial tension of the test system

Nomenclature x [ka/kg] y* [kg/kg]| o [N/m]
toluene (d)/water or t (d)/w - - 0.034
toluene (d)/acetone/water or t (d)/a/w 0.050 0.042 0.024
butyl acetate (d)/water or bu-ac (d)/w - - 0.014
butyl acetate (d)/acetone/water or bu-ac (d)/a/w 0.050 0.047 0.011

6.1 Breakage Probability of Single Drops in Pulsed Columns

The breakage of single drops in pulsed extraction columns depends on thergedrtie

internals and the energy input. In pulsed sieve tray columns drop breakagie#ly governed
by the size of the sieve tray holes and the pulsation intensitiAesesland 198&ndWagner

and BlaR 1999

» Breakage probabilities in pulsed sieve tray columns

In pulsed sieve tray columns drops generally break during their passage ttn@ggve tray
holes. Large shear stresses act on the drops during their passagenainly result from the
pulsation of the liquids in the columns. In addition, drops with a diarmeetgerl than the hole
diameter are deformed during their passage through the sieve tthgsstHbilising drop forces
are not sufficient to withstand the deformation, the drop will be ispditseveral smaller drops.
Because larger drops are less stable, breakage probabilitiegeotitfaps are higher than of
small drops. This is proven by the investigations in the pulsed column, diwre with a
diameter d,, larger than the hole diametgy showed significantly higheakage
probabilities, seéigure (6.1)andfigure (6.2)

The experiments make clear that in pulsed sieve tray columnsehkalge probabilit;pB
continuously increases with increasing mother drop diametefigsee (6.1)andfigure (6.2)
In addition, the pulsation intensity has a large impact on the drop bre&kamerease of the
pulsation intensity results in a significant increase of the bregkadipability. This is due to

enlargement of destructive forces which act upon the drops at higher pulsation istensitie
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6 Single Drop Breakage
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Figure 6.1: Toluene (d)/water: Breakage probability of single toluene dropsglessieve
tray compartments; comparison of the experimental data and equation (6.2)
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Figure 6.2: Butyl acetate(d)/water: Breakage probability of single butgtae drops in
single sieve tray compartments; comparison of the experimental data and
equation (6.2)
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6.1 Breakage Probability of Single Drops in Pulsed Columns

The use of sieve trays with small holes results in signifigduigher breakage rates than the use
of sieve trays with large holes. Moreover, sieve trays with smiadikes cause drops to split
which do not break in compartments with sieve trays with larger.hbhesexperiments with a
single sieve tray with 2 mm hole diameter and with a single siayevith 4 mm hole diameter
confirm these statements, giggire (6.1)andfigure (6.2) For this reason, the use of sieve trays
with 2 mm holes in an extractor results in a good mass trangteercy since this type of sieve

tray produces smaller drops and, in turn, a large mass transfer area, ¥éagalen1999

The interfacial tension of the toluene (d)/acetone/water systéim am acetone weight
concentration of 5.0 % in the aqueous phase is almost 30 % lower thiae atetone free
system. For the same acetone concentration in the aqueous phasarftra@ahtension of the
butyl acetate (d)/acetone/water system is only 20 % lower than afothesponding acetone
free system. The influence of the interfacial tension on the bregkagability is shown in
figure (6.3)andfigure (6.4) As expected, the breakage probability increases with decreasing
interfacial tension. Subsequently, the breakage probability is higher terttey toluene and

butyl acetate systems than in the binary systems.
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Figure 6.3: Influence of the interfacial tensian on the breakage probability in a pulsed
compartment with a sieve tray with 4 mm hole diameter
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6 Single Drop Breakage
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Figure 6.4: Influence of the interfacial tensian on the breakage probability in a pulsed
compartment with a sieve tray with 2 mm hole diameter

The results of all experiments in pulsed compartments with siyereveal that increasing the
mother drop diameter and the pulsation intensity leads to higher breailaggbilities. In
addition, higher breakage probabilities result for smaller sieyehtvkes and lower interfacial

tensions.

The breakage probability in pulsed sieve tray compartments can be guiebijcta simple

correlation introduced bMaverland 1988

Pa(dy) = [(dy ~ygan)/ (Ao )1 61)

Here,dStab andj100 are the characteristic drop diametersctegster 2.2 andC depends on
the pulsation intensity. The disadvantage of this correlation is thaxpenentC has to be
determined for each individual pulsation intensity and that extrapolaiiather pulsation
intensities is difficult. Against this background, a new correlatioedasequation (6.1)was

developed:

Cs
c,  [(dy—0stap/ (digo—d )]
pg(dy) = Cy Uryf O =2

C
Cy+ [(dy — Ao/ (digo=d_, )1

(6.2)
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6.1 Breakage Probability of Single Drops in Pulsed Columns

The dimensionless numbera]c considers the influence of the pulsatiosiipten the
breakage probabilityz ,; = alf E(,og/(nC [(Ap Eg))l/3 . The new correlation describes the
breakage in a sieve tray compartment for a wide range of pulsagositids with only one set

of constant factorC;,  for a liquid/liquid-system. The constant fagtoegjuation (6.2)are

listed intable (6.2)for both types of sieve trays.

Table 6.2: Constant factors; ©f equation (6.2) for determining the breakage probability in
sieve tray compartments

Type of sieve tray Liquid/liquid-system C1 Co Cs Cy
sieve tray - =2 mm | toluene (d)/water 1.64 -0.18 1.91 0.55
sieve tray - §=2 mm | toluene (d)/acetone/water 3.81 0.61 1.11 347
sieve tray - g=2 mm | butyl acetate (d)/water 1.33 0.03 2.03 0.42
sieve tray - g=2 mm | butyl acetate (d)/acetone/water  2.49 0.27 0.95 1,77
sieve tray - =4 mm | toluene (d)/water 4.80 0.27 1.3% 4.31
sieve tray - =4 mm | toluene (d)/acetone/water 4.75 0.14 1.11 4.35
sieve tray - g=4 mm | butyl acetate (d)/water 200 -0.07 161 0.95

sieve tray - =4 mm | butyl acetate (d)/acetone/water 2.18 -0.33  1/61 1.15

To predict the breakage probability in sieve tray compartments agjttation (6.2) the
characteristic drop diametedy, .,  adg, have to be experimentallynitetelr for each
pulsation intensity. According to the definitiouigtab is determined by a drop \bitbakage
probability somewhere betwe@x p;<0.03  and the diameigg IS given by a dropg with
breakage probability somewhere betwéed7< <1 . The data for the chatacnop
diameters for both types of sieve trays investigated are listadlan(A.8)in the appendix, see
chapter A3 The breakage probabilities calculated frequation (6.2)re plotted as dashed and
solid lines in the figures previously discussed. These figures showhéhaew correlation is
applicable to determine the breakage probability in pulsed sieveotrgyactments. In addition,

it can be extrapolated to other pulsation intensities just from knowlefdidee characteristic

drop diameters.

3. For a few operating conditions the characteritop diametersl,,, and,,, could not be determined durin
the experiments. This was due to the fact thatfgh pulsation intensitiesa((f = 2.0 cnr « ) the stable drop
diameterd,,,,, was too small to be generated by therempatal equipment that was available. The determi-
nation of the drop diametel, ,, was difficult for low pulsation intensities sinarde drops adhered to the bot-
tom side of the sieve trays and were not pushesligir. In these few cases the characteristic drametiers
were determined by an extrapolation of the meashreakage probability values.
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6 Single Drop Breakage

» Breakage probabilities in pulsed columns with structured packings

Breakage of single drops in a pulsed column with structured packingeweasigated in detail
by Leu 1995 Leu identified the bottom line of the corrugated sheets and the cratsspbi
adjacent corrugated sheets as possible places where breakage Adcoordingly, packings
with a high volumetric surface area possess more breakage platessalt in a higher
breakage performance. In addition, perforation of the corrugated sheitgdesgnificantly
higher levels of drop breakage. The “Montz-Pak B1-350" packing has perfomatedated
sheets and a high volumetric surface aregpf = 3#minThe level of breakage of single

mother drops is thus very high in both binary systemsfige® (6.5)andfigure (6.6)
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Figure 6.5: Toluene (d)/water: Influence of drop size and energy input on thkage of
single drops in a pulsed packed compartment; comparison of the experimental
data and equation (6.2)

Again, increasing the mother drop diameter and the pulsation intensstyscan increase of the
breakage probability. Comparing the results for both binary systems, the largeaefafehe
interfacial tension on the drop breakage is obvious. The large differenibe breakage
probabilities for same operating conditions is explained by the signifyclower interfacial
tension of the butyl acetate (d)/water system. The strong impiet witerfacial tension is also
proven by the results of both ternary test systems. Generally, thetlmvaterfacial tension,

the higher the breakage probability, igere (6.7)
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6.1 Breakage Probability of Single Drops in Pulsed Columns
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Figure 6.6: Butyl acetate (d)/water: Influence of drop size and energy awptite breakage
of single drops in a pulsed packed compartment; comparison of the experimental
data and equation (6.2)
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Figure 6.7: Influence of the interfacial tensiam on the breakage of single drops in a
structured packing
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6 Single Drop Breakage

The interfacial tension of the system together with the dianoétdére mother drops and the
pulsation intensity determine the breakage in structured packings. Boretdson, these
parameters have to be considered in modelling the breakage probabilitghdraeteristic

diametersd, 4
the energy input. Thusquation (6.2)can also be successfully applied to determine the

p and,,, accountfor the influence of the physical properties sfstem and

breakage probability in pulsed packings. The constant parar@tamsquation (6.2)pre listed
in table (6.3)for the Montz packing. The characteristic diamedgt@b qag ctoubd
in table (A.8)in the appendix, seehapter A The comparison oéquation (6.2)with the
experimental data shows a good agreemenfjgae (6.5) figure (6.6)andfigure (6.7).

Due to the complex mechanisms that influence the breakage of single idrgpssed
compartments, no general model could be developed to predict the clstrackep diameters
dstab andd100 together with the breakage probab'pbgy . However, the new carredditows
the determination of the breakage probability in a wide range of pulsatemsities just from
knowledge of the characteristic diameters. Therefore, the new correlationdeasigjnificant

reduction of the experimental effort.

Table 6.3: Constant factors; ©f equation (6.2) for determining the breakage probability of
single drops in the Montz packing

Type of internal Liquid/liquid-system Cy C, Cs Cy
Montz-Pak B1-350 toluene (d)/water 581 -0.17 1.27 3.95
Montz-Pak B1-350 toluene (d)/acetone/water 1.98 -0.08 1.39 0.80
Montz-Pak B1-350 butyl acetate (d)/water 887 -0.15 137 6.89
Montz-Pak B1-350 butyl acetate (d)/acetone/water 1,06 -0.07 2.99 0.13
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6.2 Breakage Probability of Single Drops in Agitated Columns

6.2 Breakage Probability of Single Drops in Agitated Columns

Drop breakage in agitated columns results from the shear stresgsed by the velocity
gradients in the compartments. These stresses have their higbestatahe outer edges of the
agitators. Furthermore, the collisions of the drops with the rotatemegits influence the

breakage of single drops.

» Breakage probabilities in agitated columns with rotating discs

The shear stresses caused by a rotational flow in the comptstared the effect of drop
collisions with the agitators depend on the rotator geometry and its donsnRiotating discs
have a low energy input. In RDC-compartments drops start to breakchthigher rotational
speeds than in compartments with Kiihni blade agitators. For this réasamyestigation of

the single drop breakage in a single RDC-compartment has to leslaartiwith relatively high
rotational speeds g 300 - 1200 1/min). The strong dependence of the breakage probability
on the rotational speed and the diameter of the mother drops is shdigar@(6.8) and
figure (6.9)
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Figure 6.8: Influence of the mother drop size and rotational speed on the breakage
probability of single toluene (d) and butyl acetate (d) drops in an agitatect RD
compartment; t (d)/w = toluene (d)/water, bu-ac (d)/w = butyl acetate (d)/water
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Figure 6.9: Influence of the mother drop size and rotational speed on the breakage
probability for the ternary test systems: t (d)/a/w = toluene (&larwe/water and
bu-ac (d)/a/w = butyl acetate (d)/acetone/water

At constant mother drop size, an increase of the rotational spees eastsong increase of the
breakage probability. Analogously, an increase of the mother drop draateteconstant
rotational speed leads to an increase of the breakage probability ptsed compartments,
the interfacial tension significantly influences the drop breakageagditated RDC-
compartments. The lower the interfacial tension, the higher the valuéise breakage

probability, sedigure (6.10)

The breakage probability in a RDC-compartment can be determinedbgkmton which was
developed bychmidt 2004 Based on the results Behmanyar and Slater 199Cauwenberg
1995andModes 1999the following correlation holds:

W C
% = Cll:( fnod 05J 3 63)
Pg 1+ C, Oy g OWen oo (0t D)1

4. Schmidt, S.: Member of the Institute of Chemigabineering at the University of Kaiserslautern ri@any)
and project partner during the work on the indasftinded research project previously mentioned.
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Figure 6.10: Impact of the interfacial tensianon the single drop breakage in a compartment
with a rotating disc

The parameteWe,,,4 iequation (6.3)s a modified Weber number given by:

0.8.0.2 1.6 1.8 1.
pQB 20, WO o g - 2B g )"

W%Od = o (64)

The Weber number describes the ratio of the destructive forces abthim fthe compartment
to the stabilising forces from the interfacial tension. Theicalitrotational speeahg it
characterises that rotational speed at which a mother drop weéltan size first splits. It is

given by:

- - - - 2 0.5
d 2/3B7 | 4/3 d 2/3B7 | 4/3
C4DA d ™M + C4DA d M +C. [

0.5 0.5 5 4/3—+5/3
20p. py) 20p, Py Pty " My
(6.5)

g

nR, crit. ~

The constant factoiS; in equation (6.3andequation (6.5were determined by analysing the
experiments of several groups, see &lis@al Report AiF 40 ZN 2004'he constant parameters

C; for RDC-compartments are listedtable (6.4)
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6 Single Drop Breakage

Table 6.4: Constant factors ;®f equation (6.3) and equation (6.5) for determining the
breakage probability in agitated compartments

Type of internal C, C, Cs Cy Csg
Rotating disc 1.29C 10° 0.33 2.78 0.02 0.13
Kiihni - blade agitator | 1.63C 10° 0.48 3.05 0.13 | 1.21C107

The breakage probabilities calculated frequation (6.3pare shown irigure (6.8) figure (6.9)
andfigure (6.10)by dashed and solid lines. These figures and the investigations of Schmidt
prove thatequation (6.3yepresents a good correlation to determine the breakage probability in

different RDC-compartments for a wide range of operating conditions.

» Breakage probabilities in agitated columns with Kiihni blade agitators

Kihni blade agitators accelerate the liquid in radial direction, produicharacteristic flow
pattern within the compartments, sgepter 5.5 Due to the large shear stresses, even small
drops are split at low rotational speeds. For this reason, the gesakarops in a Kuhni-
compartment was investigated with rotational speeds as low as250 tbymin. Experiments
with higher rotational speeds were difficult to carry out becaus®/ meops remained in the
Kihni-compartment for a long time. In addition, drops were often pulled b#okthe
compartment after passing the measuring section. However, rotagjpeeds higher than
250 1/min are generally of no practical interest. The breakage o€ giingps for rotational

speeds higher than 250 1/min was therefore not investigated.

Similar to the RDC-compartment, the breakage probability in the Kidmpartment increases
with increasing rotational speed and mother drop size. The breakage piplodltiie butyl
acetate system is noticeably higher than of the toluene systefigused6.11) Furthermore,
addition of some acetone to the binary mixtures results in a saymtificcrease of the breakage

events due to the reduction of the interfacial tensionfigee (6.12)
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Figure 6.11: Breakage probability of single toluene and butyl acetate drops in aneagitat
Kihni-compartment; influence of drop size, energy input and interfacial tension
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Figure 6.12: Reduction of the interfacial tensionin liquid/liquid-systems and its effect on
the breakage mechanisms in an agitated Kiihni-compartment
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6 Single Drop Breakage

Almost the same correlation as for RDC-compartments can loktogaredict the breakage
probability in Kuhni-compartments. The parameté&sin equation (6.3) which were
determined by a rigorous regression analysis, are listéabla (6.4) For all test systems a
satisfactory agreement between the calculated and measuredwvadifesind, seggure (6.11)
andfigure (6.12) Hence, the breakage probability in agitated RDC- and Kuhni-compartments
can be determined with only one correlation and two sets of paramékessleads to a
simplification if the new correlation is used to determine drop gmfiles in extraction

columns by DPBMs.

» Comparison of the breakage probability in columns with different internals

The breakage probabilities of butyl acetate drops in pulsed compartfoerdspulsation
intensity of 2.0 cm/s are shownfigure (6.13) The comparison of the breakage probabilities
of both investigated types of sieve trays reveals that breakagmiiscsintly higher for sieve
trays with smaller holes. The structured packing demonstratgsificsintly higher breakage
performance than the sieve tray with 4 mm holes but results im bve@kage probabilities than

the sieve tray with 2 mm holes.
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Figure 6.13: Comparison of the breakage probability in compartments withatifferternals
but same compartment height (a single sieve tray, a single packing and two
agitators were installed inside the columns)
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6.2 Breakage Probability of Single Drops in Agitated Columns

The influence of the agitator geometry on the breakage rates exasysly discussed. Kuhni
blade agitators have a high energy input and thus drop breakage occurs foromerch |
rotational speeds than for rotating discs, figare (6.14) While in the Kihni-compartment
breakage probabilities of about 90 % are recorded at a rotational speed of it/ bddakage

of single drops in the RDC-compartment begins at a rotational speed of 300 1/min.

1.0 .

-
i //D/
F/D/
S
—1-Kihni
=) -l I
2 osb |
'g ) IA{DIO 1-RDC ® RDC, dM =2 mm
a -y = RDC, d,, =3 mm -
S oal db A RDC,d,=4mm |
< ’ %I P o Kuhni, d,, =2 mm
2 - o Kihni, d,, = 3 mm -
ozl ”d A Kiihni, d, =4 mm |
. ARC
/
- / butyl acetate (d)/acetone/water
00 Sy . ownexp. data |
' 0 200 400 600 800 1/min 1000

rotaional speed ng

Figure 6.14: Comparison of the influence of the geometry of a rotating disc and a Kuhni blade
agitator on the breakage probability of single drops (a single rotating disc and a
single Kiuhni blade agitator were installed inside the agitated column)

To compare the breakage rates of all internals used in the reepési additional tests were
carried out with two rotating elements of the same type. Thepsetith two agitated
compartments, each with a height of 50 mm, had the same overall compiatteight of
100 mm as the sieve tray and the structured packing. The resultssoéxipesiments are shown
in figure (6.13) The use of two rotating discs yields very low breakage probabilities f
rotational speeds as high as 400 1/min. The use of two Kuihni blade agistdts in high
breakage probabilities for rotational speeds as low as 150 1/min. &hlealge in the Kihni-
compartments is slightly higher than in the pulsed packed compartmenrasdisat lower

than in the compartment with a sieve tray with 2 mm holes.
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6 Single Drop Breakage

6.3 Number of Daughter Drops Produced by the Breakage of a Mother Drop

During the breakage of a single mother drop more than two daughter dragfieaneroduced.
Particularly at relative high energy inputs, large drops break into several dalrgipevith a
relatively wide size distribution. The data of the number of produced daudytaps in this

chapter represent averaged values from at least 100 measurements.

* Number of daughter drops produced in pulsed columns

In pulsed columns the number of daughter drops steadily increases wetising mother drop
diameter and pulsation intensity. As a typical example for pulsed columnsiumber of
daughter drops produced in a compartment with a sieve tray with 4 mmatdisholes is shown
in figure (6.15) At a pulsation intensity of 2.0 cm/s, a single butyl acetate motber gplits

into up to six daughter drops.

®
o

sieve tray - d;, =4 mm

butyl acetate (d)/water

7.0 F own exp. data

o a'f=05cm/s

6.0 L4 af=15cm/s _
o af=1.0cm/s M

M

v a‘'f=2.0cm/s

50 a'f=20cm/sY /D ]
1.5

number of daughter drops per breakage nyq

1.0 2.0 3.0 4.0 5.0 6.0 mm 7.0
mother drop diameter d,

Figure 6.15: Number of daughter drops as a function of mother drop size and pulsation
intensity in a sieve tray compartment

The experiments in the pulsed sieve tray compartments also reagakgardless of the test
system, similar numbers of daughter drops are produced for sameofati@s mother drop

diameter to the stable diametd;\yl/d

tap An increase of this ratdsl® a similar increase
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6.3 Number of Daughter Drops Produced by the Breakage of a Mother Drop

in the number of daughter drops producedfigeee (6.16) Since the experimental results with

sieve trays with smaller and with larger holes show the samendiepee ond,,/d.p

figure (6.16)represents a characteristic plot for both types of sieve trays.

The averaged number of daughter drops per breakage in pulsed compartametitsscbe
described by a correlation developedHgncil and Rod 1988

()"
n,,=2+C -1 (6.6)
dd 1{ dstab }

The parameterS; of this equation (determined from own experiments) are listebia (6.5)

Figure (6.16)proves thaeéquation (6.6xorrelates the number of daughter drops in pulsed sieve

tray compartments for all test systems very well.

10.0 - . . . . . .

sieve tray - d,, =4 mm

e toluene (d)/water .

o toluene (d)/acetone/water

8.0 - m butyl acetate (d)/water T
o butyl acetate (d)/acetone/water

| — equation 6.6

6.0

4.0

own exp. data

number of daughter drops per breakage nyy

1.0 20 3.0 4.0 5.0

mother drop diameter / stable diameter dy,;/dg,,

Figure 6.16: Influence of the characteristic ratio of the drop diametgjgdgd,, on the
production of daughter drops in pulsed sieve tray compartments

105



6 Single Drop Breakage

Table 6.5: Parameters;®f equation (6.6) for the prediction of the averaged daughter drop
number produced during the breakage of a mother drop in different compartments

Type of internal C, )
Sieve tray - =2 mm 0.96 1.21
Sieve tray - =4 mm 0.96 1.21
Montz-Pak B1-350 0.34 1.96
Rotating disc 1.44C 10° 2.93
Kahni - blade agitator 0.03 2.45

The number of daughter drops produced in the structured packing can alsorimenddtey
equation (6.6) However, the investigations in the pulsed packed compartment revietideha
breakage of mother drops results in lower numbers of daughter drops tiensieve tray
compartments, sdegure (6.17) Hence, the prediction of the number of daughter drops with

equation (6.6has to be carried out with different parame@nshich are listed inable (6.5)

10.0 - . . . . . .
Montz-Pak B1-350
e toluene (d)/water .
o toluene (d)/acetone/water

8.0 - m butyl acetate (d)/water T

m}

butyl acetate (d)/acetone/water
— equation 6.6

6.0

4.0

own exp. data

number of daughter drops per breakage ngyq

1.0 2.0 3.0 4.0 5.0

mother drop diameter / stable diameter d;/dg,,

Figure 6.17: Influence of the characteristic ratio of the drop diametgjgdg,, on the
averaged number of daughter drops in a pulsed packed compartment
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6.3 Number of Daughter Drops Produced by the Breakage of a Mother Drop

* Number of daughter drops produced in agitated columns

The breakage behaviour and the number of daughter drops produced in agitateus colu
depends on the same parameters as in pulsed columns. An increadeeofdrog size and of
energy input always results in higher numbers of daughter drops. In parfieutrstems with
a low interfacial tension more daughter drops are produced by thesttesaes in the flow

fields.

The results of the investigations in the RDC-compartment with single tolueneadeogisown
in figure (6.18) Generally more than two drops are produced. Almost the same numbers of
daughter drops are produced by the Kihni blade agitator. However, drop breakargeabcc

significantly lower rotational speeds.

o
o

RDC, dy =45 mm
toluene (d)/water
7.0 F own exp. data i
e dy=2mm
6.0 F A dy=3mm " _
m dy=4mm

40 r

3.0 |

number of daughter drops per breakage nyqy
o
o

400 600 800 1000 1200 1/min 1400

rotational speed ng

Figure 6.18: Impact of the mother drop size and the rotational speed on the avexagbéer
of daughter drops produced during breakage in the RDC-compartment

An increase of the characteristic ratig/d causes an increaserufrttieer of daughter

stab
drops in both the RDC-compartment and the Kuhni-compartmentfigige (6.19) The
number of daughter drops in agitated compartments can thus be predietgdalipn (6.6)
The stable diameter required is found vetfuation (6.5)For this purpose, the parametiy

has to be replaced Witﬂ?stab
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6 Single Drop Breakage

Kihni - own exp. data RDC - own exp. data
e t(d)w m bu-ac(d)/w o t(d)yw o bu-ac (d)/w
A t(d)a/w v bu-ac (d)a/w | a t(d)a/w v bu-ac (d)a/w

—
o
o

8.0

6.0

4.0

—— equation 6.6

number of daughter drops per breakage ny

2.0
1 4 7 10 13 16 19

mother drop diameter / stable diameter d,/dg,,

Figure 6.19: Effect of an increase of the characteristic rajp/dk;,,on the daughter drop
production in an agitated RDC-compartment or Kiihni-compartment

It has to be mentioned thequation (6.5was developed for predicting the breakage probability
and not for predicting the stable drop diameter. For this reaspmtion (6.5)results in
relatively low values of the characteristic diametgg,> and hence in high values of the ratio
dM/dsta
results in satisfactory agreement with the measured numbers of eladgips in the RDC-

p- Apart from this deviation, the combination ejuation (6.5)with equation (6.6)

compartment and in the Kuhni-compartment, §igere (6.19) The parameters that are
necessary to determine the number of daughter drops in agitated compamneelisted in
table (6.5)

5. In the literaturelg,, is also often called the critical drop diamedgy; . For better understanding and to prevent
confusion, the termg,,is always used in this chapter.
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6.4 Volumetric Density Distribution of Produced Daughter Drops

6.4  Volumetric Density Distribution of Produced Daughter Drops

The volumetric density distribution of the produced daughter drops has to be Koow
predicting the drop breakage in extraction columns by DPBMs. As previoesityaned, there
are numerous correlations in the literature for the volumetric tedistribution of daughter
drops. One method which proved its worth during this work is giveBalynanyar and Slater
1991 According to these authors, the volumetric density distriqu'?n of the daughter drops

is determined as a function of the number of daughter drpps by the following aomrelat
dyq) 37"~ dgy
M

The comparison of this correlation with data obtained in the own exgaisnm pulsed and
agitated compartments is shown in the diagramgofe (6.20) The diagrams reveal that
equation (6.7)s suitable for determining the volumetric density distribution of daughter drops

for different systems, different sizes of mother drops and different energy inputs.
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6 Single Drop Breakage
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Figure 6.20: Comparison of equation (6.\&)th volumetric density distributions of daughter
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7 Mass Transfer 1n and Out of Single Drops

Although the phenomena that influence mass transfer in and out of singleadreps| known,

a general model has not been developed yet for accurately predictiadramsser rates, see
Wagner 1999Uncertainties exist in quantitatively determining the effectsrofilations within

a drop, of Marangoni convections as well as of wakes and eddies aroundphsedr also
Brandner and Brauer 1993An unsolved problem is also the prediction of the influence of

surfactants and electrolytes on mass transfer behaviour of single drops.

Against this background, it is still necessary to perform experimétitsingle drops to obtain
accurate information about mass transfer rates. Mass transfer intiessiga laboratory scale
columns with and without internals allow the determination of overadlsntransfer coefficients
Boq Of single drops. For this purpose, mass transfer experiments weee cait using the same
approach aQi 1992 Hoting 1996andWagner 1999seechapter 2.3 The overall mass transfer
coefficients were calculated by

_ _d Y =y
Pod = 5TAT Dn(y—*_yj (7.1)

7.1 Mass Transfer in Columns Without Internals

Experiments with both liquid/liquid-systems in columns without intersiadsv that the overall
mass transfer coefficiert,; is considerably increased by anaBermef the drop size, see
figure (7.1)andfigure (7.2) Overall mass transfer coefficients of drops with a dianoét&mm
are approximately twice as high as of drops with a diameter of Zomihermore, overall mass
transfer coefficients of butyl acetate drops are significantly hitita of toluene drops. This
is particularly seen for a transfer direction from the continyghase to the dispersed phase
“c to d“ with an initial concentration difference of x/, = 0.03 kg/kg. The higher mass transfer
rates of butyl acetate drops result from the higher surface nyadfilihese drops. High surface
mobility promotes the generation of circulations within a drop. Thisesbetter mixing of the

drop interior and hence higher mass transfer rates than for toluene drops.
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7 Mass Transfer In and Out of Single Drops
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Figure 7.1: Overall mass transfer coefficients of single toluene drogscolumn without

internals and comparison with models from the literature (see also chapter 2.3)
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Figure 7.2: Overall mass transfer coefficients of single butylaeeairops in a column with-
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7.1 Mass Transfer in Columns Without Internals

The influence of the initial concentration difference on massfearates was investigated with
butyl acetate drops, séigure (7.2) As expected, higher overall mass transfer coefficients are
observed for a higher concentration differengey, for the same transfer direction. This is due
to the development of Marangoni convections which rise with increasingemiaton
difference at the interface and which cause turbulent currents inside and ofitsidi®p. The
dependence of Marangoni convections on the concentration difference ib@iso ls/Wolf

1999andTourneau 2004or several liquid/liquid-systems.

The results of the investigations for both mass transfer dinsc{“c to d“ and “d to c*) are
shown in figure (7.1) and figure (7.2) For an initial concentration difference of, x
Yo = 0.03 kg/kg, the mass transfer rates for a transfer direction fldmc* are higher than for
“cto d“. The influence of the transfer direction is particularlgrséor toluene drop®i 1992
also found a strong increase of the overall mass transfer eeetffiof toluene drops for a mass

transfer direction from “d to ¢ compared to the reverse direction.

Experiments with single drops prove that Marangoni convections alnvesysabppear and
eruptions are generated at the interfacey#£1999 Such eruptions are normally directed into
the drops as well as into the bulk of the continuous phase. AccordiQgl@92 stronger
eruptions are produced in that phase to which the solute is transtdrosdfor a mass transfer
direction from “c to d“ stronger eruptions are produced in the drops than for the oppasge
transfer direction. For a mass transfer direction from “d teitnger eruptions occur in the
continuous phase than for the reverse transfer direction. These eragptioesich deep into the
continuous bulk phase. Therefore, the concentration at the interfacecoitireious phase is
significantly reduced by the constant delivery of “fresh* continuous phaseawow solute
concentration. Assuming that this effect is dominant and is isedefor a mass transfer

direction from “d to c*, higher overall mass transfer coefficients ararwaahan for “c to d“.

In order to compare overall mass transfer coefficients of sirgles with models from the
literature, it must be clarified whether the mass transfer resestat only one phase or of both
phases has to be taken into account. For this purpose, the dimensionless Brauer number can be

used, see alddenschke 20Q3vhich is given by:

D
Br = mO|=¢ (7.2)
DC

Here,mis the distribution coefficienDy is the diffusion coefficient in the dispersed phase and
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7 Mass Transfer In and Out of Single Drops

D. is the diffusion coefficient in the continuous phase. If the valugedBtauer number is close
to zero Br — 0 ) the mass transfer resistance is definitely itlseddrops. For very high values
of the Brauer numbeBr — o ) only the mass transfer resistance aothi@uous phase has
to be considered. Using the values [, D, and m proposed by th&eFCE 1984for a
concentration of x= 0.03 kg/kg and y= 0.03 kg/kg, the Brauer number reaches a value of
Br = 1.3 for both liquid/liquid-systems us€dThus, the limiting mass transfer resistance is

inside and not outside of the drops.

According toHenschke 20Q3urther information about the limiting mass transfer resistance is
obtained when the mass transfer coefficients inside thefjyop  andectiis drop3, are
compared. For this purpose, the time requiredsfor , which is time-depetmieeach the

same value a8, , which is constant, is evaluated.

In the following sections, mass transfer of acetone from a continuatas phase (x= 0.03 kg/
kg) to a toluene drop with a diameter of 4 mrg £y0.0 kg/kg) is examined. Mass transfer
coefficientsf, andf, can be determined as follows: Applyatgation (2.74pf Steiner 1986

results in a mass transfer coefficient in the continuous phqﬁgezole.ODlGSm/s

Equation (2.62)in combination with the first derivatives of the approximate solutiorthe
Newman model, seequations (2.61)yields the following correlations for the mass transfer

coefficient for short and long contact times, respectively:

—-yo 2D
Pa =~ . E [(1_ : ) for Foy;<0.1584 (7.3)
y(y-yd d 7 [Foy
Yo—yU 4Dy )
ﬂd = y(t)_yDD q EEXM_JT D:Od) for F0d201584 (74)

Using equations (2.61again to eliminate the concentration difference in the equations above
permits the mass transfer coefficightand the Sherwood numb8h,  to be correlated for very

short and long contact times:

B, = |20 N Shy = —2— for Foy - 0 (7.5)
B /7 OFoy ‘ '
2
By = %d’%’ = Sh = %Drz for Fo,20.1584  (7.6)

6. For the given solute concentrations, the distidinucoefficientm is 0.83 for the toluene system and 0.92 for
the butyl acetate system. The diffusion coefficgeante listed irthapter 3.2
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7.1 Mass Transfer in Columns Without Internals

For short contact times the mass transfer coeffici@ptand 8, become equal at a time of
t = 0.053 seconds. This is nearly the time a drop with a diametenof Aeeds to rise a distance
which is identical to its own diameter. For long contact timesrtass transfer coefficierf,
reaches a value @%; = 4.6 010° mis , which is approximately 28 times lower thamdke
transfer coefficieng, . Even if the correlationkobnik and Brink 1950s used, which leads to
higher values 0f; than the model of Newman, the mass transfeicmo#if . is still 11 times

higher for long contact times.

Both mass transfer coefficients have the same values only forskiery contact times. In
addition, it is not certain whether the mass transfer coettifigis actually constant or even
higher for short times than for long contact times. It can thus beud®ttthat the whole mass
transfer resistance lies inside the drop. Considerations of otbersdres for both systems
confirm this result. Thus, for all investigated drop sizes and systésresssumed that the mass
transfer resistance is mainly inside the drops. Therefore, theraepeally determined overall

mass transfer coefficienfy; are compared with models from the literaturefgr

To get time-averaged mass transfer coefficients fidemvman’sand Kronik and Brink’s
correlations the approximate solution ©fift et al. 1978for the time-averaged Sherwood

numberSh, is used:

— B 2 (y(t) —yﬂj
Shy = — = - On (7.7)
The combination oéquation (7.7)andequations (2.61allows the determination of the time-

averaged mass transfer coefficients from the model of Newman for rigid drops.

Kronik and Brink’s model represents a further development of Newmadelrfor circulating
drops. Thus, it can also be described by the same approximate solyilaomgethe molecular
diffusion coefficientDy by an effective diffusivitpy ¢ that is Rnes higherDy ¢ =
R D, . The dimensionless numbigr  can be interpreted as an enhancemethéaetocounts
for the effect of circulations within a drop on mass transferCéifteet al. 1978 Accordingly,
the time-averaged Sherwood numisdy, and the mass transfer coeffijeate predicted

using the following equations for short and long contact times for both models:
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7 Mass Transfer In and Out of Single Drops

- 2 _(_6_ )

Shy = ~37r5, Dn[l £ O/RTR, +3ERDFod} for Foy<0.1584  (7.8)

Shy = ——=2 Eln[ 8 exp(— 72 [ROFo )} for Fo,20.1584  (7.9)
3[Foy 2 d d=

whereR = 1 for the model dlewmamnandR = 2.5 for the model dfronik and Brink

The comparison of the experimental overall mass transfer ceetfciwith the models
discussed above as well as with the model$lafdlos and Baron 195and Kumar and
Hartland 1999is illustrated irfigure (7.1)andfigure (7.2)

Small toluene drops show a behaviour similar to rigid drops for a tneas$er direction from

“c to d“. At higher drop sizes the circulations within the drops in@ehs mass transfer. The
mass transfer of toluene drops with a diameter of 2.5 to 3.0 mm is wellbgesbyi the model

of Kronik and Brink seefigure (7.1) For larger toluene drops, higher overall mass transfer
coefficients are experimentally determined than predicted by thisiniduke correlations of
Handlos and Baroras well asKkumar and Hartlandresult in values of the mass transfer
coefficients that are too high for a transfer direction frono“d‘t However, a good agreement
betweerKumar and Hartland’'scorrelation and the experimental data is given for the reverse

transfer direction from “d to c“.

The overall mass transfer coefficients of butyl acetate dregsginer than the values predicted
by the models oNewmanandKronik and Brink.This must be related to the high degree of
circulations inside the drops, segure (7.2) The model oKronik and Brinkpredicts the same
values as the experimentally values for an increase of theiedfddtusivity only. A regression
analysis for the dimensionless enhancement fdetor  yields valuestféoto 14.9 for the
individual butyl acetate drop diameters. Similar enhancement fastoesfound byBoyadzhiev

et al. 1969and Steiner 1988for several liquid/liquid-systems. The high values of the
enhancement factors indicate the production of eruptions at the ietarfddurbulent mixing
inside the butyl acetate drops. A very good agreement with the expetiniaiatas given by
theKumar and Hartlandnodel. Their model does not only properly predict the increase of the
mass transfer coefficient with increasing drop diameter, boipaéslicts the same values as the
measured ones. Again, thii¢andlos and Baronmodel shows large deviations from the

experimental data.
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7.2 Mass Transfer in Pulsed Columns with Different Internals

7.2 Mass Transfer in Pulsed Columns with Different Internals

To determine the influence of internals on mass transferobs@iggle drops, experiments were
conducted in columns with different compartment types. Several irgeshane type were
always installed inside the laboratory scale columns resulting averall measuring section
height of 200 mm. For example, three sieve trays with a distance ahtObom each other
were assembled in the pulsed column. All experiments in columhsniérnals were carried
out with a mass transfer direction from the continuous to the dispphsse “c to d* and an

initial concentration difference ogx y, = 0.03 kg/kg.

* Mass transfer in pulsed columns with sieve trays

The results of the investigations in the pulsed column with sieve tray compararestoown

in figure (7.3)andfigure (7.4) For both test systems mass transfer rates increaseargiasing
drop diameter. Furthermore, overall mass transfer coefficjgptsn thei pulsed sieve tray
column are higher than in columns without internals. Beside the infludrnice drop diameter
the effect of pulsation intensity on mass transfer rates igamp#n general, an increase of the
pulsation intensity causes increasing mass transfer rates. This is cdriiyrtiee overall mass
transfer coefficients for pulsation intensitiesaoff =1.5 cm/s and ©I8/6 which are

higher than those for lower pulsation intensities.

Comparison of mass transfer coefficients of both liquid/liquid-systesueals that mass
transfer rates into butyl acetate drops are higher than into toluge éiccording to the results
of Qi 1992 Wagner 199%ndHenschke 20Q3he mass transfer into a single drop in pulsed
sieve tray compartments is enhanced by the turbulent currents clbsdrtmys. These currents
are primarily caused by the pulsation of liquid in the column. Furthernmoass transfer
improvement results from the deformations of the drops by their mbtiough the sieve trays.
These deformations cause form oscillations of the drops and, thgs, lavel of mixing of the
drop interior. Because butyl acetate drops are less stable tharetdhagps they show stronger

form oscillations and subsequently higher mass transfer rates.
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Figure 7.3: Overall mass transfer coefficients of toluene drops iredgutempartments with
sieve trays with a hole diameter of 4 mm
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Figure 7.4: Overall mass transfer coefficients of butyl acetate dropsised compartments
with sieve trays with a hole diameter of 4 mm
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7.2 Mass Transfer in Pulsed Columns with Different Internals

Mass transfer of single drops in compartments with sieve traiis2awynm holes is difficult to
investigate since often too many breakage events occur. The determiredtiroass transfer
coefficient cannot be attributed to a certain drop size when salrera of different sizes are
produced by breakage. For these reasons, only few experiments could duk aarwith this

type of sieve tray.

Figure (7.5)shows that similar values for the overall mass transfericmefts of toluene drops
exist for both types of sieve trays. A very similar result wasioddain experiments with butyl
acetate drops. However, the similar valueg gf do not mean tharttechange of drop
concentration is achieved for both types of sieve trays. Higher coaentchanges are
obtained in sieve trays with 2 mm holes than with 4 mm holes. Simaliale the velocities
of single drops are lower in compartments with the sieve trapstetsmaller holes. Since the
overall mass transfer coefficients are determined as a danatiboth the drop concentration
change and the drop velocity, similar mass transfer coefficiergs calculated from

equation (7.1)

10™ mis - - - -
own exp. data A v ¢ sieve tray - d;, =4 mm

A A g'f=1.0cm/s AvOSieVetFGY'dh=2mm
20tv varf=15cm/s ]

o & a'f=20cm/s

15 .
. . A\
without internals

see figure 7.1 v
10

overall mass transfer coefficient B4

5r i
toluene (d)/acetone/water
c—d, x,=0.03,y,=0.0
0 1 1 1 1 1
1.5 20 2.5 3.0 3.5 mm 4.5

drop diameter d

Figure 7.5: Influence of the hole diameter of the sieve trays on thetraaster coefficients
of toluene drops

7. There was a longer time interval between thedtigations of mass transfer and of single dropkaga. The
drops of the toluene and butyl acetate chargeschwmviere used for these experiments, showed a Iglight
different breakage behaviour. Therefore, care @t to insure that only mass transfer experimghese no
breakage or where less than 10 of 100 drops wekehrwere used for analysis.
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7 Mass Transfer In and Out of Single Drops

» Mass transfer in pulsed columns with structured packings

Mass transfer of single drops in pulsed columns with structured packiggserally improved
by the steady collision of the drops with the packings, the abrupt changes of movitigrgirec
and the steady deceleration and acceleration of the drops. These etfeetsidaulent mixing
of the drop interior and hence a higher degree of convective transploet sfltite towards or
away from the interface. Consequently, overall mass transfelicoeafs in pulsed columns
with structured packings are higher than in columns without internaksistéonfirmed by the
own experiments in the pulsed column with two structured packingsjgsee (7.6) and
figure (7.7) The overall mass transfer coefficients in the pulsed packed cionguas show
almost the same increase with increasing pulsation intensity &isei pulsed sieve tray

compartments, see alfigure (7.5)

In contrast toNagner 199%nd own resultdloting 1996found a decrease of the overall mass
transfer coefficients of single drops in a pulsed packed column codnfeaeaecolumn without
internals. For his experiments, Hoting used structured packings of tedygasras in this work.
He suggested that the low characteristic drop velocities in pulsge&g@aompartments are

responsible for the decrease of the overall mass transfer coefficients.

Hoting also carried out mass transfer experiments with swardrsgd in a pilot plant extractor
with the same structured packings. Furthermore, he calculated cotioargrafiles by the use
of a drop population balance model (DPBM) on the basis of his singlentasp transfer
coefficients. Hoting found deviations between calculated and measured conmemtrafiies.
The mass transfer efficiencies calculated by the DPBM weoelow compared to the
experiments. Since drop size profiles and hold-up profiles in the pilaot ptdumn were
correctly described by the DPBM, these deviations may be relatee ot values of the mass

transfer coefficients.
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7.2 Mass Transfer in Pulsed Columns with Different Internals
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Figure 7.6: Effect of energy input in pulsed compartments with structuredngacén the
overall mass transfer coefficients of toluene drops
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Figure 7.7: Effect of energy input in pulsed compartments with structuredngacén the
overall mass transfer coefficients of butyl acetate drops
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7 Mass Transfer In and Out of Single Drops

7.3 Mass Transfer in Agitated Columns with Different Internals

The energy input in agitated columns increases the mass tran$tecéxy circulations of the
drops in the compartments and by induced circulations within the drops. icujaaytthe
increase of the circulations within the drops results in a signifieicrease of the mass transfer
rates. Mass transfer of single drops in agitated columns wastigated using four RDC-

compartments and four Kiihni-compartments.

* Mass transfer in agitated columns with rotating discs

The investigations in the laboratory scale column with rotating dedsm that mass transfer

in agitated columns is significantly improved compared to columns witinéernals, see
figure (7.8)andfigure (7.9) These figures show that drop size and rotational speed have a great
influence on mass transfer into drops. While the characteristicityeis relatively independent

of the rotational speed, ségure (5.14) a rising rotational speed is associated with increasing
overall mass transfer coefficients. The influence of the rotdtgpeed on mass transfer is
larger for butyl acetate drops than for toluene drops. It is assumaethis is attributed to the
higher degree of circulations within the butyl acetate drops and thregetr deformation of

these drops when they collide with the agitators.
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© see figure 7.1
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Figure 7.8: Influence of the rotational speegin agitated compartments with rotating discs
on the overall mass transfer coefficients of toluene drops
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7.3 Mass Transfer in Agitated Columns with Different Internals
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Figure 7.9: Influence of the rotational speegin agitated compartments with rotating discs
on the overall mass transfer coefficients of butyl acetate drops

* Mass transfer in agitated columns with Kuhni blade agitators

Because of the high breakage rates in agitated Kihni-columns only exfe@fiments for
rotational speeds lower than 150 1/mwere carried out. The results of these mass transfer
experiments show that higher rotational speeds result in higher masertrates for both test
systems, se@gure (7.10) The solute concentration in the drops is strongly increased by an
increase of the rotational speed from = 50 to 100 1/min This is particularly confirmed by
the changes in the extraction efficien€y for higher rotational spedus extraction
efficiency is defined as the achieved concentration change divided byaiieum possible

concentration change of a single drop within the measuring section:

Q=227 N (7.10)
yH-y;

The extraction efficiency is significantly improved with increasitational speed in the

Kidhni-compartments. For instance, a butyl acetate drop with a diaof€tds mm shows an

extraction efficiency of = 0.83for a rotational speed of 50 1/min. For a rotational speed of

100 1/min, the extraction efficiency increases to a valG@o0.92for a drop of same size. For

smaller butyl acetate drops even higher extraction efficiencies exist.
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7 Mass Transfer In and Out of Single Drops
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Figure 7.10: Impact of the rotational speeg @an mass transfer rates of single drops in Kihni-
compartments and comparison of the overall mass transfer coefficiebtghof
investigated liquid/liquid-systems with the results for free rising drops

For this reason, an increase of the rotational speed considerably entienoeass transfer in

swarms of drops in columns with Kiihni agitators, see lblsoar 1985 However, it also has

to be mentioned that the column throughput is significantly reduced due to the strong decrease

of the drop velocities, see aligure (5.18)

* General conclusion

The own investigations of single drops reveal that mass transésr irndifferent types of
compartments are generally higher for butyl acetate drops than foneadweps. In addition,
for both test systems mass transfer rates are enhanced byemsénof drop size and energy
input. As a consequence, the energy input in extraction columns should be &s fughkible
to improve the mass transfer performance. However, higher energy anpuatso associated
with higher numbers of breakage events and, in turn, smaller drops. Such smatiaair tgesd
to flooding of the column even at low flow rates. The energy input inaixtracolumns is

therefore limited.
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8 Swarm Influencein Extraction Columns

The interaction of particles (rigid spheres or drops) within arswcauses a significant
reduction of the velocity of the swarm particles compared to theityetd@ single particle. For
this reason, the influence of hold-up on the effective velocity of pestievhich means the
swarm influence, has to be considered. The effect of holtzup on tlutiveffparticle
velocity vy , is often described by the following correlation:

Y v,

__%s Y%
Vde = 1_hd 1_hd (81)

According toequation (8.1)the effective particle velocity, , is determined from therswa
velocity v, , the superficial velocity of the continuous phase  and the hdig-upmodel for

the prediction of the swarm velocity  that is often used is giveRidiyardson and Zaki 1954
As a result of many investigations with rigid spheres in columnsowitinternals (fluidised

beds), Richardson and Zaki derived the following correlation:

\VTS = (1-hy)" where n = f(Re) (8.2)

(o]

The exponenn indicates the degree of swarm influence. Richardson and Zaki givealseve
correlations for the so-called swarm exponeim wide ranges of the Reynolds number, see
chapter 2.2 However, this model is only validated for swarms of rigid sphereliumns
without internals, which means for an unhindered flow of the particiemritrast, in extraction
columns a hindered flow of the particles exists because of the caht@nnals. The validity of
this model to drop swarms in extractors is thus questionable. Incaddite evaluation of the
swarm exponemnt according to Richardson and Zaki for swarms of drops is difficultSxte
investigations must be carried out in pilot plant columns. Againstbién&ground, a new
approach will be introduced to determine the swarm velagity  on the dfasingle particle

investigations only.

8.1 Modelling the Swarm Influence on the Basis of Single Particle Erpats

An elegant solution for describing the swarm influence in particle flows is\achl®y the use
of the model ofStichimair et al. 1989see als@hapter 2.2 With this model, the influence of

hold-up on the swarm velocity, is predicted from knowledge of the dependetieedrfig
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8 Swarm Influence in Extraction Columns

coefficientc, , of a single particle on the Reynolds nunibeonly:

Vs _ |Cyo(R&) 4.65
i [ 03

(o]

Since the Reynolds numbers of a single parfe and a swarmiofgsRte, are different,
the drag coefficient of a single particle has to be known in a \aiulgerof Reynolds numbers.
The relationship between the drag coefficient of a rigid sphere amegreolds number in an
unhindered flow is well-known, séaskas 1971Bauer 1976Clift et al. 1978 Henschke 2003
etc The use of one of these correlations in combination with the newmswasdel
(equation 8.3 allows the swarm exponentto be determined according to Richardson and

Zaki's model by:

4.65

n

[{1-hy)

LR J %.o(R&) (8.4)

~ In(1-hy) Cyo(RE)
The comparison of Richardson and Zaki’'s model emdation (8.4) which was presented in
chapter 2.2 demonstrates the validity of the new swarm model for rigid spheres
unhindered flow. To determine the swarm influence in drop systems in urddratewell as in
hindered flows, the terminal and characteristic velocities of sidgips must be known. This

leads to the desired relationship between the drag coefficient aReyim@lds number of the

drops by:
4 _Ar
Cao(RE) = 3 = (8.5)
Re

The dependence of the terminal velocity on the diameter of a sigglesphere and a toluene
drop is illustrated in the dimensionless diagranfigure (8.1) Small toluene drops have
slightly higher terminal velocities than rigid spheres of same $iz contrast, large toluene
drops move significantly slower than rigid spheres due to the form ilitstabithe drops and

the subsequent increase of the drag coefficient. Thus, the drag eoéffafi small toluene

drops shows values similar to those of rigid spheres for Reynolds nunoppéos800, see

figure (8.2) For higher Reynolds numbers the drag coefficient of the drops isicagiy

larger than for rigid spheres.

8. The model oHenschke 200%/as fitted to the experimental terminal velocitidsigid pp-spheres and toluene
drops, which can be seen by the linefigare (8.1) Afterwards the dependence of the drag coefficienthe
Reynolds number in an unhindered flow was deterchirengequation (8.5)
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8.1 Modelling the Swarm Influence on the Basis of Single Particle Experiments
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Figure 8.1: Terminal velocity (unhindered flow) of single particles and charatic velocity
(hindered flow) of single particles in structured packings
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8 Swarm Influence in Extraction Columns

Usingequation (8.4}o determine the swarm exponarnesults in slightly higher values for an
unhindered flowof drop swarms than of rigid sphere swarfos Reynolds numbers from
Re =60 to 60C, seefigure (8.3) In this region, the drag coefficient of toluene drops is lower
than for rigid spheres, sdegure (8.2) In regions where the drag coefficient of drops is
significantly larger than that of rigid spheres, the swarm exparfafis to values significantly

lower than the minimum value of 2.39 given by Richardson and Zaki.
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Figure 8.3: Comparison of the swarm exponent n of Richardson and Zaki (se)iavith the
swarm exponents for drops in an unhindered and hindered flow calculated by
equation (8.4)

Large deviations in the velocities, drag coefficients and swarm exgdnetmteen rigid spheres
and drops in an unhindered flow exist for large and deformed drops only. In tomtras
hindered flow, e. g. in a packed column, even small drops have lower \esdititin rigid
spheres in an unhindered flow, degire (8.1) Thus, the drag coefficients of single drops in

packed columns are significantly higher than in columns without internalggee(8.2)

Analogously to large drops in unhindered flow, the different drag coeffsctérsingle drops in
packed columns result in low values of the swarm expomeseefigure (8.3) The swarm
exponents in columns with structured packings reach values between 0.95amtl&& much

lower than the values for rigid spheres in an unhindered flow.
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8.1 Modelling the Swarm Influence on the Basis of Single Particle Experiments

That the swarm exponents in columns with structured packings ar#yalcwar than those of
Richardson and Zaki and are within the range given above is confirmedibyeabggations of
Mackowiak 1993and Hoting 1996 Figure (8.4) shows a flooding diagram according to
Mersmann 198Qwhich includes the experimental results from Mackowiak and Hoting in
columns with structured packings. The single parameter curves ingilnis vere determined

by the use of Mersmann’s approximate solutioeafation (2.48)

Vvi(’)f = XHl—mn_l—\%D%( where X = %E[l—(v\%f)%} (8.6)

Figure (8.4) proves that flooding in packed columns is only correctly predicted by swarm
exponents in the range of 1.0 to 3.0. The major part of the experimental data is only accurately
described by swarm exponents that are significantly lower than thenammivalue of
Richardson and Zaki of 2.39. Many researchers observed that the sxypamemt and therefore

the swarm influence in extraction columns is lower than predicteddmaRIson and Zaki, see
Pilhofer 1978 Godfrey and Slater 199Mackowiak 1993Wagner 1999etc But for the first

time, explanations for the deviations are given by the new swarm model.
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Figure 8.4: Flooding diagram according to Mersmann 1980 (Mackowiak ¥983ented
flooding data for columns with structured packings and with random packings,
but in the figure above only flooding data for columns with structured packings
are depicted)
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8 Swarm Influence in Extraction Columns

8.2 Simplification of the New Swarm Model

The prediction of the swarm influence plays a decisive role ideteyrmination of the effective
drop velocityvy ¢ It is also important in the determination of the hold-up in extrattptsie
following equation (see alsthapter 2.2:

Vd

T, o0

The new swarm model offers a good approach to predict the swarmyeldithe hold-up in
extractors only through single drop investigations. However, its applicatassociated with a
large computational effort. The procedure for the simultaneous detdrom of the swarm
velocity and the hold-up with the new swarm model @ogiation (8.7)is depicted in
figure (8.5) First, the dependence of the drag coefficient on the Reynolds number lhas t
derived from the characteristic velocity data of single drops. Sed¢wldotd-up in the extractor
is estimated. Subsequently, the swarm velocity is determined tgrative approach (see inner
iteration circle). Finally, the hold-up is calculated &gyuation (8.7)and compared with the

estimated value (see outer iteration circle).

Since the swarm velocity of each drop size in each height elemetat basletermined by the
use of drop population balance models, a simplification of the previous prededigsired.
The following sections describe how the application of the new swatelman be simplified
to predict the swarm velocity of rigid spheres in columns withoutnater The described
procedure can be easily transferred to drop swarms in columns véthaist if the correct

characteristic velocities are used.

The velocity of a single particle depends on its drag coefficient:

_ |4, dA Y
Yo = J 3 Cao(RS) by (8.8)

Using the model ofstichimair et al. 19890 determine the drag coefficient of a swarm of

. —4.65
particles €4 (R&) = cy,(Re) H{1-hy)
swarm velocity (see alsshapter 2.2

) results in the following correlation for the

DAp Lo 4.65
JB co(Re) b H{1-hy) (8.9)
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8.2 Simplification of the New Swarm Model
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Figure 8.5: Schematic for the simultaneous determination of the swarmtyealodithe hold-
up using the new swarm model (equatior) &r&l equation (8.7)
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8 Swarm Influence in Extraction Columns

Prediction of the swarm velocity can be simplified by determiningstt@m velocity as a
function of a single particle with diametd,  which has the sa@®ds number as the
swarm of particles:

VO,VEdV u)C Vsl:d Q)C

R = Re. = = 8.10
G = Re o 2 - (.10)

Since the velocity of a single particle is different from th@eiy of the particles in the swarm,
the single particle which fulfils the Reynolds number conditioaqufation (8.10must have a
different size than the actual size of the particles in therswHne particle which is subjected
to the Reynolds number condition is called a virtual single partigle ( = diameter sihple

virtual particle,v, ,, = velocity of the single virtual particle).

Considering the swarm velocity for the actual particles with di@andeby equation (8.9)and

the velocity of the virtual particle byquation (8.8yesults in:

Vs d 4.65
—= = [Sq1-h) (8.11)
VO,V /\/ dV d

Combination ofequation (8.10rndequation (8.11pllows the diameter of the virtual particle
d, to be determined as a function of the particle diantsded the hold-ufn, . In addition, the

swarm velocityvg can be evaluated from the velocity of the virtual pasigle

4.65/3 4.65/3

d, = dd1-hy)

Thus, starting from the known diameter of the particles in the swlathe diameter of the

aswellas  y=v, ,[1-hy) (8.12)

virtual particled, , the velocity of the virtual partiokg,,  and fipahe desired swarm velocity
is determined for a certain value of hold-up. Without evaluating the depemadé the drag
coefficient of a single particle on the Reynolds number and without emajivte calculations,
the swarm velocity is derived in 3 stepsgure (8.6)illustrates this simplified approach to
determine the swarm velocity of rigid spheres for an unhindered flowthFee steps of the
new approach are depicted by the thick solid lines. As can be seenalsathton procedures

give the same result (the direct way via an iteration is shown by the dashed line).
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Figure 8.6: lllustration of the simplified procedure to determine the sweaetacity (thick
solid lines) in contrast to the direct but complex procedure presémteltapter
8.1 (dashed line). The velocity of a single rigid sphere and the swarmtyeloc
were determined using the correlation of Kaskas 1971 for the drag coefficient.

8.3 Validation of the New Swarm Model

As shown previously, the new swarm model predicts the swarm infleémicgd spheres in an
unhindered flow very accurately. However, in extraction columns hindere&fizts because
of the internals. For this reason, the validity of extending the newrsmadel to rigid spheres
in extraction columns with different internals was tested. Thefus®no-dispersed swarms of

rigid spheres permits experiments to be carried out in absence of breakage andrumalesc

» Swarms of rigid polypropylene (pp)-spheres in extractors with different internals

The hold-up in extraction columns can be determined with the help aktheswarm model
and equation (8.7) The comparison of the predicted and measured values of the hold-up

provides confirmation of the accuracy of the new swarm model. Compafigmntheoretically
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8 Swarm Influence in Extraction Columns

and experimentally derived hold-up data is advantageous since the hold-sipriscemeasure
than the swarm velocity of the particles. The hold-up in the rigid sigveaem extractor was
determined by measuring the height of the particle bed after cldsnglitling valves, see
chapter 4.3 To predict the swarm velocity and the hold-up, the measured ternrmdal a
characteristic velocities of single rigid pp-spheres presentechapter 5were used in

combination with the new swarm model.

The comparison of theoretical and experimental hold-up values reveathdhaew swarm
model predicts the hold-up of rigid spheres in extraction columns witheuhais very well,
seefigure (8.7) The good agreement of predicted and measured hold-up values was expected
since the new swarm model was derived for this purpose and alrehdgtedh by the

comparison with Richardson and Zaki’s model, seedispter 2.2

40 rigid pp-spheres [ ' 0] Rigid sphere swarm extractor:
% | 145 measuring points (own exp. data)
20 relative error = 18.7 % <o) 1 e without internals
> o with Montz-Pak B1-350 elements
o m with Rotating Disc Contactors
i 10 O T . I .
2 sl . | & with Kihni blade agitators
% 6 &% 1 Operating conditions:
© 4t ] volumetric flow ratio V4 / V.= 1.0
§ diameter of particles
- +30% dp =3.0,3.5,4.0 mm
2 r ’ pulsation intensity (a = 8 mm)
-30% a-f=1.0-2.0cm/s
1 | | | 1] | rotational speed
1 2 4 6 810 20 % 40 Nr=200-400 1/min

experimental hold-up hy

Figure 8.7: Comparison of the measured hold-up of swarms of pp-spheres and gdredicte
values from the new swarm model, see equation (8.3), in different extractors

In addition, a good agreement of hold-up data in columns with different iltés@en in wide
ranges of operating conditions such as the pulsation intensity and tienadtspeed. It should
be mentioned that experiments with sieve trays could not be carried out dutatgehsze of
the rigid spheres. Even for very low throughputs and the use of sievewithylarger holes

(sieve tray - § =4 mm) flooding occurred in the column.
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8.3 Validation of the New Swarm Model

» Swarms of drops in extractors with different internals

To test the validity of the new swarm model for predicting the swarm velocity ahddhep
of drops, numerous experiments under mass transfer conditions weesl carti For the
experiments with toluene (d)/acetone/water and butyl acetate (dyladeater the inlet
concentration of acetone in the continuous aqueous phase was approximdately while a
solute-free solvent was used as the organic dispersed phase. Investigatie conducted for
a constant phase ratiowof/v, = 1.2  and a varying total througBgBt = v, + v,.). During
the experiments, the sauter diameter and the hold-up were meastmeg icolumn sections,
seechapter 4.4 Detailed information about the results of the experiments caoulbpel in the

appendix, seehapter A

To predict the swarm velocity and the hold-up, the measured sauteteliarwere averaged.
These averaged sauter diameters were used to determine timalteeatdcities of single drops
and, in turn, the characteristic velocities of single drops with theslations presented in
chapter 5 Finally, the predicted hold-up values from the new swarm modelsoenpared to

the measured overall hold-up values.

In addition to own experimental data, data from the literature was used totkbe@lidity of

the new swarm model in large ranges of operating conditions in éxgacb compare hold-
up data from the literature with values predicted from the nearmrswnodel, single drop
terminal velocities were evaluated with the correlation®pf992 Qi’'s correlations were
applied to determine the terminal velocities of single drops feesyswith high, intermediate
and low interfacial tensions. Furthermore, the required charditeédocities of single drops

were predicted by the correlations presentechapter 5

* Swarm influence in pulsed sieve tray extractors

For the own experiments in a pulsed sieve tray column only sieventirdy® mm holes were
used and pulsation intensities of 1.0 and 2.0 cm/s were examined. The sompdrthe
predicted and measured values for the hold-up in the pulsed sieve waynasl shown in
figure (8.8) For both liquid/liquid-systems used, the predicted values of the hold-up match the

measured values with only small deviations for most of all operating conditions.

Many results from the literature were consulted for further ssudiedigure (8.8) The hold-

up is particularly well predicted for experimental data with asneansfer direction from the
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8 Swarm Influence in Extraction Columns

continuous to the dispersed phase “c to d* and for experimental data withesttransfer. A
good agreement with the experimental data is observed for varying columnidmseaswell

as for different phase ratios in a large range of total througliButs4 to 54 rr31/(m2 [h))

O own exp. data, t (d)/a/w, c—d A literature, c—d
o own exp. data, bu-ac (d)/a/w, c—d v literature, no mass transfer
40 PSE L] I|:| d Source of literature:
% | 276 measuring points e O Pietzsch 1984, Reissinger 1985,
i —_ o
20  relative error = 18.1% v 4 Wagner 1994, Korchinsky 1992,
= iy Lorenz 1990, Garthe
Q.
I 10F A 1
S 8t = 1 Liquid/liquid-systems:
(fu 6 L |  toluene (d)/acetone/water
A
% 4 butyl acetate (d)/acetone/water
é butanol (d)/acetic acid/water
<
+30% } n-alkane (d)/water
2 - |
-30% Geometry/Operating parameters:
Dc=72-219 mm, ¢g = 15 - 49%,

1 1 1 1 1 1
1 2 4 6 810 20 % 40 a-f=0.0-25cm/s,d,=2-6mm,

experimental hold-up hy hgt=5-10cm, Vy/V,;=0.6-10

Figure 8.8: Analysis of the suitability of the new swarm model, see eqy8tB), for
predicting the hold-up of drop swarms in pulsed sieve tray columns

In contrast, larger deviations between theoretical and experimentiupolalues were
observed in experiments with a mass transfer from “d to c*. Duthdohigh number of
coalescence events which are associated with this masstidiretéon, relatively large drops
(d» 4 mm) are generated in the column. Such large drops have significantisedtfiéhapes
compared to spherical drops. For this reason, they show a clearhgmtiffieotion through the
column and have other characteristic velocities. The characteristic yelbsiich large drops
is not accurately described by the correlations presentadhdpter 5 This is the most
significant reason for the deviations that occur in predicting the dpldr this mass transfer
direction. Because in technical processes coalescence is iysamtessed by the appropriate
choice of the mass transfer direction, optimisation of the new swarm model &ssanansfer

direction from “d to ¢* was deemed unnecessary.
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8.3 Validation of the New Swarm Model

» Swarm influence in pulsed extractors with structured packings

The swarm influence in pulsed packed extractors is significaigrithan in columns without
internals, as was demonstratedlapter 8.1For this reason, the application of Richardson and
Zaki's model is not advised. In contrast, the use of the new swarni tnodeout to be superior
for predicting the swarm influence and the hold-up. This is confirmed bgrtalysis of the
experiments with both liquid/liquid-systems used in this work. As in puisede tray
extractors, the hold-up is satisfactorily predicted for pulsatiomsities of 1.0 and 2.0 cm/s,

seefigure (8.9)

O own exp. data, t (d)/a/w, c—d A |iterature,c—d
o own exp. data, bu-ac (d)/a/w, c—d v literature, no mass transfer
40 PESP ' ly Source of literature:
% | 227 measuring points 'j'A Hoting 1995, Leu 1995,
H —_ o
g | retative error = 22.9% Y | Nedungadi 1991, Seibert 1986,
> F A Hahnsen 1989, Petersen 1994,
= 7 e Roock 1985, Garthe
3 L _
s 8y -
= 6 AA 4 Liquid/liquid-systems:
% 4 AA toluene (d)/acetone/water
g A butyl acetate (d)/acetone/water
- butanol (d)/acetic acid/water
+30%
2 - .
_36% Geometry/Operating parameters:
Dc=70-150 mm, hp=9.5-22 cm,

1 2 4 6810 20 % 40 gp=94-97%, ap= 250 - 500 m7 m’

experimental hold-up hy a'f=0.0-2.0cm/s,Vq/V;=02-5

Figure 8.9: Control of the validity of equation (8.3) for predicting the hold-up inmabk
with structured packings

The analysis of data from the literature shows that for ermmatith different structured
packings the new swarm model results in good agreement with the esqpiaditmold-up. For a
wide range of operating parameters such as the pulsation intensity, the phasel ridwotatal
throughput B = 10- 80 m3/(m2Eh) ), @ good agreement is seefigare (8.9) In contrast,
for a mass transfer direction from “dto c* significant devias were found. This became
apparent from the analysis of single measurements madedyngadi 199AndSeibert 1986

who investigated both directions of mass transfer.
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8 Swarm Influence in Extraction Columns

» Swarm influence in extractors with rotating discs

The swarm influence in agitated columns differs from the swarm inftuengulsed columns,
see als@odfrey and Slater 199%ince the characteristic velocities of single drops are difter
The new swarm model takes these differences into account by camgittexicharacteristic
velocity of a single drop. Thus, an accurate model for the charactegkicity of single drops

is required to correctly predict the swarm influence in agite@édnns such as RDC-extractors.

The new swarm model was tested for RDC-extractors by comparingpliteip in the own
extractor for rotational speedsmf = 200 and 400 1/min for both test sy4temdslition, data
from the literature was used. The hold-up of these experiments lispreglicted, see
figure (8.10) This is particularly confirmed by the experimentsZbfing et al. 1985These
authors investigated the performance of a RDC-extractor fomehatiigh rotational speeds of
up to 900 1/min. Small deviations of the hold-up are observed for their expésinThis is
remarkable because the correlation for the characteristic tyetdaingle drops is validated for

a maximum rotational speed of 400 1/min only, cegpter 5.4

O own exp. data, t (d)/a/w, c—d A iterature, c—d
o own exp. data, bu-ac (d)/a/w, c—d v literature, no mass transfer
40 RDC [ ' Source of literature:
% | 244 measuring points £ Cruz-Pinto 1979, Zhang et al. 1985,
i —_ o
og |relative error = 18.5% 1" Young et al. 1986, Ismail et al. 1988,
- y Korchinsky et al. 1986, Garthe
< A 27
S 10r ]
o 8t 1 Liquid/liquid-systems:
2 6 L f 1 toluene (d)/acetone/water
© A
.§ 4 t butyl acetate (d)/acetone/water
g M butanol (d)/acetic acid/water
2 fa <<}j]‘D kerosene (d)/water
- +30%4/A ]
2+ A i E 1
-30% %—fD Geometry/Operating parameters:
" Dc=76-220mm, h,=25-7.2cm,

1 2 4 6 810 20 % 40 d,=4.0-11.0cm,V4/V,=0.2-3.0,

experimental hold-up hy NR = 140 - 900 1/min, g = 35 - 45%

Figure 8.10: Applicability test of the new swarm model, see equation @@edict the hold-
up in agitated rotating disc contactors
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8.3 Validation of the New Swarm Model

In general, for swarms of drops with a sauter diameter sntladlar4.5 mm, minor deviations
between theoretical and experimental hold-up values of RDC-extraterebserved. For
swarms of drops with larger sauter diameters, the hold-up cannatisfactorily predicted.

This was confirmed by the investigationsAdfAswad et al. 1985vho extracted acetone from

a dispersed organic phase to a continuous aqueous phase.

« Swarm influence in extractors with Kiihni blade agitators

The comparison of predicted and measured hold-up in the own Kiihni-ertiadtiustrated

in figure (8.11) In addition, the comparison with hold-up data fr8ailes et al. 1986nd
Goldmann 1986s shown. The average relative deviations between predicted and eaeasur
hold-up values are 23.5 %. Larger deviations exist for a few experiments from Goldntann wi
a relative free cross-sectional stator area of 20 %. Howé&eeexperiments with larger relative

free cross-sectional stator areas (including the ones of Goldmann) aretatigfaredicted.

O own exp. data, t (d)/a/w, c—d A Jiterature, c—d
o own exp. data, bu-ac (d)/a/w,c—d v literature, no mass transfer
40 Kihni L] ' Source of literature:
% | 118 measuring points Bailes et al. 1986, Goldmann 1986,
i - 0]

20  relative error = 23.5% A | Garthe
-C-c . . . .
o 4o # Liquid/liquid-systems:
a . _
o 8 | © 2 | toluene (d)/acetone/water
g 6 - 1 butyl acetate (d)/acetone/water
_§ 4 butanol (d)/succinic acid/water
= | i
3
< +30% > Geometry/Operating parameters:

(o]
2r 1 Dg=80-152mm, h,=5.0-7.2cm,
‘30% = | da=45-850m,Vy/V,=0.7-19,
1 . . Loy . Nr = 28 - 220 1/min, ¢4 = 20 - 40%
1 2 4 6 810 20 % 40

experimental hold-up hy

Figure 8.11: Comparison of the predicted hold-up using the new swarm model, see
equation (8.3), and the experimental hold-up in agitated Kihni-extractors

9. Experiments with toluene (d)/acetone/water wenedaoted with rotational speeds of 150 and 200 1/min.
Experiments with butyl acetate (d)/acetone/wateevearried out with rotational speeds of 100 and W/&fn,
since for higher rotational speeds flooding ofHligni-extractor appeared even for very low totabtighputs.

139



8 Swarm Influence in Extraction Columns

* General conclusion

The comparison of hold-up data confirms that the new swarm modebssgypredicts the
hold-up in different extraction columns. The most important advantageméthswarm model
Is that the swarm influence is determined from the velocityngflsidrops only. Consequently,

the model can be easily applied to extraction columns with different internals.

* Annotation

The application of the new swarm model in combination with drop population balaxistsm
(DPBMSs) was tested in the industrially financed cooperation prpjegiously mentioned, see
Pfennig et al. 2005In the course of the project two DPBMs were developed by the project
partners. The derived correlations for the characteristic vedsdfisingle drops and swarms of
drops were implemented in the DPBMs. Both DPBMs were succeassfalidated for
predicting the fluiddynamics and mass transfer rates of extraBerause the project partners
developed the DPBMs, detailed information are found in the literaturespetlby the project
partners and in theinal Report AiF 40 ZN 2004
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9 M ass Transfer Performance of Extraction Columns

Mass transfer performance of extraction columns is controlled byadgarameters such as
physical properties of the liquid/liquid-system, drop size and veloafi¢ise drops within a
swarm. Previous investigations also reveal that an increase ehéngy input significantly
enhances the mass transfer rates. This is due to the generatiangef interfacial area and the
turbulent mixing of both phases. Numerous experiments in extractors weredifinternals

were carried out to investigate the influence of energy input on mass transfer paderm

All investigations were conducted for a mass transfer directmm the continuous to the
dispersed phase. The total throughput was increased in steps up todogsue the flooding
capacity of the column. During each experiment drop size distributions, haldtapution
and concentration profiles of both phases were recorded. A detailed ovesti¢he
experimental data for a large number of experiments in the pubsesl tsay column, in the
pulsed packed column, in the agitated RDC-extractor and in the Kihnitekisagiven in the

appendix, seehapter AL°

To evaluate the influence of total throughput and energy input on masfetreaiss, the
number of equilibrium stages per active column heigltH, . was determinateby

following equations, see alebapter 2.1

Nip 1 (Xin_Yin/m)E( 1) 1
—_— R E——— _— + = ¢ .
A,  HOnA Dn[ XY, /m/) 17 ,1} wheni # 1 (0-1)
Nen (Xin_Yin/m ) 1
20 = (=g -1 when/ =1 9.2)
Hac >(out_Yin/m ac
where 1 = — m.

Mc/ My

For high mass transfer rates, large numbers of equilibrium spegesctive column height
ny/H,c are calculated from the equations above. For low mass trartsfgrsmall numbers of

Ny/Hye are determined.

10. The appendix also includes examples for th@&lndtop size distribution immediately after thatdbutor.
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9 Mass Transfer Performance of Extraction Columns

9.1 Mass Transfer Performance of Pulsed Extractors

The pulsation intensity significantly improves the mass transfes naextractors. For example,
an increase of the pulsation intensity in a sieve tray extra@ds ® a large enhancement of
drop breakage, as was already showchiapter 6.1 The larger interfacial area and the longer
residence time of small drops compared to large drops within the maltenmainly responsible

for the mass transfer improvement.

» Mass transfer performance of pulsed sieve tray extractors (sieve tyay 2 chm)

The investigations with both liquid/liquid-systems confirm that massster rates in a pulsed
sieve tray extractor increase with increasing pulsation intessigigure (9.1) Comparison of
the data reveals that mass transfer rates in the butyl edef@cetone/water system are
significantly higher than in the toluene (d)/acetone/water systempidtiction of smaller
drops due to the lower interfacial tension of the butyl acetatensystd the higher overall mass
transfer coefficients of single butyl acetate drops ¢bapter 7.2 are responsible for the higher

mass transfer performance.

T T T 1/m T T T T
1/m toluene (d)/acetone/water

& transfer direction c—d ® H
I 5 |mass I I 5
= maf=10cm/s o a'f=2.0cm/s = =

C C B n
-E 4 [ ,,c_, 4r == "

o o -

5 5 -
~ 37 o O ~ 3r

8 o 8

8 2 o0, 8 2t

& o ® &
® ] " ® al butyl acetate (d)/acetone/water
5 I = mass transfer direction c—d

3 3 maf=10cm/s oaf=20cm/s

0 | 1 3 2 0 | | 3, 2
0 10 20 30 m7/(m~-h) 50 0 10 20 30 m’/(m™h) 50
total throughput B total throughput B

Figure 9.1: Number of equilibrium stages per active column height of a psised tray
extractor (sieve tray -id= 2 mm); comparison of own experiments with toluene
(d)/acetone/water and butyl acetate (d)/acetone/water
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9.1 Mass Transfer Performance of Pulsed Extractors

A characteristic feature of the performance of a pulsed siayextractor is that mass transfer
rates increase with an increase of the total throughput up tdloihding capacity, see
figure (9.1) and see als®ietzsch 1984Reissinger 198%nd Backer et al. 1991Since the
optimal throughput in a pulsed sieve tray column is near the flooding good,knowledge of

the flooding capacity is important.

» Mass transfer performance of pulsed packed extractors (Montz-Pak B1-350)

Pulsed extractors with structured packings prove to be very flexibleféoeént due to their
good mass transfer performance, Béeker et al. 1991An advantage of this type of extractor
in comparison to a pulsed sieve tray extractor is that high throughputsecachieved even
without pulsation. A further advantage of structured packings is thedeftied flow of both
phases within the packing. This causes a large reduction of axial raixththerefore makes
the scale-up of such columns less difficult, Gmlfrey and Slater 1994n addition, pulsed
packed columns show high and constant mass transfer rates in wide cdrtheoughput
(depending on pulsation intensity), ddéhnsen 198&ndHoting 1996 This simplifies the

choice of the optimal operating conditions.

The experimental investigations confirm the good performance of pulskeidpealumns, see
figure (9.2) For both test systems an increase of the mass transfecoatpared to the pulsed
sieve tray extractor is seen. Almost constant and high numbers obegmilstages per active
column height are determined in a wide range of throughput. This is particularly seen from the
experiments with the butyl acetate system. Furthermore, the iaavéasass transfer with an
increase of pulsation intensity is more distinct for this systhms is attributed to the good
breakage performance of the structured packings in combination witwth&érfacial tension

of the butyl acetate system.
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9 Mass Transfer Performance of Extraction Columns
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Figure 9.2: Influence of the pulsation intensity on the mass transferirapagsed columns
with structured packings (Montz-Pak B1-350); comparison of own experiments
with toluene (d)/acetone/water and butyl acetate (d)/acetone/water

9.2 Mass Transfer Performance of Agitated Extractors

The performance of agitated extractors strongly depends on the geonaatiign@nsions of the
rotators. Since the geometry of rotating discs significantly differa that of blade agitators,
mass transfer rates in RDC-extractors and in Kihni-extragw@udiféerent at similar rotational

speeds.

» Mass transfer performance of RDC-extractors

Due to the low breakage rates in RDC-extractors, the initial degpdistribution is very
important for the mass transfer performance of this type ofaatréSatisfactory mass transfer
rates are achieved by the generation of small drops with a narrowideogistribution at the

dispersed phase inlet.

The results of the mass transfer investigations with both test systéhgsawn extractor with
rotating discs for rotational speeds of 200 and 400 1/min are shdvwguria (9.3) Compared

to other types of extractors, mass transfer rates of the RD&ctxt are very low, see also
figure (9.1)andfigure (9.2) The main reason for this is the formation of liquid organic films

under the stators caused by coalescence and low breakage of largeasingps seen during
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9.2 Mass Transfer Performance of Agitated Extractors

the experiments. The production of large drops causes a strong reduction ofrtheiahtrea
and, in turn, low mass transfer rates. However, mass transésrinathe RDC-extractor are

relatively constant in a wide range of total throughputfigeee (9.3)

T T T

butyl acetate (d)/acetone/water
5 [ mass transfer direction c—d |
® ng=200 1/min o ng=400 1/min

3

1/m toluene (d)/acetone/water

| mass transfer direction c—d i
® ng= 200 1/min o ng= 400 1/min

(6)]

equil. stages per length ny/H,.
w

equil. stages per length ny/H,
w

|
[ m]

L L L 3 12 O ‘ 1 1 1 3 12
0 10 20 30 m/(m~h) 50 0 10 20 30 m/(m™h) 50

total throughput B total throughput B

Figure 9.3: Mass transfer performance of an agitated RDC-extractor in dependarite
total throughput and rotational speed; comparison of own experiments with
toluene (d)/acetone/water and butyl acetate (d)/acetone/water

» Mass transfer performance of Kihni-extractors

In a Kihni-extractor, the production of liquid films under the statorgrévented by the
turbulent flow and the generation of circulating cells within the cotmyarts even for low
rotational speeds. The strong turbulence in the compartments, theehelw axial mixing

and the production of a large interfacial area result in a high mass transfer paderm

The investigations in the extractor with Kihni blade agitators shstrnoag influence of the
rotational speed on mass transfer rates, fgpmge (9.4) For instance, an increase of the
rotational speed from 100 to 150 1/min causes an enhancement of the nuedpghitmium

stages per length,/H,.  for butyl acetate (d)/acetone/water of nearly 100 %.

For both test systems, mass transfer rates in the Kuhni-exteaetdigher than in all other
investigated types of extractors, degure (9.4) However, mass transfer rates significantly
decrease for a total throughput close to the flooding point. This is cexfiognthe experiments

with a rotational speed of 150 1/min. A further disadvantage of Kihni-¢otsacs the
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9 Mass Transfer Performance of Extraction Columns

relatively low maximum total throughput because of the production ofwelkatsmall drops
and their low characteristic velocities. Thus, Kuhni-extractoesaasociated with very high
mass transfer efficiencies and low throughputs, sedais@ar 1985Goldmann and Blaf3 1986

andGoldmann 1986

1/m ‘ ‘ ‘ ‘ 1/m o o7
® ® H o
T T
\_‘J_:, 5 r \£ 5 [
c g H c O
- g o - o
5 4 SRR S 47
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g 3 = H g 3 " n "
0 u n (1| . "
) )
()] 2 F | ()] 2 F |
i) S
2 toluene (d)/acetone/water : 1 butyl acetate (d)/acetone/water
> Ty mass transfer direction c—d > | mass transfer direction c—d
® o | ™ nr= 150 1/min a ng= 200 1/min ® o | NR=100 1/min & ng= 150 1/min
0 10 20 30 mYm>h) 50 0 10 20 30 n/(m*>h) 50
total throughput B total throughput B

Figure 9.4: Influence of the rotational speed on the mass transfer rates of an agitated Kuhni
extractor; comparison of own experiments with toluene (d)/acetone/aater
butyl acetate (d)/acetone/water

9.3  Comparison of the Performance of Different Extractors

An overview of the maximum ranges of the total throughput and the numbguibbeum
stages per active column height of all investigated extractorssés dielow for both test
systems, sekgure (9.5) It should be mentioned that the conclusions ffigure (9.5)are only

valid for the examined test systems and operating conditions.

The pulsed extractor with structured packings (PESP) demonstrateg good performance
with respect to maximum throughput and mass transfer rates. Tllsowgn from the
experiments with toluene (d)/acetone/water (diagram A) as ageilith butyl acetate (d)/
acetone/water (diagram B), sigure (9.5) Compared to the pulsed extractor with sieve trays
with 2 mm holes (PSE), higher throughputs and higher mass transfeamatshieved in the
pulsed packed extractor. The comparison of the investigations in bothcggadaimns reveals

that mass transfer performance of the Kuhni-extractor is signify better than of the RDC-
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9.3 Comparison of the Performance of Different Extractors

extractor. This is also confirmed by the investigationStathimair 1980However, the higher
mass transfer rates in the Kihni-extractor are associatedawieduction of the maximum

throughput compared to the RDC-extractor.

The analysis of all experimental data shows that the mamsddraates of the Kuhni-extractor
are highest while the mass transfer rates in the RDC-extiaet lowest. Beside these two types
of extractors, the pulsed extractor with the structured Montz packimgs out to be very
suitable. The maximum throughput is highest for this type of extractde wimultaneously
very high mass transfer rates are realisedige (9.5) Since high throughputs and high mass
transfer rates are desired during the operation of an extractogpfiieation of pulsed

extractors with structured packings is recommended.
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equilibrium stages per length ny /H,.

0 1 2 3 4 1/m 6
A | Kiihni
RDC
| PESP |
| PSE |
Kiihni |
RDC |
PESP |
PSE
| | | | t(d)/amw
0 10 20 30 40  m3(m%h) 60
total throughput B = v + v4
equilibrium stages per length ny /H_.
0 1 2 3 4 1/m 6
B | Kiihni |
RDC
| PESP |
| PSE |
Kiihni |
RDC |
PESP |
PSE |
. . . . bu-e?c (d)/alw

0 10 20 30 40  m3(m?h)

total throughput B = v + v4

Figure 9.5: Maximum throughputs and equilibrium stages per active column heigie of t
Kdhni-extractor (Kuhni), the RDC-extractor (RDC), the pulsed sieag t
extractor (PSE, gl= 2 mm) and the pulsed extractor with structured packings
(PESP, Montz-Pak B1-350) for toluene (d)/acetone/water (diagram A) and butyl

acetate (d)/acetone/water (diagram B) for a phase ratig 6¥y= 1.2
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10 Summary

In recent years liquid/liquid-extraction has become a widely usearatson technique in a
variety of industrial applications. However, the choice of the optiexdtactor and its
dimensioning are still associated with uncertainties. Preliminarydastst be abandoned for
a reliable dimensioning of an extraction column. To reduce the experinedfute, new
methods have been introduced for dimensioning extraction columns only on theobas
experiments with single particles (single rigid spheres or drops).r8héts of the single
particle investigations can be combined with drop population balance mb&&84s), which
represent efficient computer simulation programs for predictindldideynamics and mass

transfer rates of extractors.

The experiments with single rigid polypropylene spheres, single tolueneairdséngle butyl
acetate drops show how characteristic velocities, drop breakage asdraresfer rates are
influenced by the relevant parameters. The investigations in pulsed caluttma#ferent types
of sieve trays and with structured packings as well as in agtakeohns with rotating discs and
Kihni blade agitators reveal that the characteristic velocitaisly influenced by the particle
size and the geometry of the column internals. Particularly in coluwmthsKihni blade
agitators, the rotational speed also significantly affects the it)elot single particles. In
addition to drop size and energy input, breakage and mass transfesfrsitegle drops are

strongly influenced by the physical properties of the liquid/liquid-system.

Beside the experiments with single rigid spheres and drops, camslatiere developed to
predict the characteristic velocity of single particles alb agethe breakage of single drops.
Correlations for the characteristic velocities show a good agreemth own experimental

data and with data from the literature. The derived correlationpréaficting the breakage
probability, the number of generated daughter drops and their drop size distribution agree very
well with the experimental results. For pulsed columns with srays aind structured packings

the derived correlations allow the breakage of single drops to beglyedescribed through a

small number of experiments only. For agitated RDC- and Kihni-columns, ¢be®lations

also permit the single drop breakage to be accurately determined.
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10 Summary

The experiments with swarms of rigid spheres and drops give infornadtaan the influence
of hold-up on swarm velocities, i. e. about the swarm influence. Based on these inoestigat
a novel model for predicting the swarm influence was developed. Wétimihdlel the swarm
influence is determined from the characteristic velocitiesngfie particles only. The validity
of the new swarm model for drops in different extractors wasiegrihrough numerous
experiments in a pilot plant extractor as well as by data fronfitdmature. Thus, the swarm

influence in extractors can be accurately predicted from single drop experiments only.

The investigation of the swarm influence in different pilot plameetbrs was carried out under
mass transfer conditions. The performance of the different exsashmws that a pulsed
extractor with structured packings (Montz-Pak B1-350) combines very hightraasfer rates
with very high throughputs. Very low mass transfer rates are obtainaal agitated RDC-

column, which is due to the low energy input of the rotating discs and the low breakage rates.

With the help of DPBMs and the derived correlations in this work, thrpgance of an
extractor can be predicted on the basis of a few single drop expeziméis results in a
significant reduction of the effort and costs of the preliminary mx@sts necessary for

dimensioning an extractor.

Further development of the introduced correlations by investigations waigh lequid/liquid-

systems and extensive investigations of coalescence behaviour and &idie =Eere

recommended. The prediction of coalescence rates in liquid/liquid-systestill uncertain
since small amounts of impurities and surfactants can causgnificaint change of the
coalescence behaviour. The investigation of axial mixing is difficult @uehe large
experimental effort required and the need for columns with large diomsnsiowever, further
improvement in the prediction of fluiddynamics and mass transfer ratedusttiial extractors

can surely be achieved by a more accurate description of coalescence and axial mixing.
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1

Nomenclature

Symbol Description Unit

a amplitude of pulsation, volumetric mass transfer area ffimin
interfacial area m?

Ac cross-sectional area of an extraction column 2 m

alf pulsation intensity m/s

ap volumetric surface area of a packing 2Im?

Ap cross-sectional area of a packing 2m

B total throughput, B =3+ vy m3/(m? Ls)

C constant parameter -

Cp interface instability parameter -

Cd.o drag coefficient of a single particle -

Cqo(R&)  drag coefficient of a single particle with Reynolds numbey Re -

cqo(Re)  drag coefficient of a single particle within a particle swarm with Re

Cds drag coefficient of a swarm of particles -

d drop diameter m

di o sauter diameter, also referred tadas m

di0o characteristic drop diameter due to a breakage probability of 100 % m

da diameter of an agitator/stirrer m

Dax.c axial back mixing coefficient of continuous phase 2/sm

Dax.d axial back mixing coefficient of dispersed phase 2/gm

D. diffusion coefficient in continuous phase %hn

Dc column diameter within the active part m

deap inner diameter of a glass capillary m

it critical drop diameter m

Dy diffusion coefficient in dispersed phase 2/m

Dy eff effective diffusion coefficient in the dispersed phase %/sm

Dp diameter of a packing m

Dt diameter of a sieve tray m

dyq daughter drop diameter m

dnp hole diameter of punched sheets of a packing m
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11 Nomenclature

dy, diameter of sieve tray holes m

du mother drop diameter m

Omax maximum diameter of a drop size distribution m
dy particle diameter m

drp diameter of a random packing m

dg inner diameter of a stator of an agitated compartment m
dspy diameter of a rotating shaft m

Ostan stable drop diameter m

f continuous phase back mixing coefficient or frequency of pulsation -, 1/s
g dispersed phase back mixing coefficient -
g(t,z,d) breakage frequency for drops with diameter d at height z and timet 1/s
h(d,;,dy) collision frequency of drops with a diameter gfahd 6 m3/s

ha height of an agitator m

Hac active height of an extraction column m

he volume fraction of continuous phase or compartment height 3/mPm
Heoal height of volume of coalesced dispersed phase m
hy hold-up (volume fraction of dispersed phase) 3Imt
hg ¢ hold-up at the flooding point m3/m?3
hp height of a packing m

hob volume fraction of particles in a densely packed bed 3/
Hpb height of a packed bed of particles m

hg height of a stage, sebapter 2.1 m

hst height of a sieve tray compartment m
Kir modified Hadamard-Rybczynski factor, sgeapter 2.2 -

L length of a measuring section m

lg length of a cylindrical deformed drop m

m distribution coefficientm = y/x kg/kg
M. mass flow rate of continuous phase kg/s
Mg mass flow rate of dispersed phase kg/s
mg overall mass transport of an entire drop spectrum 1/s
n swarm exponent -
N(t,z,d) number of drops per column unit volume $/m
Neoal number of coalescence events -



11 Nomenclature

refractive index

averaged number of daughter drops per breakage
dimensionless energy input, deemar and Hartland 1996
rotational speed

critical rotational speed

number of equilibrium stages

energy input per compartment

volumetric drop size density distribution for drops
with a diameter of d at height z and time t

breakage probability of single drops

coalescence probability

volumetric density distribution

dimensionless enhancement factor for mass transfer
thickness of a sieve tray

source term characterising the breakage of drops

source term characterising the coalescence of drops

source term characterising the feed and drop size distribution

at the inlet of the dispersed phase

source term characterising the feed inlet of the continuous phase

time
temperature

residence time

1/s
1/s
w
1/m
1/m
m
[@A/(m s)
[1/(m s)
W(m s)
C1l/(m s)
S
°C
S

mixing term due to breakage and coalescence during mass transfer C 1/(m s)

volumetric flow rate

volume of a drop with diameter d

superficial velocity of the continuous phase

effective velocity of the continuous phase in the column

superficial velocity of the continuous phase at flooding

m3/s

Sm
m/s
m/s

m/s

characteristic velocity of single particles in columns with internals  m/s

volume of a compartment
superficial velocity of the dispersed phase
effective drop velocity in the column

superficial velocity of the dispersed phase at flooding

m3

m/s
m/s

m/s
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11 Nomenclature

Vi ,coal

Yi
Yin

Yo

Yout

volume of a drop with diameter d produced by coalescence

S m

terminal velocity of single particles (in columns without internals)  m/s

relative swarm velocity

superficial swarm velocity

volume of all swarm drops in a voluvg

coalescence rate for drops with a diameter;ciretl ¢

solute concentration of the continuous phase

solute fraction in the continuous phase (solute free bases)
solute concentration of the continuous phase at the interface
solute concentration of the continuous phase at the entry
solute fraction in the continuous phase (solute free bases)
at the entry

initial solute concentration of the continuous phase

solute fraction in the continuous phase (solute free bases)
at the exit

initial solute concentration difference

solute concentration of the dispersed phase

solute fraction in the dispersed phase (solute free bases)
solute concentration of the dispersed phase at equilibrium
solute concentration of the dispersed phase at the interface
solute concentration of the dispersed phase at the entry
solute fraction in the dispersed phase (solute free bases)
at the entry

initial solute concentration of the dispersed phase

solute fraction in the dispersed phase (solute free bases)
at the exit

height coordinate

Greek symbols

B
B
Boc

154

individual mass transfer coefficient in the continuous phase
individual mass transfer coefficient in the dispersed phase

overall continuous phase mass transfer coefficient

m/s

m/s

kg/kg
kg/kg

kg/kg
ka/kg
kg/kg
ka/kg
kg/kg
ka/kg
kg/kg

kg/kg
ka/kg

kg/kg

m/s
m/s

m/s



11 Nomenclature

ﬁod
,Bod

S

overall dispersed phase mass transfer coefficient m/s

overall dispersed phase mass transfer coefficient of a drop swarm m/s

dynamic viscosity of the continuous phase [Pa s
dynamic viscosity of the dispersed phase [Pa s
conductivity of water S/m

extraction factorl = m/(Mc/ Mg) -

A(dy,dy) coalescence efficiency of two collided drops -

dp
s

Dst
('Um

eigen values -

wave length of a light source m
density of the continuous phase k@/m
density of the dispersed phase kg/m3
interfacial tension of a liquid/liquid-system N/m
energy dissipation m?/s3
voidage fraction of a packing 3m?3
relative free cross-sectional area of a stator 2Imth
relative free cross-sectional area of a sieve tray plate 2Imim

drag coefficient of a packing, sttackowiak 1993 -

Dimensionless numbers

Ar = p.Op.—pq| O /72 Archimedes number

Br = m0,/Dy/ D, Brauer number

E6 = gOd Opc—pgl/o Edtvos number

Fo, = 4[D, t/d? continuous phase Fourier number

Foy = 4Dy [t/d? dispersed phase Fourier number

K, = o Qof/(g Dyé‘ [(Ap) number characterising the liquid/liquid-system
Pe, = v o [L/Dyy ¢ Peclet number of the continuous phase
Pey = Vg o[L/Dyy ¢ Peclet number of the dispersed phase

Q = (Y,—yy/(yH-y)) extraction efficiency

Re = VoW p/n, Reynolds number of a single particle
Re, = ng (0?2 b/, Reynolds number of an agitator

Re, = vy p/7, Reynolds number of a swarm of particles
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11 Nomenclature

Sg = n/(p:. D) Schmidt number of the continuous phase
Sg = 14/ (pyDy) Schmidt number of the dispersed phase
Sh, = B,/ D, Sherwood number of the continuous phase
Shy = B4/ Dy Sherwood number of the dispersed phase
e = ald QA p2/(n. Np Eg))ll3 pulsation intensity

Mo, = 8p 2/ (p. Ap Eg))ll3 volumetric surface area of a packing

Ty = dd p.Ap [g/ng)l’s drop diameter

Th, = hp M p. (Ap [g/ng)l/3 height of a packing

n, = o p2/(ne p ) ™* interfacial tension

T, =V E(pg/ (n.MAp [g))ll3 drop velocity

Abbreviations

DPBMs drop population balance models

PSE pulsed sieve tray extractor

PESP pulsed extractor with structured packings

PERP pulsed extractor with random packings

RDC rotating disc contactor

Kahni extractor with Kiihni blade agitators

ctod denotes the mass transfer direction: from continuous to dispersed phase
dtoc denotes the mass transfer direction: from dispersed to continuous phase
pp polypropylene: was used as material for the rigid spheres

p. a. pro analysis: denotes the purity of a substance

equil. equilibrium

t toluene

bu-ac butyl acetate

a acetone

W water
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A Appendix

Experiments with single particles and swarms of particle® ywerformed with rigid poly-
propylene spheres and two different liquid/liquid-systems. Two standartensys
recommended by the European Federation of Chemical EngineeringF€&e 1984 were
used as the liquid/liquid-systems: toluene/acetone/water and butyledaeetone/water. The
physical properties of both liquid/liquid-systems can be foundhapter 3.2 The thermo-

dynamic phase equilibria of both test systems will be discussed in the following section.

A.1 Phase Equilibria: Toluene/Acetone/Water and Butyl Acetate/AcAiater

The phase equilibria for toluene/acetone/water and butyl acetate/@beater are shown in
figure (A.1)andfigure (A.2) The diagrams show the miscibility gap calculated from correla-

tions presented IBEFCE 1984and show experimental results of own phase equilibrium studies.

acetone
0.0

weight fractions

at 20°C
<
9
& %
N &
S 2;
Ky 05
EFCE 1984 >

1.0

weight fraction of toluene ———=

Figure A.1: Phase equilibrium and miscibility gap of toluene/acetone/waterpaason of
experimental data with the correlation for the prediction of the thermeiyc
phase equilibrium presented in EFCE 1984
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A Appendix

Both liquid/liquid-systems show a wide miscibility gap in a wide raofyacetone concen-
trations. For toluene/acetone/water almost no miscibility of the givases is observed for
acetone concentrations up to 10 wt.-%. In contrast, butyl acetate/acettmresthvows a low

miscibility, particularly in the butyl acetate phase in the same acetone catioentange.

acetone
0.0

1.0

weight fractions

0.0
water 0.0 0.1 02 03 04 05 06 07 08 09 1.0 pytyl acetate

weight fraction of butyl acetate ———

Figure A.2: Phase equilibrium and miscibility gap of butyl acetate/acetonelwate
comparison of experimental data with the correlation for the phase equilibrium
presented in EFCE 1984

A.2 Extraction Plant, Sliding Valves and Column Internals

A schematic of the entire extraction plant, used for the investigatif drop swarms, including
the distillation column for the reprocessing treatment of the soliesten infigure (A.3)
Structured packings were used as internals in the distillation oolline diameter of the distil-
lation column was 150 mm and the total height was approximately 7 m. The dimensio&s of t

extraction column are given ahapter 4.4
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Figure A.3: Schematic of the entire extraction plant including the extractitumn “EC*
and the distillation column “DC*
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A Appendix

During the experiments in the drop swarm extractor and the rigid splvaren extractor, the
hold-up was determined with slide valves, sbapter 4 After the entire cross-section of the
columns was closed for the dispersed phases with the help of ditfsing plates within the
slide valves, the hold-up was determined by measuring the height of thparticle bed or the
height of coalescence beneath the closing platégure (A.4)photos of the closing plates for
both the rigid sphere swarm extractor (top row) and the drop swarnstextfgecond row) are
shown. Aluminium, poly-vinyl chloride (PVC), silicone and stainless stemle used as
construction materials for the slide valves and closing plates ngtesphere swarm extractor.
The slide valves of the drop swarm extractor were made of Staistieel and the closing plates

consisted of teflon.

Figure A.4: Photos of closing plates: top row = closing plates for the agitdeft) and
pulsed (right) rigid sphere swarm extractor, second row = teflon dppiates
for the agitated (left) and pulsed (right) drop swarm extractor
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A.2 Extraction Plant, Sliding Valves and Column Internals

Two different types of sieve trays, structured packings (Montz-Pak B142&&jing discs and

Kihni blade agitators were used as internals in the pulsed an@dgitétmns. Sketches of the

installed compartments are givendapter 4.5 The dimensions of the internals are listed in

the following table.

Table A.1: Geometrical data of used internals: Two different types & siays, structured
packings (Montz-Pak B1-350) and two different agitator types (rotating disc and
Kdhni blade agitator) were installed inside the active part of the columns.

Sieve tray - =2 mm Sieve tray -if= 4 mm Montz-Pak B1-350
diameter of sieve tray diameter of sieve tray diameter of a packing
Dt = 79 mm Dt = 79 mm Dp =79 mm
diameter of holes diameter of holes volumetric surfglce area
d, =2 mm d, =4 mm ap = 350 m2/m

rel. free cross-sectional area  rel. free cross-sectional|area

&chicir

¢s = 0.20 m2/m?2 ¢s = 0.40 m2/m?2 ¢p = 0.97 m3/m3

height of compartment height of compartment height of a packing
hg; = 100 mm hg; = 100 mm hp = 100 mm

thickness of sieve tray thickness of sieve tray hole diameter of punched
s = 1.0 mm s = 2.0 mm sheetsd, , = 4 mm

Rotating disc

Kahni - 6 blade agitator

diameter of agitator

diameter of agitator

dy = 45 mm dy = 45 mm
height of agitator height of agitator
hy, = 1.5 mm hy, =7 mm

rel. free cross-sectional stat
areap, = 0.40 m?/m?

areap, = 0.40 m?/m?

orel. free cross-sectional stator

height of compartment
h, = 50 mm

hC = 50 mm

height of compartment

diameter of rotating shaft
dgp, = 10 mm

dSh = 10 mm

diameter of rotating shaft
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A.3 Survey of Experimental Data

The following sections show the results of the experiments with gpaglieles and swarms of
particles which include the single particle velocities in exiwaccolumns with and without

internals.

A.3.1 Velocities of Single Drops

Experiments with single rigid spheres and liquid drops were carriei stiidy the effect of
surface mobility and form oscillations on the terminal velocity n§le drops. The terminal
velocity of single rigid pp-spheres, toluene drops and butyl acetate dropsextraction

column without internals, where no mass transfer was present, are liibtei(A.2)

Table A.2: Terminal velocity,wf single particles in an extraction column without internals
(where no mass transfer was present); binary test systemsppgspheres/water,
toluene (d)/water and butyl acetate (d)/water;

single rigid spheres - particle/drop-diameter dj, /d terminal velocity v,
single liquid drops [mm] [cm/s]
pp-spheres 1.9 4.6
pp-spheres 2.0 5.4
pp-spheres 2.5 7.2
pp-spheres 3.0 8.6
pp-spheres 3.4 9.8
pp-spheres 4.0 10.2
toluene drops, charge A 15 5.0
toluene drops, charge A 2.0 6.4
toluene drops, charge A 25 8.2
toluene drops, charge A 3.0 9.1
toluene drops, charge A 3.5 10.3
toluene drops, charge A 4.0 11.7
toluene drops, charge A 5.0 12.7
toluene drops, charge A 6.0 13.7
toluene drops, charge B 15 4.6
toluene drops, charge B 2.0 6.8
toluene drops, charge B 25 9.0
toluene drops, charge B 3.0 9.8
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A.3 Survey of Experimental Data

Table A.2: Terminal velocity,wf single particles in an extraction column without internals
(where no mass transfer was present); binary test systemsppgspheres/water,
toluene (d)/water and butyl acetate (d)/water; (continued)

single rigid spheres - particle/drop-diameter dy, /d terminal velocity v,
single liquid drops [mm] [em/s]
toluene drops, charge B 3.5 11.7
toluene drops, charge B 4.0 12.6
toluene drops, charge B 4.5 13.0
toluene drops, charge B 5.0 13.9
toluene drops, charge B 5.5 14.2
toluene drops, charge B 5.8 14.3
toluene drops, charge B 6.0 14.7
toluene drops, charge B 6.3 14.6
toluene drops, charge B 6.5 14.7
toluene drops, charge B 7.0 14.0
toluene drops, charge B 7.5 13.8
toluene drops, charge B 8.0 13.6
butyl acetate drops 1.5 4.5
butyl acetate drops 2.0 7.3
butyl acetate drops 25 10.1
butyl acetate drops 3.0 12.0
butyl acetate drops 3.5 12.3
butyl acetate drops 3.8 12.2
butyl acetate drops 4.0 12.1
butyl acetate drops 4.3 12.1
butyl acetate drops 4.5 11.7
butyl acetate drops 4.8 11.3
butyl acetate drops 5.0 11.0
butyl acetate drops 55 10.7
butyl acetate drops 6.0 10.2
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The investigation of the characteristic velocity of single padiahecolumns with different
internals were mainly conducted to determine the influence of gest#, physical properties
of the test systems and energy input on the flow of single parfi¢lesharacteristic velocities
of single rigid pp-spheres, toluene drops and butyl acetate drops in pulsedjitabeda
compartments are listedtable (A.3)and intable (A.3) The characteristic velocities presented

in these tables were determined in the mini plants in absence of masg.transfe

Table A.3: Characteristic velocityqy,., of single particles in pulsed compartments with
different internals (where no mass transfer was present); binary testrsy/sigid
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water;

compartment type single rigid spheres - dyord a[f Vehar.o
single liquid drops [mm] [cm/s] [cm/s]
sieve-tray dh =4 mm pp-spheres 1.9 1.0 4.0
sieve-tray dh =4 mm pp-spheres 2.0 1.0 4.6
sieve-tray dh =4 mm pp-spheres 2.5 1.0 51
sieve-tray dh =4 mm pp-spheres 3.0 1.0 6.4
sieve-tray dh =4 mm pp-spheres 34 1.0 6.1
sieve-tray dy, = 4 mm pp-spheres 1.9 1.5 4.3
sieve-tray dh =4 mm pp-spheres 2.0 15 5.0
sieve-tray dh =4 mm pp-spheres 25 15 54
sieve-tray dh =4 mm pp-spheres 3.0 15 6.5
sieve-tray dh =4 mm pp-spheres 3.4 15 7.1
sieve-tray dh =4 mm pp-spheres 1.9 2.0 4.2
sieve-tray dh =4 mm pp-spheres 2.0 2.0 4.8
sieve-tray dh =4 mm pp-spheres 2.5 2.0 5.6
sieve-tray dy, = 4 mm pp-spheres 3.0 2.0 6.5
sieve-tray dh =4 mm pp-spheres 3.4 2.0 6.6
sieve-tray dh =4 mm toluene drops, charge A 15 0.0 4.4
sieve-tray dh =4 mm toluene drops, charge A 2.0 0.0 5.3
sieve-tray dh =4 mm toluene drops, charge A 25 0.0 6.3
sieve-tray dh =4 mm toluene drops, charge A 3.0 0.0 7.1
sieve-tray dh =4 mm toluene drops, charge A 3.5 0.0 7.4
sieve-tray dh =4 mm toluene drops, charge A 4.0 0.0 7.8
sieve-tray dh =4 mm toluene drops, charge A 15 0.5 4.2
sieve-tray dh =4 mm toluene drops, charge A 2.0 0.5 5.4
sieve-tray dh =4 mm toluene drops, charge A 2.5 0.5 6.3
sieve-tray dh =4 mm toluene drops, charge A 3.0 0.5 6.7
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Table A.3: Characteristic velocity .y, o Of single particles in pulsed compartments with
different internals (where no mass transfer was present); binaryytsteinss: rigid
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [em/s]
sieve-tray dh =4 mm toluene drops, charge A 35 0.5 7.2
sieve-tray dh =4 mm toluene drops, charge A 4.0 0.5 7.5
sieve-tray dh =4 mm toluene drops, charge A 15 1.0 4.2
sieve-tray dh =4 mm toluene drops, charge A 2.0 1.0 5.5
sieve-tray dh =4 mm toluene drops, charge A 2.5 1.0 5.7
sieve-tray dh =4 mm toluene drops, charge A 3.0 1.0 6.4
sieve-tray dh =4 mm toluene drops, charge A 3.5 1.0 6.9
sieve-tray dh =4 mm toluene drops, charge A 4.0 1.0 7.2
sieve-tray dh =4 mm toluene drops, charge A 15 1.5 4.4
sieve-tray dh =4 mm toluene drops, charge A 2.0 1.5 54
sieve-tray dh =4 mm toluene drops, charge A 25 1.5 6.0
sieve-tray dh =4 mm toluene drops, charge A 3.0 15 6.7
sieve-tray dh =4 mm toluene drops, charge A 3.5 15 7.1
sieve-tray dh =4 mm toluene drops, charge A 4.0 15 7.7
sieve-tray dh =4 mm toluene drops, charge A 15 2.0 4.2
sieve-tray dh =4 mm toluene drops, charge A 2.0 2.0 5.3
sieve-tray dh =4 mm toluene drops, charge A 25 2.0 6.2
sieve-tray dh =4 mm toluene drops, charge A 3.0 2.0 7.1
sieve-tray dh =4 mm toluene drops, charge A 35 2.0 7.4
sieve-tray dh =4 mm toluene drops, charge A 4.0 2.0 7.6
sieve-tray dh =4 mm butyl acetate drops 15 0.0 4.4
sieve-tray dh =4 mm butyl acetate drops 2.0 0.0 5.4
sieve-tray dh =4 mm butyl acetate drops 25 0.0 6.8
sieve-tray dh =4 mm butyl acetate drops 3.0 0.0 8.1
sieve-tray dh =4 mm butyl acetate drops 35 0.0 8.0
sieve-tray dh =4 mm butyl acetate drops 4.0 0.0 8.4
sieve-tray dh =4 mm butyl acetate drops 15 0.5 4.2
sieve-tray dh =4 mm butyl acetate drops 2.0 0.5 5.7
sieve-tray dh =4 mm butyl acetate drops 2.5 0.5 7.0
sieve-tray dh =4 mm butyl acetate drops 3.0 0.5 8.0
sieve-tray dh =4 mm butyl acetate drops 3.5 0.5 8.0
sieve-tray dh =4 mm butyl acetate drops 4.0 0.5 8.5
sieve-tray dh =4 mm butyl acetate drops 15 1.0 4.0
sieve-tray dh =4 mm butyl acetate drops 2.0 1.0 55
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Table A.3: Characteristic velocityqjy,., of single particles in pulsed compartments with
different internals (where no mass transfer was present); binary testrsg/gigid
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [cm/s]
sieve-tray dh =4 mm butyl acetate drops 25 1.0 7.2
sieve-tray dh =4 mm butyl acetate drops 3.0 1.0 8.0
sieve-tray dh =4 mm butyl acetate drops 3.5 1.0 8.2
sieve-tray dh =4 mm butyl acetate drops 4.0 1.0 8.8
sieve-tray dh =4 mm butyl acetate drops 15 15 4.5
sieve-tray dh =4 mm butyl acetate drops 2.0 15 5.7
sieve-tray dh =4 mm butyl acetate drops 2.5 15 7.0
sieve-tray dh =4 mm butyl acetate drops 3.0 15 8.0
sieve-tray dh =4 mm butyl acetate drops 3.5 15 8.3
sieve-tray dh =4 mm butyl acetate drops 4.0 15 8.3
sieve-tray dh =4 mm butyl acetate drops 1.5 2.0 4.3
sieve-tray dh =4 mm butyl acetate drops 2.0 2.0 55
sieve-tray dh =4 mm butyl acetate drops 2.5 2.0 7.0
sieve-tray dh =4 mm butyl acetate drops 3.0 2.0 7.4
Montz-Pak B1-350 pp-spheres 1.9 0.0 3.4
Montz-Pak B1-350 pp-spheres 2.0 0.0 3.3
Montz-Pak B1-350 pp-spheres 2.5 0.0 3.4
Montz-Pak B1-350 pp-spheres 3.0 0.0 3.7
Montz-Pak B1-350 pp-spheres 3.4 0.0 3.9
Montz-Pak B1-350 pp-spheres 1.9 0.5 2.9
Montz-Pak B1-350 pp-spheres 2.0 0.5 3.3
Montz-Pak B1-350 pp-spheres 25 0.5 3.4
Montz-Pak B1-350 pp-spheres 3.0 0.5 3.2
Montz-Pak B1-350 pp-spheres 3.4 0.5 3.5
Montz-Pak B1-350 pp-spheres 1.9 1.0 2.9
Montz-Pak B1-350 pp-spheres 2.0 1.0 2.7
Montz-Pak B1-350 pp-spheres 25 1.0 3.5
Montz-Pak B1-350 pp-spheres 3.0 1.0 3.2
Montz-Pak B1-350 pp-spheres 3.4 1.0 3.5
Montz-Pak B1-350 pp-spheres 1.9 15 3.1
Montz-Pak B1-350 pp-spheres 2.0 15 3.4
Montz-Pak B1-350 pp-spheres 2.5 15 35
Montz-Pak B1-350 pp-spheres 3.0 15 3.3
Montz-Pak B1-350 pp-spheres 3.4 15 3.7
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Table A.3: Characteristic velocity .y, o Of single particles in pulsed compartments with
different internals (where no mass transfer was present); binaryytstsinss: rigid
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord a[f Vehar,o
single liquid drops [mm] [cm/s] [em/s]
Montz-Pak B1-350 pp-spheres 1.9 2.0 25
Montz-Pak B1-350 pp-spheres 2.0 2.0 3.0
Montz-Pak B1-350 pp-spheres 2.5 2.0 3.2
Montz-Pak B1-350 pp-spheres 3.0 2.0 3.2
Montz-Pak B1-350 pp-spheres 34 2.0 3.8
Montz-Pak B1-350 toluene drops, charge A 2.0 0.0 3.1
Montz-Pak B1-350 toluene drops, charge A 2.5 0.0 4.0
Montz-Pak B1-350 toluene drops, charge A 3.0 0.0 3.5
Montz-Pak B1-350 toluene drops, charge A 35 0.0 3.3
Montz-Pak B1-350 toluene drops, charge A 4.0 0.0 3.2
Montz-Pak B1-350 toluene drops, charge A 15 0.5 2.9
Montz-Pak B1-350 toluene drops, charge A 2.0 0.5 2.8
Montz-Pak B1-350 toluene drops, charge A 2.5 0.5 3.8
Montz-Pak B1-350 toluene drops, charge A 3.0 0.5 3.4
Montz-Pak B1-350 toluene drops, charge A 3.5 0.5 3.3
Montz-Pak B1-350 toluene drops, charge A 4.0 0.5 3.1
Montz-Pak B1-350 toluene drops, charge A 15 1.0 3.0
Montz-Pak B1-350 toluene drops, charge A 2.0 1.0 3.2
Montz-Pak B1-350 toluene drops, charge A 25 1.0 3.8
Montz-Pak B1-350 toluene drops, charge A 3.0 1.0 3.6
Montz-Pak B1-350 toluene drops, charge A 3.5 1.0 3.5
Montz-Pak B1-350 toluene drops, charge A 4.0 1.0 3.5
Montz-Pak B1-350 toluene drops, charge A 15 1.5 2.8
Montz-Pak B1-350 toluene drops, charge A 2.0 1.5 3.3
Montz-Pak B1-350 toluene drops, charge A 25 1.5 3.7
Montz-Pak B1-350 toluene drops, charge A 3.0 15 3.7
Montz-Pak B1-350 toluene drops, charge A 3.5 15 3.9
Montz-Pak B1-350 toluene drops, charge A 4.0 15 4.0
Montz-Pak B1-350 butyl acetate drops 15 0.0 2.7
Montz-Pak B1-350 butyl acetate drops 2.0 0.0 35
Montz-Pak B1-350 butyl acetate drops 2.5 0.0 3.7
Montz-Pak B1-350 butyl acetate drops 3.0 0.0 3.7
Montz-Pak B1-350 butyl acetate drops 3.5 0.0 3.4

183



A Appendix

Table A.3: Characteristic velocityqy,., of single particles in pulsed compartments with
different internals (where no mass transfer was present); binary testrsg/gigid
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [cm/s]
Montz-Pak B1-350 butyl acetate drops 4.0 0.0 3.6
Montz-Pak B1-350 butyl acetate drops 1.5 0.5 3.1
Montz-Pak B1-350 butyl acetate drops 2.0 0.5 3.6
Montz-Pak B1-350 butyl acetate drops 25 0.5 3.8
Montz-Pak B1-350 butyl acetate drops 3.0 0.5 3.7
Montz-Pak B1-350 butyl acetate drops 3.5 0.5 3.3
Montz-Pak B1-350 butyl acetate drops 4.0 0.5 3.2
Montz-Pak B1-350 butyl acetate drops 1.5 1.0 3.2
Montz-Pak B1-350 butyl acetate drops 2.0 1.0 3.5
Montz-Pak B1-350 butyl acetate drops 25 1.0 3.7
Montz-Pak B1-350 butyl acetate drops 3.0 1.0 3.7
Montz-Pak B1-350 butyl acetate drops 3.5 1.0 35
Montz-Pak B1-350 butyl acetate drops 4.0 1.0 3.5
Montz-Pak B1-350 butyl acetate drops 15 15 3.6
Montz-Pak B1-350 butyl acetate drops 2.0 15 4.0
Montz-Pak B1-350 butyl acetate drops 2.5 15 3.9
Montz-Pak B1-350 butyl acetate drops 3.0 15 3.9
Montz-Pak B1-350 butyl acetate drops 3.5 15 4.0
Montz-Pak B1-350 butyl acetate drops 4.0 1.5 3.6
Montz-Pak B1-350 butyl acetate drops 15 2.0 3.5
Montz-Pak B1-350 butyl acetate drops 2.0 2.0 3.8
Montz-Pak B1-350 butyl acetate drops 2.5 2.0 4.2
Montz-Pak B1-350 butyl acetate drops 3.0 2.0 4.2
Montz-Pak B1-350 butyl acetate drops 3.5 2.0 4.0
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Table A.4: Characteristic velocity.y,, o Of single particles in agitated compartments with
different agitators (where no mass transfer was present); binary test sysigios:
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water;

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [em/s]
RDC-compartment pp-spheres 1.9 100 2.8
RDC-compartment pp-spheres 2.0 100 3.3
RDC-compartment pp-spheres 25 100 34
RDC-compartment pp-spheres 3.0 100 3.5
RDC-compartment pp-spheres 34 100 3.7
RDC-compartment pp-spheres 4.0 100 34
RDC-compartment pp-spheres 1.9 200 3.2
RDC-compartment pp-spheres 2.0 200 3.6
RDC-compartment pp-spheres 25 200 3.7
RDC-compartment pp-spheres 3.0 200 3.9
RDC-compartment pp-spheres 34 200 4.3
RDC-compartment pp-spheres 4.0 200 34
RDC-compartment pp-spheres 1.9 300 29
RDC-compartment pp-spheres 2.0 300 3.8
RDC-compartment pp-spheres 2.5 300 3.8
RDC-compartment pp-spheres 3.0 300 3.8
RDC-compartment pp-spheres 34 300 4.1
RDC-compartment pp-spheres 4.0 300 3.9
RDC-compartment pp-spheres 1.9 400 3.3
RDC-compartment pp-spheres 2.0 400 4.0
RDC-compartment pp-spheres 2.5 400 3.6
RDC-compartment pp-spheres 3.0 400 3.9
RDC-compartment pp-spheres 3.4 400 4.5
RDC-compartment pp-spheres 4.0 400 4.6
RDC-compartment toluene drops, charge A 1.5 100 3.6
RDC-compartment toluene drops, charge A 2.0 100 3.6
RDC-compartment toluene drops, charge A 25 100 4.9
RDC-compartment toluene drops, charge A 3.0 100 5.1
RDC-compartment toluene drops, charge A 35 100 5.1
RDC-compartment toluene drops, charge A 4.0 100 53
RDC-compartment toluene drops, charge A 1.5 200 3.3
RDC-compartment toluene drops, charge A 2.0 200 4.2
RDC-compartment toluene drops, charge A 25 200 4.6
RDC-compartment toluene drops, charge A 3.0 200 5.0
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Table A.4: Characteristic velocity.y,, o Of single particles in agitated compartments with
different agitators (where no mass transfer was present); binary test sysigiohs: r
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [cm/s]
RDC-compartment toluene drops, charge A 3.5 200 4.8
RDC-compartment toluene drops, charge A 4.0 200 4.8
RDC-compartment toluene drops, charge A 1.5 300 3.1
RDC-compartment toluene drops, charge A 2.0 300 3.8
RDC-compartment toluene drops, charge A 25 300 45
RDC-compartment toluene drops, charge A 3.0 300 4.8
RDC-compartment toluene drops, charge A 3.5 300 4.9
RDC-compartment toluene drops, charge A 4.0 300 4.8
RDC-compartment toluene drops, charge A 1.5 400 3.4
RDC-compartment toluene drops, charge A 2.0 400 3.6
RDC-compartment toluene drops, charge A 2.5 400 4.0
RDC-compartment toluene drops, charge A 3.0 400 4.3
RDC-compartment toluene drops, charge A 3.5 400 4.3
RDC-compartment toluene drops, charge A 4.0 400 4.6
RDC-compartment butyl acetate drops 15 100 3.6
RDC-compartment butyl acetate drops 2.0 100 4.7
RDC-compartment butyl acetate drops 2.5 100 5.0
RDC-compartment butyl acetate drops 3.0 100 51
RDC-compartment butyl acetate drops 3.5 100 5.0
RDC-compartment butyl acetate drops 4.0 100 5.3
RDC-compartment butyl acetate drops 15 200 3.5
RDC-compartment butyl acetate drops 2.0 200 4.1
RDC-compartment butyl acetate drops 2.5 200 5.3
RDC-compartment butyl acetate drops 3.0 200 5.7
RDC-compartment butyl acetate drops 3.5 200 6.4
RDC-compartment butyl acetate drops 4.0 200 6.1
RDC-compartment butyl acetate drops 15 300 3.6
RDC-compartment butyl acetate drops 2.0 300 4.4
RDC-compartment butyl acetate drops 2.5 300 5.2
RDC-compartment butyl acetate drops 3.0 300 5.9
RDC-compartment butyl acetate drops 3.5 300 6.5
RDC-compartment butyl acetate drops 4.0 300 5.9
RDC-compartment butyl acetate drops 1.5 400 3.6
RDC-compartment butyl acetate drops 2.0 400 4.3
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Table A.4: Characteristic velocity.y,,, Of single particles in agitated compartments with
different agitators (where no mass transfer was present); binary test sysigiohs:
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [em/s]
RDC-compartment butyl acetate drops 2.5 400 5.3
RDC-compartment butyl acetate drops 3.0 400 6.0
RDC-compartment butyl acetate drops 35 400 6.0
RDC-compartment butyl acetate drops 4.0 400 5.8
Kihni-compartment pp-spheres 1.9 100 3.9
Kihni-compartment pp-spheres 2.0 100 4.5
Kihni-compartment pp-spheres 25 100 6.1
Kdhni-compartment pp-spheres 3.0 100 6.7
Khni-compartment pp-spheres 34 100 7.1
Kdhni-compartment pp-spheres 4.0 100 6.7
Kdhni-compartment pp-spheres 1.9 200 3.4
Kihni-compartment pp-spheres 2.0 200 3.8
Kihni-compartment pp-spheres 2.5 200 54
Kihni-compartment pp-spheres 3.0 200 6.4
Kihni-compartment pp-spheres 3.4 200 6.6
Kdhni-compartment pp-spheres 4.0 200 6.1
Kdhni-compartment pp-spheres 1.9 300 2.3
Kdhni-compartment pp-spheres 2.0 300 2.9
Kihni-compartment pp-spheres 25 300 4.6
Kihni-compartment pp-spheres 3.0 300 4.3
Kihni-compartment pp-spheres 34 300 5.7
Kihni-compartment pp-spheres 4.0 300 4.8
KUhni-compartment pp-spheres 1.9 400 2.9
KUhni-compartment pp-spheres 2.0 400 2.4
KUhni-compartment pp-spheres 2.5 400 4.2
KUhni-compartment pp-spheres 3.0 400 4.0
Kihni-compartment pp-spheres 3.4 400 4.0
Kihni-compartment pp-spheres 4.0 400 3.1
Kihni-compartment toluene drops, charge A 15 50 4.1
Kdhni-compartment toluene drops, charge A 2.0 50 4.9
KUhni-compartment toluene drops, charge A 25 50 5.8
Kdhni-compartment toluene drops, charge A 3.0 50 6.8
Kdhni-compartment toluene drops, charge A 35 50 7.8
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Table A.4: Characteristic velocity.y,,, Of single particles in agitated compartments with
different agitators (where no mass transfer was present); binary test sysigiohs: r
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [cm/s]
Kihni-compartment toluene drops, charge A 4.0 50 7.9
Kihni-compartment toluene drops, charge A 1.5 100 3.3
Kihni-compartment toluene drops, charge A 2.0 100 4.0
Kihni-compartment toluene drops, charge A 2.5 100 4.9
Kihni-compartment toluene drops, charge A 3.0 100 5.7
Kihni-compartment toluene drops, charge A 3.5 100 6.0
Kihni-compartment toluene drops, charge A 4.0 100 6.5
Kihni-compartment toluene drops, charge A 1.5 150 2.9
Kihni-compartment toluene drops, charge A 2.0 150 3.4
Kihni-compartment toluene drops, charge A 2.5 150 3.8
Kihni-compartment toluene drops, charge A 3.0 150 4.9
Kihni-compartment toluene drops, charge A 3.5 150 5.0
Kihni-compartment toluene drops, charge A 4.0 150 5.3
Kihni-compartment toluene drops, charge A 1.5 200 3.0
Kihni-compartment toluene drops, charge A 2.0 200 3.0
Kihni-compartment toluene drops, charge A 25 200 4.1
Kihni-compartment toluene drops, charge A 3.0 200 3.9
Kihni-compartment toluene drops, charge A 3.5 200 4.7
Kihni-compartment toluene drops, charge A 4.0 200 5.0
Kihni-compartment toluene drops, charge A 1.5 250 2.6
Kihni-compartment toluene drops, charge A 2.0 250 3.2
Kihni-compartment butyl acetate drops 15 50 3.9
Kihni-compartment butyl acetate drops 2.0 50 51
Kihni-compartment butyl acetate drops 2.5 50 6.9
Kihni-compartment butyl acetate drops 3.0 50 7.2
Kihni-compartment butyl acetate drops 3.5 50 8.5
Kihni-compartment butyl acetate drops 4.0 50 8.5
Kihni-compartment butyl acetate drops 15 100 4.2
Kihni-compartment butyl acetate drops 2.0 100 4.3
Kihni-compartment butyl acetate drops 2.5 100 5.4
Kihni-compartment butyl acetate drops 3.0 100 6.4
Kihni-compartment butyl acetate drops 3.5 100 6.8
Kihni-compartment butyl acetate drops 4.0 100 7.1
Kihni-compartment butyl acetate drops 1.5 150 3.5
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Table A.4: Characteristic velocity.y,,, of single particles in agitated compartments with
different agitators (where no mass transfer was present); binary test sysigis:
pp-spheres/water, toluene (d)/water, butyl acetate (d)/water; (continued)

compartment type single rigid spheres - dpord alf Vehar,o
single liquid drops [mm] [cm/s] [em/s]
KUhni-compartment butyl acetate drops 2.0 150 3.6
Kdhni-compartment butyl acetate drops 2.5 150 4.9
Kdhni-compartment butyl acetate drops 3.0 150 5.0
Kdhni-compartment butyl acetate drops 35 150 6.2
Kihni-compartment butyl acetate drops 4.0 150 6.3
Kihni-compartment butyl acetate drops 15 200 3.4
Kihni-compartment butyl acetate drops 2.0 200 4.2

A.3.2 Mass Transfer Data of Single Drops

Mass transfer of single drops was investigated in the single dragprant with and without
internals. During the mass transfer experiments, the change of thedsimgleoncentration in
a stationary continuous liquid with an acetone mass fraction, @fas determined over a
measuring distance. Organic phase with an initial concentratigywas dispersed in single
drops with a definite drop diameter. The concentration of the dropsdetasmined at a
measuring position 1, which was 100 mm above the inlet of the dispersed phdsae
measuring position 2, which was a distaha@bove position 1, see alsbapter 4.2 From the
determined drop concentrations, continuous phase concentration and the driby wéldo

the measuring sectidn the overall mass transfer coefficies, were calculated by

d Y -V,
By = —-—-—[In[ . J (A1)
°od T ety -y,
wherey” is the equilibrium acetone concentration givep'by m [x, Aand  isrtbettat

a drop needs to pass the measuring distanseefigure (A.5)

Table (A.5) table (A.6) and table (A.7) show the velocities of single drops and the
corresponding drop and water phase concentrations for the mass trans$tigations in

columns with and without internals.
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Figure A.5: lllustration of the determination of the overall mass transtefficientss
single drops by the measurement of the drop concentration change within a
measuring distance L

of

Table A.5: Terminal velocity,vand mass transfer data of single drops in extraction columns
without internals within a measuring section L for different directiohsnass
transfer; ternary test systems: toluene (d)/acetone/water and butyhtac(d)/

acetone/water;
liquid/liquid-system d Vo L Yo Y1 Yo Xo
direction of mass transfer [mm] [em/s] [em] [%] [%0] [%0] [%0]
t (d)/a/w, c to d 2.0 5.5 20 0.00 1.17 1.61 3.02
t (d)/a/w, ctod 25 6.8 20 0.00 1.05 1.57 3.29
t (d)/a/w, ctod 3.0 8.3 20 0.00 0.86 1.39 3.35
t(d)/a/w,ctod 35 8.8 20 0.00 0.95 1.31 2.74
t(d)/a/w,ctod 4.0 9.4 20 0.00 0.75 1.19 2.77
t (d)/a/w,dto c 2.0 55 23 3.00 1.08 0.43 0.00
t (d)/a/w, d to ¢ 25 7.0 23 3.00 1.41 0.64 0.00
t (d)/a/w,d to c 3.0 8.0 23 3.00 1.69 0.88 0.00
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Table A.5: Terminal velocity,vand mass transfer data of single drops in extraction columns
without internals within a measuring section L for different directiohsnass
transfer; ternary test systems: toluene (d)/acetone/water and bogghte (d)/
acetone/water; (continued)

liquid/liquid-system d Vo L Yo Y1 Yo Xo
direction of mass transfer [mm] [em/s] [cm] [%0] [%0] [%0] [%]
t (d)/a/w, d to c 3.5 9.1 23 3.00 1.83 1.10 0.00
t (d)/a/w, d to ¢ 4.0 10.1 23 3.00 1.89 1.19 0.00
bu-ac (d)/a/w, c to d 2.0 6.0 23 0.00 1.79 2.37 3.11
bu-ac (d)/a/w, c to d 25 7.9 23 0.00 1.54 2.14 3.10
bu-ac (d)/a/w, c to d 3.0 10.1 23 0.00 1.33 1.95 3.10
bu-ac (d)/a/w, c to d 35 10.8 23 0.00 1.17 1.84 3.14
bu-ac (d)/a/w, cto d 4.0 10.6 23 0.00 0.98 1.71 3.13
bu-ac (d)/a/w, d to ¢ 2.0 5.3 23 3.00 1.76 0.65 0.00
bu-ac (d)/a/w, d to ¢ 25 7.3 23 3.00 1.85 0.85 0.00
bu-ac (d)/a/w, d to ¢ 3.0 8.3 23 3.00 2.01 1.01 0.00
bu-ac (d)/a/w, dto ¢ 35 9.5 23 3.00 2.16 1.21 0.00
bu-ac (d)/a/w, dto ¢ 4.0 11.0 23 3.00 2.29 1.43 0.00
bu-ac (d)/a/w, cto d 2.0 5.4 23 0.00 3.51 4.99 6.23
bu-ac (d)/a/w, cto d 25 7.2 23 0.00 3.05 4.65 6.23
bu-ac (d)/a/w, cto d 3.0 9.0 23 0.00 2.45 4.18 6.23
bu-ac (d)/a/w, c to d 35 10.1 23 0.00 2.21 3.83 6.23
bu-ac (d)/a/w, c to d 4.0 10.1 23 0.00 2.06 3.65 6.23
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Table A.6: Characteristic velocity.y,,, and mass transfer of single liquid drops in pulsed
compartments with different internals for a mass transfer directiom the
continuous to the dispersed phasg £y0.0 %) within a measuring distance L
(L =20 cm); ternary test systems: toluene (d)/acetone/water and &ceyhte (d)/

acetone/water;

compartment type liquid/liquid-system d alf | Veharo| Y1 Y2 Xo

direction of mass transfer | [mm] | [cm/s] | [cm/s] [%] [%0] [%0]
sieve-tray dh =4 mm |t(d)/a/w,ctod 2.0 0.0 4.8 1.17 1.65 2.84
sieve-tray dh =4 mm |t(d)/a/w,ctod 2.5 0.0 6.3 1.05 1.56 2.75
sieve-tray dh =4mm |t(d)a/w,ctod 3.0 0.0 6.8 0.86 1.47 3.01
sieve-tray dp, =4 mm |t (d)/a/w,ctod 35 0.0 7.3 095 | 141 | 2.74
sieve-tray dy, =4 mm |t (d)/a/w,ctod 4.0 0.0 7.5 0.75 | 1.30 | 2.74
sieve-tray dh =4 mm |t(d)/a/w,ctod 2.0 0.5 4.9 1.17 1.68 2.84
sieve-tray dh =4 mm |t(d)/a/w,ctod 2.5 0.5 6.0 1.05 1.58 2.75
sieve-tray dh =4 mm |t(d)/a/w,ctod 3.0 0.5 6.6 0.86 1.49 3.01
sieve-tray dh =4mm |t(d)/a/w,ctod 35 0.5 7.3 0.95 1.41 2.74
sieve-tray dp, =4 mm |t (d)/a/w,ctod 4.0 0.5 7.4 075 | 1.34 | 2.74
sieve-tray dp, =4 mm |t (d)/a/w,ctod 2.0 1.0 5.0 117 | 171 | 2.84
sieve-tray dp, =4 mm |t (d)/a/w,ctod 25 1.0 6.0 1.05 | 158 | 2.75
sieve-tray dp, =4 mm |t (d)/a/w,ctod 3.0 1.0 6.4 0.86 | 1.52 | 3.01
sieve-tray dh =4 mm |t(d)/a/w,ctod 35 1.0 7.1 0.95 1.43 2.74
sieve-tray dh =4 mm |t(d)/a/w,ctod 4.0 1.0 7.3 0.75 1.33 2.74
sieve-tray dh =4mm |t(d)/a/w,ctod 2.0 15 5.1 1.17 1.79 2.84
sieve-tray dh =4mm |t(d)/a/w,ctod 25 15 6.1 1.05 1.66 2.75
sieve-tray dh =4mm |t(d)a/w,ctod 3.0 15 6.6 0.86 1.55 3.01
sieve-tray dp, =4 mm |t (d)/a/w,ctod 35 1.5 7.3 095 | 1.50 | 2.74
sieve-tray dp, =4 mm |t (d)/a/w,ctod 4.0 1.5 8.0 075 | 1.36 | 2.74
sieve-tray dp, =4 mm |t (d)/a/w,ctod 2.0 2.0 5.2 1.17 | 181 | 2.84
sieve-tray dh =4 mm |t(d)/a/w,ctod 2.5 2.0 6.6 1.05 1.68 2.75
sieve-tray dh =4 mm |t(d)/a/w,ctod 3.0 2.0 7.2 0.86 1.62 3.01
sieve-tray dh =2mm |t(d)/a/w,ctod 2.0 0.0 4.3 1.17 1.80 3.04
sieve-tray d, =2 mm |t (d)/a/w,ctod 2.0 0.5 4.0 1.17 | 1.83 | 3.04
sieve-tray d, =2 mm |t (d)/a/w,ctod 2.0 1.0 4.2 1.17 | 1.86 | 3.04
sieve-tray d, =2 mm |t (d)/a/w,ctod 25 1.0 4.5 1.05 | 1.78 | 3.19
sieve-tray dh =2mm |t(d)/a/w,ctod 3.0 1.0 4.6 0.86 1.80 3.01
sieve-tray dh =2mm |t(d)/a/w,ctod 2.0 15 4.4 1.17 1.85 3.04
sieve-tray dh =2mm |t(d)/a/w,ctod 2.5 15 55 1.05 1.84 3.19
sieve-tray dh =2mm |t(d)/a/w,ctod 2.0 20 4.5 1.17 1.87 3.04
sieve-tray d, =2 mm |t (d)/a/w,ctod 25 2.0 4.8 1.05 | 194 | 3.19

192




A.3 Survey of Experimental Data

Table A.6: Characteristic velocity.y,,, and mass transfer of single liquid drops in pulsed
compartments with different internals for a mass transfer doacfrom the
continuous to the dispersed phasg £y0.0 %) within a measuring distance L
(L =20 cm); ternary test systems: toluene (d)/acetone/water and dcayhte (d)/
acetone/water; (continued)

compartment type liquid/liquid-system d alf | Veharo| VY1 Y2 Xo

direction of mass transfer | [mm] | [cm/s] | [cm/s] [%0] [%0] [%]
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 2.0 0.0 5.5 1.79 2.55 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w, ctod 2.5 0.0 6.5 1.54 2.36 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w, ctod 3.0 0.0 7.7 1.33 2.15 3.01
sieve-tray dy, =4 mm | bu-ac (d)/a/w, ¢ to d 35 0.0 8.0 1.17 | 1.95 | 3.02
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 4.0 0.0 7.8 0.98 1.86 3.03
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 2.0 0.5 54 1.79 254 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 2.5 0.5 6.4 1.54 2.38 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 3.0 0.5 7.8 1.33 2.20 3.01
sieve-tray dh =4 mm |bu-ac (d)/a/w, ctod 3.5 0.5 8.0 1.17 1.99 3.02
sieve-tray dh =4 mm |bu-ac (d)/a/w, ctod 4.0 0.5 7.7 0.98 1.93 3.03
sieve-tray dy, =4 mm | bu-ac (d)/a/w, ¢ to d 2.0 1.0 5.7 1.79 | 254 | 3.05
sieve-tray dy, =4 mm | bu-ac (d)/a/w, ¢ to d 2.5 1.0 6.7 154 | 2.35 | 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 3.0 1.0 7.8 1.33 2.21 3.01
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 2.0 1.5 5.7 1.79 2.63 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w, ctod 2.5 15 7.1 154 2.39 3.05
sieve-tray dh =4 mm |bu-ac (d)/a/w,ctod 3.0 1.5 7.6 1.33 2.23 3.01
sieve-tray dh =4 mm |bu-ac (d)/a/w, ctod 2.0 2.0 5.5 1.79 2.63 3.05
sieve-tray dy, =4 mm | bu-ac (d)/a/w, ¢ to d 2.5 2.0 7.3 1.54 | 2.40 | 3.05
sieve-tray dy, =2 mm | bu-ac (d)/a/w, ¢ to d 2.0 0.5 4.6 1.79 | 256 | 293
sieve-tray dh =2mm |bu-ac (d)/a/w,ctod 2.5 0.5 4.6 1.54 2.45 2.93
sieve-tray dh =2mm |bu-ac (d)/a/w,ctod 2.0 1.0 4.3 1.79 2.60 2.93
sieve-tray dh =2 mm |bu-ac (d)/a/w,ctod 2.5 1.0 5.1 1.54 2.46 2.93
sieve-tray dh =2 mm |bu-ac (d)/a/w,ctod 2.0 1.5 4.8 1.79 2.57 2.93
Montz-Pak B1-350 t (d)/a/w, ctod 2.0 0.0 3.7 1.17 2.01 3.03
Montz-Pak B1-350 t (d)/a/w, ctod 25 0.0 4.0 1.05 2.03 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 3.0 0.0 3.9 0.86 194 | 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 35 0.0 3.7 0.95 186 | 2.93
Montz-Pak B1-350 t (d)/a/w, cto d 4.0 0.0 3.4 0.75 183 | 2.93
Montz-Pak B1-350 t (d)/a/w, cto d 2.0 0.5 3.7 1.17 | 212 | 3.03
Montz-Pak B1-350 t (d)/a/w, ctod 25 0.5 4.0 1.05 2.00 3.03
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Table A.6: Characteristic velocity.y,,, and mass transfer of single liquid drops in pulsed
compartments with different internals for a mass transfer directiom the
continuous to the dispersed phasg £y0.0 %) within a measuring distance L
(L =20 cm); ternary test systems: toluene (d)/acetone/water and &ceyhte (d)/
acetone/water; (continued)

compartment type liquid/liquid-system d alf | Veharo Y1 Yo Xo

direction of mass transfer | [mm] | [cm/s] | [cm/s] [%] [%0] [%0]
Montz-Pak B1-350 t (d)/a/w, cto d 3.0 0.5 4.0 0.86 191 | 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 3.5 0.5 3.7 0.95 1.88 | 2.93
Montz-Pak B1-350 t (d)/a/w, ctod 4.0 0.5 34 0.75 1.82 2.93
Montz-Pak B1-350 t (d)/a/w, ctod 2.0 1.0 3.7 1.17 2.13 3.03
Montz-Pak B1-350 t (d)/a/w, ctod 25 1.0 4.1 1.05 2.06 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 3.0 1.0 3.9 0.86 1.94 | 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 35 1.0 3.8 0.95 1.87 | 2.93
Montz-Pak B1-350 t (d)/a/w, cto d 4.0 1.0 3.5 0.75 1.85 | 2.93
Montz-Pak B1-350 t (d)/a/w, cto d 2.0 15 3.9 1.17 2.15 | 3.03
Montz-Pak B1-350 t (d)/a/w, ctod 25 15 4.1 1.05 2.04 3.03
Montz-Pak B1-350 t (d)/a/w, ctod 3.0 15 4.0 0.86 1.95 3.03
Montz-Pak B1-350 t (d)/a/w, ctod 35 15 3.9 0.95 1.89 2.93
Montz-Pak B1-350 t (d)/a/w, ctod 2.0 20 4.0 1.17 2.18 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 2.5 2.0 4.3 1.05 2.06 | 3.03
Montz-Pak B1-350 t (d)/a/w, cto d 3.0 2.0 4.0 0.86 1.99 | 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 2.0 0.0 34 1.79 255 | 2.96
Montz-Pak B1-350 bu-ac (d)/a/w, c to d 25 0.0 3.7 154 2.39 2.93
Montz-Pak B1-350 bu-ac (d)/a/w, cto d 3.0 0.0 3.7 1.33 2.43 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, cto d 3.5 0.0 3.4 1.17 2.46 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, c to d 4.0 0.0 3.4 0.98 241 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 2.0 0.5 34 1.79 258 | 2.96
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 2.5 0.5 3.7 1.54 247 | 2.93
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 3.0 0.5 3.7 1.33 250 | 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 3.5 0.5 3.5 1.17 247 | 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, c to d 2.0 1.0 3.3 1.79 2.63 2.96
Montz-Pak B1-350 bu-ac (d)/a/w, c to d 25 1.0 3.6 154 2.49 2.93
Montz-Pak B1-350 bu-ac (d)/a/w, c to d 3.0 1.0 3.7 1.33 2.56 3.03
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 2.0 15 3.7 1.79 2.62 | 2.96
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 25 15 3.8 1.54 253 | 2.93
Montz-Pak B1-350 bu-ac (d)/a/w, ctod 2.0 2.0 3.7 1.79 2.65 | 2.96

194




A.3 Survey of Experimental Data

Table A.7: Characteristic velocity.y,, o and mass transfer of single liquid drops in agitated
compartments with different internals for a mass transfer doacfrom the
continuous to the dispersed phasg £y0.0 %) within a measuring distance L
(L =20 cm); ternary test systems: toluene (d)/acetone/water and dceyhte (d)/

acetone/water;

compartment type liquid/liquid-system d nR Vehar,o Y1 1) Xg

direction of mass transfer | [mm] | [L/min] | [cm/s] [%0] [%0] [%]
RDC-compartment t(d)a/w, ctod 2.0 100 3.9 1.17 1.97 3.11
RDC-compartment t(d)a/w, ctod 2.5 100 4.8 1.05 1.81 3.11
RDC-compartment t (d)/a/w, ctod 3.0 100 4.7 0.86 1.71 3.08
RDC-compartment t (d)/a/w, ctod 3.5 100 5.1 0.95 1.69 3.08
RDC-compartment t (d)/a/w, ctod 4.0 100 5.3 0.75 1.59 3.04
RDC-compartment t(d)a/w, ctod 2.0 200 3.4 1.17 2.08 3.11
RDC-compartment t(d)/a/w, ctod 2.5 200 3.9 1.05 1.84 3.11
RDC-compartment t(d)a/w, ctod 3.0 200 4.4 0.86 1.79 3.08
RDC-compartment t(d)a/w, ctod 35 200 4.5 0.95 1.70 3.08
RDC-compartment t (d)/a/w, ctod 4.0 200 4.9 0.75 1.80 3.04
RDC-compartment t (d)/a/w, cto d 2.0 300 3.3 1.17 2.15 3.11
RDC-compartment t (d)/a/w, cto d 2.5 300 4.0 1.05 1.97 3.11
RDC-compartment t (d)/a/w, ctod 3.0 300 4.2 0.86 1.93 3.08
RDC-compartment t(d)a/w, ctod 35 300 4.6 0.95 1.78 3.08
RDC-compartment t(d)a/w, ctod 4.0 300 4.9 0.75 1.84 3.04
RDC-compartment t(d)a/w, ctod 2.0 400 3.7 1.17 2.18 3.11
RDC-compartment t(d)/a/w, ctod 2.5 400 4.3 1.05 2.00 3.11
RDC-compartment t (d)/a/w, ctod 3.0 400 4.4 0.86 1.96 3.08
RDC-compartment t (d)/a/w, ctod 3.5 400 4.7 0.95 1.85 3.08
RDC-compartment t (d)/a/w, ctod 4.0 400 4.9 0.75 1.94 3.04
RDC-compartment bu-ac (d)/a/w, c to d 2.0 100 3.7 1.79 2.50 2.99
RDC-compartment bu-ac (d)/a/w, c to d 2.5 100 4.4 1.54 2.47 2.99
RDC-compartment bu-ac (d)/a/w, c to d 3.0 100 54 1.33 2.31 2.99
RDC-compartment bu-ac (d)/a/w, c to d 35 100 5.5 1.17 2.24 2.99
RDC-compartment bu-ac (d)/a/w, cto d 4.0 100 5.7 0.98 2.05 2.99
RDC-compartment bu-ac (d)/a/w, cto d 2.0 200 3.8 1.79 2.55 2.99
RDC-compartment bu-ac (d)/a/w, cto d 2.5 200 4.0 1.54 2.55 2.99
RDC-compartment bu-ac (d)/a/w, c to d 3.0 200 4.3 1.33 2.42 2.99
RDC-compartment bu-ac (d)/a/w, c to d 35 200 4.4 1.17 2.34 2.99
RDC-compartment bu-ac (d)/a/w, c to d 4.0 200 4.5 0.98 2.25 2.99
RDC-compartment bu-ac (d)/a/w, c to d 2.0 300 3.5 1.79 2.62 2.99
RDC-compartment bu-ac (d)/a/w, cto d 2.5 300 4.1 1.54 2.61 2.99
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Table A.7: Characteristic velocity,y,, o and mass transfer of single liquid drops in agitated
compartments with different internals for a mass transfer directiom the
continuous to the dispersed phasg £y0.0 %) within a measuring distance L
(L =20 cm); ternary test systems: toluene (d)/acetone/water andl dxetate (d)/
acetone/water; (continued)

compartment type liquid/liquid-system d nR Vehar,o Y1 1) Xo

direction of mass transfer | [mm] | [L/min] | [cm/s] [%] [%0] [%0]
RDC-compartment bu-ac (d)/a/w, c to d 3.0 300 4.7 1.33 2.46 2.99
RDC-compartment bu-ac (d)/a/w, c to d 35 300 4.5 1.17 2.42 2.99
RDC-compartment bu-ac (d)/a/w, cto d 4.0 300 4.6 0.98 2.30 2.99
RDC-compartment bu-ac (d)/a/w, c to d 2.0 400 34 1.79 2.62 2.99
RDC-compartment bu-ac (d)/a/w, c to d 25 400 4.1 154 2.62 2.99
RDC-compartment bu-ac (d)/a/w, c to d 3.0 400 4.5 1.33 2.52 2.99
Kidhni-compartment |t (d)/a/w,ctod 2.0 50 4.7 1.17 1.75 3.08
Kdhni-compartment |t (d)/a/w, ctod 2.5 50 6.1 1.05 1.63 3.08
Kihni-compartment |t (d)/a/w, ctod 3.0 50 7.0 0.86 1.59 3.12
Kuhni-compartment |t (d)/a/w, cto d 35 50 7.2 0.95 1.50 3.08
Kihni-compartment |t (d)/a/w, cto d 4.0 50 7.7 0.75 1.50 3.12
Kuhni-compartment |t (d)/a/w, cto d 2.0 100 3.9 1.17 1.88 3.08
Kidhni-compartment |t (d)/a/w, ctod 2.5 100 4.8 1.05 1.87 3.08
Kidhni-compartment |t (d)/a/w,ctod 3.0 100 5.3 0.86 1.77 3.12
Kdhni-compartment |t (d)/a/w,ctod 35 100 6.0 0.95 1.71 3.12
Kdhni-compartment |t (d)/a/w,ctod 4.0 100 6.2 0.75 1.73 3.12
Kuhni-compartment |t (d)/a/w, cto d 2.0 150 2.9 1.17 2.05 3.08
Kuhni-compartment |t (d)/a/w, cto d 25 150 3.7 1.05 2.09 3.08
Kuhni-compartment | bu-ac (d)/a/w, c to d 2.0 50 5.1 1.79 2.64 3.01
Kihni-compartment bu-ac (d)/a/w, c to d 2.5 50 6.2 1.54 2.55 3.01
Kihni-compartment bu-ac (d)/a/w, c to d 3.0 50 7.1 1.33 2.38 3.01
Kihni-compartment bu-ac (d)/a/w, c to d 35 50 7.4 1.17 2.36 3.01
Kihni-compartment bu-ac (d)/a/w, c to d 4.0 50 7.4 0.98 2.19 3.01
Kuhni-compartment | bu-ac (d)/a/w, c to d 2.0 100 3.9 1.79 2.71 3.01
Kuhni-compartment | bu-ac (d)/a/w, c to d 25 100 49 154 2.66 3.01
Kihni-compartment | bu-ac (d)/a/w, ctod 3.0 100 5.6 1.33 2.52 3.01
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A.3.3 Single Drop Breakage

The breakage behaviour of single mother drops was determined using twdymsatiusated
binary systems (toluene (d)/water and butyl acetate (d)/water) andtdwary systems
(toluene (d)/acetone/water and butyl acetate (d)/acetone/waterth&anvestigation of the
ternary test systems acetone was added to the water phase actgfone weight concentration
of 5 % was obtained. The aqueous phase was subsequently mixed with toloetyt aretate
to mutually saturate both phases. Afterwards the aqueous phaselwathke single drop mini
plant and the organic phases were used to generate single mother dr@pkneitm diameter

dy - The investigation of the drop breakage was always carried out in elifanass transfer.

The results of the single drop breakage experiments are listbe ifoltowing tables. The
characteristic drop diameteds;,, andd;oo Which are important for the prediction of the
breakage probabilitpg in pulsed compartments by the correlations presentelapter 6.1
are listed intable (A.8) Table (A.9)andtable (A.10)show the breakage probability of mother
drops with a diameted,, and the average number of daughter dmgpsproduced by the

breakage of a mother drop in single pulsed and agitated compartments.

Table A.8: Characteristic drop diameteggl,and d g for the determination of the breakage
probability in pulsed compartments with different internals; * = extrapsat

values
compartment type liquid/liquid-system alf dstab d100
(mutually saturated) [cm/s] [mm] [mm]
sieve-tray - dh =2mm toluene (d)/water 15 2.0 4.3
sieve-tray - dh =2mm toluene (d)/water 2.0 1.7 3.8
sieve-tray - dh =2mm toluene (d)/water 2.5 0.8* 3.6
sieve-tray - dh =2mm toluene (d)/acetone/water 15 1.7 4.1
sieve-tray - dh =2mm toluene (d)/acetone/water 2.0 0.5* 3.7
sieve-tray - dh =2mm toluene (d)/acetone/water 2.5 0.3* 3.3
sieve-tray - dp, = 2 mm butyl acetate (d)/water 1.0 1.5 4.0
sieve-tray - dh =2mm butyl acetate (d)/water 15 1.0 3.5
sieve-tray - dh =2mm butyl acetate (d)/water 2.0 0.5* 2.8
sieve-tray - dh =2mm butyl acetate (d)/acetone/water 1.0 2.0 3.8
sieve-tray - dh =2mm butyl acetate (d)/acetone/water 15 0.8* 3.4
sieve-tray - dh =2mm butyl acetate (d)/acetone/water 2.0 0.3* 3.0
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Table A.8: Characteristic drop diametegg,and d g for the determination of the breakage

probability in pulsed compartments with different internals; * = extraplat
values (continued)

compartment type liquid/liquid-system alf dstab d100
(mutually saturated) [cm/s] [mm] [mm]
sieve-tray - dh =4 mm toluene (d)/water 15 2.7 6.7
sieve-tray - dj, = 4 mm toluene (d)/water 2.0 2.0 6.2
sieve-tray - d, = 4 mm toluene (d)/water 2.5 1.3 6.0
sieve-tray - dh =4 mm toluene (d)/acetone/water 1.5 2.3 6.3
sieve-tray - dh =4 mm toluene (d)/acetone/water 2.0 1.7 55
sieve-tray - dh =4 mm toluene (d)/acetone/water 2.5 1.0 5.2
sieve-tray - dh =4 mm butyl acetate (d)/water 1.0 2.3 5.8
sieve-tray - dh =4 mm butyl acetate (d)/water 15 1.8 5.1
sieve-tray - dh =4 mm butyl acetate (d)/water 2.0 1.3 4.6
sieve-tray - dh =4 mm butyl acetate (d)/acetone/water 1.0 2.5 5.3
sieve-tray - dh =4 mm butyl acetate (d)/acetone/water 1.5 1.3 4.5
sieve-tray - dh =4 mm butyl acetate (d)/acetone/water 2.0 0.9* 4.4
Montz-Pak B1-350 toluene (d)/water 1.0 3.4 8.5
Montz-Pak B1-350 toluene (d)/water 15 2.3 7.0
Montz-Pak B1-350 toluene (d)/water 2.0 1.7 55
Montz-Pak B1-350 toluene (d)/water 2.5 15 4.7
Montz-Pak B1-350 toluene (d)/acetone/water 1.0 3.3 7.5
Montz-Pak B1-350 toluene (d)/acetone/water 1.5 3.0 6.5
Montz-Pak B1-350 toluene (d)/acetone/water 2.0 1.5 4.5
Montz-Pak B1-350 toluene (d)/acetone/water 2.5 1.2 4.0
Montz-Pak B1-350 butyl acetate (d)/water 0.5 25 4.6
Montz-Pak B1-350 butyl acetate (d)/water 1.0 2.3 4.2
Montz-Pak B1-350 butyl acetate (d)/water 15 15 3.8
Montz-Pak B1-350 butyl acetate (d)/water 2.0 1.0 3.4
Montz-Pak B1-350 butyl acetate (d)/acetone/water 1.0 2.2 4.0
Montz-Pak B1-350 butyl acetate (d)/acetone/water 1.5 1.3 35
Montz-Pak B1-350 butyl acetate (d)/acetone/water 2.0 0.8* 3.1
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment
with different internals (where no mass transfer was present);

compartment type liquid/liquid-system alf dm Pr Ngg

(mutually saturated) [cm/s] [mm] [-] [-]
sieve-tray dp, =4 mm |t (d)/w 1.5 3.0 0.04 2.0
sieve-tray dp, =4 mm |t (d)/w 1.5 35 0.08 2.5
sieve-tray dp, =4 mm |t (d)/w 1.5 4.0 0.21 2.3
sieve-tray dh =4 mm |t(d)/w 15 4.6 0.44 2.3
sieve-tray dp, = 4 mm |t (d)/w 1.5 5.1 0.58 2.7
sieve-tray dp, =4 mm |t (d)/w 1.5 5.6 0.69 2.6
sieve-tray dp, =4 mm |t (d)/w 1.5 5.9 0.81 2.5
sieve-tray dp, =4 mm |t (d)/w 1.5 6.4 0.94 3.5
sieve-tray dp, =4 mm |t (d)/w 2.0 2.5 0.07 2.3
sieve-tray dp, =4 mm |t (d)/w 2.0 3.0 0.19 2.7
sieve-tray dh =4 mm |t(d)/w 2.0 3.5 0.33 2.8
sieve-tray dh =4 mm |t(d)/w 2.0 4.0 0.45 2.6
sieve-tray dp, = 4 mm |t (d)/w 2.0 4.6 0.66 3.1
sieve-tray dp, =4 mm |t (d)/w 2.0 5.1 0.76 35
sieve-tray dp, =4 mm |t (d)/w 2.0 5.6 0.84 3.2
sieve-tray dp, =4 mm |t (d)/w 2.0 5.9 0.95 4.5
sieve-tray dp, =4 mm |t (d)/w 2.5 1.5 0.02 2.2
sieve-tray dp, =4 mm |t (d)/w 2.5 2.0 0.07 2.7
sieve-tray dh =4 mm |t(d)/w 2.5 25 0.23 2.7
sieve-tray dp, = 4 mm |t (d)/w 2.5 3.0 0.36 3.3
sieve-tray dp, =4 mm |t (d)/w 2.5 35 0.45 3.6
sieve-tray dp, = 4 mm |t (d)/w 2.5 4.0 0.57 4.0
sieve-tray dp, =4 mm |t (d)/w 2.5 4.6 0.75 4.7
sieve-tray dp, =4 mm |t (d)/w 2.5 5.1 0.86 5.5
sieve-tray dp, =4 mm |t (d)/w 2.5 5.6 0.95 5.4
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 2.5 0.03 2.0
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 3.0 0.11 2.2
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.0 35 0.36 2.3
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 4.0 0.55 2.8
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 4.6 0.72 3.3
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 4.6 0.71 3.2
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 5.1 0.88 3.9
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 5.6 0.93 4.3
sieve-tray dy, =4 mm | bu-ac (d)/w 1.0 5.6 0.96 4.7
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment
with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngg

(mutually saturated) [em/s] [mm] [-] [-1
sieve-tray dy, =4 mm | bu-ac (d)/w 1.5 2.0 0.03 2.0
sieve-tray dy, =4 mm | bu-ac (d)/w 1.5 2.5 0.15 2.0
sieve-tray dy, =4 mm | bu-ac (d)/w 1.5 2.5 0.13 2.2
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.5 3.0 0.35 2.4
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.5 3.0 0.29 2.2
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.5 3.5 0.53 3.0
sieve-tray dy, =4 mm | bu-ac (d)/w 1.5 35 0.58 3.3
sieve-tray dy, =4 mm | bu-ac (d)/w 1.5 4.0 0.79 3.3
sieve-tray dy, =4 mm | bu-ac (d)/w 1.5 4.0 0.77 3.6
sieve-tray dp, =4 mm | bu-ac (d)/w 1.5 4.6 0.83 4.1
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.5 4.6 0.90 4.0
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.5 5.1 0.97 5.2
sieve-tray dy, = 4 mm | bu-ac (d)/w 1.5 5.1 0.95 5.7
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 1.6 0.06 25
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 1.6 0.07 2.4
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 1.8 0.14 2.7
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 1.8 0.14 2.9
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 2.0 0.17 3.0
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 2.0 0.12 25
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 2.5 0.32 3.3
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 2.5 0.28 3.6
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 3.0 0.42 3.7
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 35 0.67 4.2
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 3.5 0.65 4.4
sieve-tray dy, =4 mm | bu-ac (d)/w 2.0 4.0 0.88 4.6
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 4.0 0.90 4.8
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 4.6 0.98 5.8
sieve-tray dy, = 4 mm | bu-ac (d)/w 2.0 4.6 0.96 5.1
sieve-tray dp, =4 mm |t (d)/a/w 1.5 2.3 0.01 2.0
sieve-tray dp, =4 mm |t (d)/a/w 1.5 2.5 0.07 2.1
sieve-tray dp, =4 mm |t (d)/a/w 1.5 3.0 0.19 2.3
sieve-tray dp, =4 mm |t (d)/a/w 1.5 4.0 0.36 2.8
sieve-tray dh =4 mm |t (d)/a/w 15 4.5 0.65 2.5
sieve-tray dh =4 mm |t (d)/a/w 15 55 0.79 2.8
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment

with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngqg

(mutually saturated) [cm/s] [mm] [-] [-]
sieve-tray dp, =4 mm |t (d)/a/w 1.5 6.0 0.96 3.9
sieve-tray dp, =4 mm |t (d)/a/w 2.0 2.0 0.07 2.4
sieve-tray dp, =4 mm |t (d)/a/w 2.0 3.0 0.29 3.5
sieve-tray dh =4 mm |t(d)/a/w 2.0 4.0 0.54 4.5
sieve-tray dp, = 4 mm |t (d)/a/w 2.0 5.1 0.93 5.5
sieve-tray dp, = 4 mm |t (d)/a/w 2.5 1.5 0.05 2.6
sieve-tray dp, =4 mm |t (d)/a/w 2.5 2.0 0.18 2.8
sieve-tray dp, =4 mm |t (d)/a/w 2.5 3.0 0.42 5.4
sieve-tray dp, =4 mm |t (d)/a/w 2.5 4.0 0.70 4.3
sieve-tray dp, =4 mm |t (d)/a/w 2.5 5.1 0.99 6.7
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 1.0 2.8 0.04 2.0
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 1.0 3.0 0.22 2.2
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 1.0 35 0.44 2.4
sieve-tray dy, =4 mm | bu-ac (d)/a/w 1.0 4.0 0.55 3.5
sieve-tray dy, =4 mm | bu-ac (d)/a/w 1.0 45 0.72 3.1
sieve-tray dy, =4 mm | bu-ac (d)/a/w 1.0 5.0 0.97 4.6
sieve-tray dy, =4 mm | bu-ac (d)/a/w 1.5 1.5 0.03 2.1
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 1.5 2.0 0.13 3.2
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 1.5 2.5 0.26 3.7
sieve-tray dh =4 mm |bu-ac (d)/a/w 15 3.0 0.49 3.8
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 1.5 35 0.63 4.4
sieve-tray dy, =4 mm | bu-ac (d)/a/w 1.5 4.0 0.86 5.6
sieve-tray dy, =4 mm | bu-ac (d)/a/w 1.5 4.4 0.96 5.5
sieve-tray dy, =4 mm | bu-ac (d)/a/w 2.0 1.5 0.13 3.5
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 2.0 2.0 0.23 3.2
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 2.0 2.5 0.39 4.2
sieve-tray dy, = 4 mm | bu-ac (d)/a/w 2.0 3.0 0.54 4.7
sieve-tray dh =4 mm |bu-ac (d)/a/w 2.0 3.5 0.86 5.7
sieve-tray dy, =4 mm | bu-ac (d)/a/w 2.0 4.0 0.93 6.8
sieve-tray dp, =2 mm |t (d)/w 1.5 2.3 0.04 2.0
sieve-tray dp, =2 mm |t (d)/w 1.5 2.5 0.17 2.6
sieve-tray dh =2mm |t (d)/w 15 2.8 0.32 3.0
sieve-tray dh =2mm |t (d)/w 15 3.0 0.39 3.6
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment
with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngg

(mutually saturated) [em/s] [mm] [-] [-1
sieve-tray dp, =2 mm |t (d)/w 1.5 3.3 0.58 4.0
sieve-tray dp, =2 mm |t (d)/w 1.5 3.8 0.80 4.4
sieve-tray dp, =2 mm |t (d)/w 1.5 4.0 0.91 4.6
sieve-tray dh =2mm |t (d)/w 15 4.3 0.97 4.9
sieve-tray dp, =2 mm |t (d)/w 2.0 2.0 0.09 2.3
sieve-tray dp, =2 mm |t (d)/w 2.0 2.5 0.33 35
sieve-tray dp, =2 mm |t (d)/w 2.0 3.0 0.59 3.8
sieve-tray dp, =2 mm |t (d)/w 2.0 3.3 0.77 4.1
sieve-tray dp, =2 mm |t (d)/w 2.0 35 0.86 4.4
sieve-tray dp, =2 mm |t (d)/w 2.0 3.8 0.97 4.9
sieve-tray dh =2mm |t(d)/w 2.5 15 0.17 2.1
sieve-tray dh =2mm |t(d)/w 2.5 1.8 0.32 2.6
sieve-tray dp, =2 mm |t (d)/w 2.5 2.0 0.38 3.1
sieve-tray dp, =2 mm |t (d)/w 2.5 2.5 0.63 3.9
sieve-tray dp, =2 mm |t (d)/w 2.5 3.0 0.81 5.2
sieve-tray dp, =2 mm |t (d)/w 2.5 3.3 0.86 5.2
sieve-tray dp, =2 mm |t (d)/w 2.5 3.5 0.97 7.2
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 1.8 0.03 2.0
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 2.3 0.20 2.1
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 2.5 0.35 2.2
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 2.8 0.52 2.9
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 2.8 0.49 3.1
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 3.0 0.62 3.0
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 3.3 0.77 3.1
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 3.3 0.72 2.8
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 3.5 0.81 3.0
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 3.5 0.78 2.9
sieve-tray dy, =2 mm | bu-ac (d)/w 1.0 3.8 0.92 2.4
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 1.5 0.16 2.2
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 1.5 0.15 25
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 1.8 0.31 2.7
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 1.8 0.34 2.4
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 2.0 0.46 3.7
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 2.0 0.47 3.2
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment

with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngqg

(mutually saturated) [cm/s] [mm] [-] [-]
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 2.3 0.59 4.0
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 2.5 0.67 4.6
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 2.8 0.74 4.7
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 3.0 0.85 5.5
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 3.3 0.93 4.8
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 33 0.92 5.4
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 35 0.97 5.0
sieve-tray dy, =2 mm | bu-ac (d)/w 1.5 35 0.98 5.3
sieve-tray dy, =2 mm | bu-ac (d)/w 2.0 1.5 0.50 3.9
sieve-tray dy, =2 mm | bu-ac (d)/w 2.0 1.8 0.59 4.1
sieve-tray dy, =2 mm | bu-ac (d)/w 2.0 2.0 0.64 5.0
sieve-tray dy, =2 mm | bu-ac (d)/w 2.0 2.0 0.68 5.2
sieve-tray dh =2mm |bu-ac (d)/w 2.0 2.3 0.80 6.0
sieve-tray dy, =2 mm | bu-ac (d)/w 2.0 2.5 0.88 8.1
sieve-tray dy, =2 mm | bu-ac (d)/w 2.0 2.8 0.97 9.3
sieve-tray dp, =2 mm |t (d)/a/w 1.5 1.7 0.02 2.0
sieve-tray dp, =2 mm |t (d)/a/w 1.5 2.0 0.13 3.0
sieve-tray dh =2mm |t (d)/a/w 15 2.3 0.26 3.2
sieve-tray dp, =2 mm |t (d)/a/w 1.5 3.0 0.60 3.5
sieve-tray dp, =2 mm |t (d)/a/w 1.5 3.3 0.73 5.1
sieve-tray dp, =2 mm |t (d)/a/w 1.5 4.0 0.95 5.3
sieve-tray dp, =2 mm |t (d)/a/w 2.0 1.5 0.29 2.9
sieve-tray dp, =2 mm |t (d)/a/w 2.0 1.8 0.53 4.2
sieve-tray dp, =2 mm |t (d)/a/w 2.0 2.0 0.68 4.6
sieve-tray dh =2mm |t (d)/a/w 2.0 3.0 0.85 6.5
sieve-tray dh =2mm |t (d)/a/w 2.0 3.5 0.93 9.1
sieve-tray dp, =2 mm |t (d)/a/w 2.5 1.5 0.57 5.4
sieve-tray dp, =2 mm |t (d)/a/w 2.5 2.0 0.79 7.1
sieve-tray dp, =2 mm |t (d)/a/w 2.5 3.0 0.95 9.3
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.0 2.0 0.01 2.0
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.0 2.5 0.30 2.6
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.0 3.0 0.50 3.2
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.0 35 0.79 4.5
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment
with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngqg
(mutually saturated) [em/s] [mm] [-] [-1
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.0 3.8 0.98 5.0
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.5 1.5 0.24 2.4
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.5 2.0 0.66 3.3
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.5 2.5 0.81 5.5
sieve-tray dh =2mm |bu-ac (d)/a/w 15 3.0 0.90 5.9
sieve-tray dy, =2 mm | bu-ac (d)/a/w 1.5 3.3 0.97 7.5
sieve-tray dy, =2 mm | bu-ac (d)/a/w 2.0 1.5 0.61 4.5
sieve-tray dy, =2 mm | bu-ac (d)/a/w 2.0 2.0 0.81 7.4
sieve-tray dy, =2 mm | bu-ac (d)/a/w 2.0 2.5 0.96 11.3
Montz-Pak B1-350 t (d)/w 1.0 3.9 0.07 2.0
Montz-Pak B1-350 t (d)/w 1.0 4.6 0.13 2.0
Montz-Pak B1-350 t (d)/w 1.0 51 0.44 2.1
Montz-Pak B1-350 t (d)/w 1.0 5.6 0.55 2.1
Montz-Pak B1-350 t (d)/w 1.0 5.9 0.56 2.2
Montz-Pak B1-350 t (d)/w 1.0 6.4 0.75 23
Montz-Pak B1-350 t (d)/w 1.0 7.0 0.82 24
Montz-Pak B1-350 t (d)/w 1.0 7.5 0.87 2.6
Montz-Pak B1-350 t (d)/w 1.0 8.0 0.94 2.8
Montz-Pak B1-350 t (d)/w 15 2.5 0.03 20
Montz-Pak B1-350 t (d)/w 15 3.0 0.14 2.1
Montz-Pak B1-350 |t (d)/w 1.5 3.9 0.37 2.2
Montz-Pak B1-350 t (d)/w 15 4.5 0.48 2.3
Montz-Pak B1-350 t (d)/w 15 51 0.60 2.2
Montz-Pak B1-350 t (d)/w 15 5.6 0.76 2.7
Montz-Pak B1-350 t (d)/w 15 5.9 0.89 34
Montz-Pak B1-350 t (d)/w 15 6.4 0.95 35
Montz-Pak B1-350 |t (d)/w 2.0 2.0 0.04 2.0
Montz-Pak B1-350 |t (d)/w 2.0 2.5 0.13 2.0
Montz-Pak B1-350 |t (d)/w 2.0 3.0 0.37 2.1
Montz-Pak B1-350 t (d)/w 2.0 4.0 0.56 25
Montz-Pak B1-350 t (d)/w 2.0 4.2 0.74 2.5
Montz-Pak B1-350 t (d)/w 2.0 4.6 0.85 2.6
Montz-Pak B1-350 t (d)/w 2.0 51 0.95 3.6
Montz-Pak B1-350 t (d)/w 2.5 1.6 0.02 2.0
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment

with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngqd

(mutually saturated) [cm/s] [mm] [-] [-]
Montz-Pak B1-350 t (d)/w 2.5 2.0 0.11 2.1
Montz-Pak B1-350 t (d)/w 2.5 2.5 0.25 2.3
Montz-Pak B1-350 t (d)/w 2.5 3.0 0.54 24
Montz-Pak B1-350 t (d)/w 2.5 3.5 0.69 2.8
Montz-Pak B1-350 t (d)/w 25 4.0 0.86 3.5
Montz-Pak B1-350 t (d)/w 25 4.6 0.97 4.6
Montz-Pak B1-350 bu-ac (d)/w 0.5 25 0.03 2.0
Montz-Pak B1-350 bu-ac (d)/w 0.5 2.8 0.09 2.0
Montz-Pak B1-350 bu-ac (d)/w 0.5 3.0 0.26 2.0
Montz-Pak B1-350 bu-ac (d)/w 0.5 3.3 0.46 2.2
Montz-Pak B1-350 bu-ac (d)/w 0.5 3.3 0.44 2.2
Montz-Pak B1-350 bu-ac (d)/w 0.5 3.5 0.61 23
Montz-Pak B1-350 bu-ac (d)/w 0.5 3.5 0.62 23
Montz-Pak B1-350 bu-ac (d)/w 0.5 3.8 0.70 2.4
Montz-Pak B1-350 bu-ac (d)/w 0.5 4.0 0.85 2.0
Montz-Pak B1-350 bu-ac (d)/w 0.5 4.4 0.96 21
Montz-Pak B1-350 bu-ac (d)/w 1.0 25 0.10 2.0
Montz-Pak B1-350 bu-ac (d)/w 1.0 2.8 0.19 2.0
Montz-Pak B1-350 bu-ac (d)/w 1.0 4.0 0.98 2.0
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.0 0.35 2.0
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.0 0.32 2.1
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.3 0.55 2.1
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.3 0.58 2.2
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.5 0.78 2.3
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.5 0.75 2.3
Montz-Pak B1-350 bu-ac (d)/w 1.0 3.8 0.93 2.5
Montz-Pak B1-350 bu-ac (d)/w 15 1.6 0.03 2.0
Montz-Pak B1-350 bu-ac (d)/w 15 1.8 0.15 2.0
Montz-Pak B1-350 bu-ac (d)/w 15 2.0 0.17 2.0
Montz-Pak B1-350 bu-ac (d)/w 15 2.3 0.21 2.1
Montz-Pak B1-350 bu-ac (d)/w 1.5 2.3 0.25 21
Montz-Pak B1-350 bu-ac (d)/w 1.5 25 0.39 2.2
Montz-Pak B1-350 bu-ac (d)/w 1.5 2.8 0.46 2.3
Montz-Pak B1-350 bu-ac (d)/w 1.5 3.0 0.61 2.6
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment
with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngqg

(mutually saturated) [em/s] [mm] [-] [-1
Montz-Pak B1-350 bu-ac (d)/w 1.5 3.0 0.54 24
Montz-Pak B1-350 bu-ac (d)/w 1.5 3.3 0.78 2.8
Montz-Pak B1-350 bu-ac (d)/w 1.5 3.5 0.91 3.2
Montz-Pak B1-350 bu-ac (d)/w 1.5 3.8 0.98 31
Montz-Pak B1-350 bu-ac (d)/w 2.0 1.6 0.20 20
Montz-Pak B1-350 bu-ac (d)/w 2.0 1.8 0.33 2.2
Montz-Pak B1-350 bu-ac (d)/w 2.0 2.0 0.44 23
Montz-Pak B1-350 bu-ac (d)/w 2.0 2.3 0.53 2.2
Montz-Pak B1-350 bu-ac (d)/w 2.0 25 0.63 2.6
Montz-Pak B1-350 bu-ac (d)/w 2.0 2.8 0.74 3.0
Montz-Pak B1-350 bu-ac (d)/w 2.0 3.0 0.82 3.0
Montz-Pak B1-350 bu-ac (d)/w 2.0 3.0 0.82 31
Montz-Pak B1-350 bu-ac (d)/w 2.0 3.3 0.94 3.3
Montz-Pak B1-350 bu-ac (d)/w 2.0 3.3 0.93 3.6
Montz-Pak B1-350 bu-ac (d)/w 2.0 3.4 0.98 3.9
Montz-Pak B1-350 t (d)/a/w 1.0 3.5 0.03 2.0
Montz-Pak B1-350 t (d)/a/w 1.0 4.0 0.16 2.0
Montz-Pak B1-350 t (d)/a/w 1.0 4.6 0.44 2.0
Montz-Pak B1-350 t (d)/a/w 1.0 5.1 0.52 2.1
Montz-Pak B1-350 t (d)/a/w 1.0 6.0 0.80 25
Montz-Pak B1-350 t (d)/a/w 1.0 7.0 0.94 3.1
Montz-Pak B1-350 t (d)/a/w 15 3.0 0.03 20
Montz-Pak B1-350 t (d)/a/w 1.5 4.0 0.34 21
Montz-Pak B1-350 t (d)/a/w 1.5 4.6 0.62 2.2
Montz-Pak B1-350 t (d)/a/w 1.5 5.1 0.79 25
Montz-Pak B1-350 t (d)/a/w 1.5 6.0 0.95 3.2
Montz-Pak B1-350 t (d)/a/w 2.0 1.8 0.05 20
Montz-Pak B1-350 t (d)/a/w 2.0 2.0 0.18 21
Montz-Pak B1-350 t (d)/a/w 2.0 25 0.42 2.2
Montz-Pak B1-350 t (d)/a/w 2.0 3.0 0.56 23
Montz-Pak B1-350 t (d)/a/w 2.0 3.5 0.78 2.9
Montz-Pak B1-350 t (d)/a/w 2.0 4.0 0.95 3.3
Montz-Pak B1-350 t (d)/a/w 25 1.5 0.10 2.2
Montz-Pak B1-350 t (d)/a/w 25 2.0 0.34 2.2
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Table A.9: Breakage probabilitygpof single mother drops and average number of daughter
drops ryq produced from breakage of mother drops in a single pulsed compartment

with different internals (where no mass transfer was present); (continued)

compartment type liquid/liquid-system alf dm Pr Ngqd

(mutually saturated) [cm/s] [mm] [-] [-]
Montz-Pak B1-350 t (d)/a/w 2.5 2.5 0.62 2.6
Montz-Pak B1-350 t (d)/a/w 2.5 3.0 0.84 3.4
Montz-Pak B1-350 t (d)/a/w 2.5 35 0.91 3.8
Montz-Pak B1-350 bu-ac (d)/a/w 1.0 2.3 0.02 2.0
Montz-Pak B1-350 bu-ac (d)/a/w 1.0 2.8 0.13 2.1
Montz-Pak B1-350 bu-ac (d)/a/w 1.0 3.0 0.36 2.2
Montz-Pak B1-350 bu-ac (d)/a/w 1.0 3.5 0.73 2.4
Montz-Pak B1-350 bu-ac (d)/a/w 1.0 4.0 0.98 2.6
Montz-Pak B1-350 bu-ac (d)/a/w 1.5 15 0.07 2.0
Montz-Pak B1-350 bu-ac (d)/a/w 1.5 2.0 0.21 2.1
Montz-Pak B1-350 bu-ac (d)/a/w 1.5 25 0.56 2.0
Montz-Pak B1-350 bu-ac (d)/a/w 15 3.0 0.78 2.4
Montz-Pak B1-350 bu-ac (d)/a/w 15 35 0.97 3.0
Montz-Pak B1-350 bu-ac (d)/a/w 2.0 15 0.33 2.1
Montz-Pak B1-350 bu-ac (d)/a/w 2.0 1.8 0.52 2.3
Montz-Pak B1-350 bu-ac (d)/a/w 2.0 2.3 0.74 2.9
Montz-Pak B1-350 bu-ac (d)/a/w 2.0 2.5 0.85 3.0
Montz-Pak B1-350 bu-ac (d)/a/w 2.0 2.8 0.93 3.4
Montz-Pak B1-350 bu-ac (d)/a/w 2.0 3.1 0.99 4.8
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Table A.10:Breakage probabilitysf single mother drops and average number of daughter

drops nyq produced from breakage of mother drops in a single agitated

compartment with different internals (where no mass transfer was present);

compartment type liquid/liquid-system N dm Pr Ngqg
(one compartment) (mutually saturated) [1/min] [mm] [-] [-]
RDC-compartment t (d)/w 800 2.0 0.10 2.0
RDC-compartment t (d)/w 900 2.0 0.28 2.4
RDC-compartment t (d)/w 1000 2.0 0.41 2.6
RDC-compartment t (d)/w 1100 2.0 0.53 3.1
RDC-compartment t (d)/w 1200 2.0 0.67 4.2
RDC-compartment t (d)/w 700 3.0 0.10 2.4
RDC-compartment t (d)/w 800 3.0 0.31 2.8
RDC-compartment t (d)/w 900 3.0 0.47 2.8
RDC-compartment t (d)/w 1000 3.0 0.61 3.6
RDC-compartment t (d)/w 1100 3.0 0.71 4.4
RDC-compartment t (d)/w 1200 3.0 0.81 5.9
RDC-compartment t (d)/w 600 4.0 0.18 2.4
RDC-compartment t (d)/w 700 4.0 0.34 2.7
RDC-compartment t (d)/w 800 4.0 0.54 3.6
RDC-compartment t (d)/w 900 4.0 0.63 3.9
RDC-compartment t (d)/w 1000 4.0 0.81 54
RDC-compartment t (d)/w 1100 4.0 0.86 6.6
RDC-compartment bu-ac (d)/w 500 2.0 0.12 2.0
RDC-compartment bu-ac (d)/w 600 2.0 0.36 2.4
RDC-compartment bu-ac (d)/w 700 2.0 0.58 2.8
RDC-compartment bu-ac (d)/w 800 2.0 0.77 3.8
RDC-compartment bu-ac (d)/w 900 2.0 0.87 51
RDC-compartment bu-ac (d)/w 400 3.0 0.15 2.2
RDC-compartment bu-ac (d)/w 500 3.0 0.35 2.5
RDC-compartment bu-ac (d)/w 600 3.0 0.57 3.5
RDC-compartment bu-ac (d)/w 700 3.0 0.79 5.1
RDC-compartment bu-ac (d)/w 800 3.0 0.86 6.6
RDC-compartment bu-ac (d)/w 350 4.0 0.14 2.4
RDC-compartment bu-ac (d)/w 400 4.0 0.25 2.7
RDC-compartment bu-ac (d)/w 450 4.0 0.43 2.5
RDC-compartment bu-ac (d)/w 500 4.0 0.63 3.6
RDC-compartment bu-ac (d)/w 550 4.0 0.79 4.1
RDC-compartment bu-ac (d)/w 600 4.0 0.87 55
RDC-compartment t (d)/a/w 600 2.0 0.02 2.0
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Table A.10:Breakage probabilityspf single mother drops and average number of daughter

drops nyq produced from breakage of mother drops in a single agitated
compartment with different internals (where no mass transfer was present);

compartment type liquid/liquid-system N dm Pr Ngqd
(one compartment) (mutually saturated) [1/min] [mm] [-] [-]
RDC-compartment t (d)/a/w 700 2.0 0.15 3.0
RDC-compartment t (d)/a/w 800 2.0 0.37 2.4
RDC-compartment t (d)/a/w 900 2.0 0.58 2.8
RDC-compartment t (d)/a/w 1000 2.0 0.77 3.3
RDC-compartment t (d)/a/w 1100 2.0 0.85 4.4
RDC-compartment t (d)/a/w 500 3.0 0.03 2.0
RDC-compartment t (d)/a/w 600 3.0 0.12 2.1
RDC-compartment t (d)/a/w 700 3.0 0.35 2.5
RDC-compartment t (d)/a/w 800 3.0 0.51 3.4
RDC-compartment t (d)/a/w 900 3.0 0.76 3.9
RDC-compartment t (d)/a/w 1000 3.0 0.87 5.0
RDC-compartment t (d)/a/w 400 4.0 0.02 2.0
RDC-compartment t (d)/a/w 500 4.0 0.20 2.3
RDC-compartment t (d)/a/w 600 4.0 0.38 2.6
RDC-compartment t (d)/a/w 700 4.0 0.57 3.3
RDC-compartment t (d)/a/w 800 4.0 0.78 4.4
RDC-compartment t (d)/a/w 900 4.0 0.93 7.1
RDC-compartment bu-ac (d)/a/w 400 2.0 0.05 2.2
RDC-compartment bu-ac (d)/a/w 500 2.0 0.26 2.6
RDC-compartment bu-ac (d)/a/w 600 2.0 0.55 3.0
RDC-compartment bu-ac (d)/a/w 700 2.0 0.71 3.6
RDC-compartment bu-ac (d)/a/w 800 2.0 0.87 4.7
RDC-compartment bu-ac (d)/a/w 300 3.0 0.06 2.0
RDC-compartment bu-ac (d)/a/w 400 3.0 0.32 2.7
RDC-compartment bu-ac (d)/a/w 500 3.0 0.56 2.7
RDC-compartment bu-ac (d)/a/w 600 3.0 0.70 5.3
RDC-compartment bu-ac (d)/a/w 700 3.0 0.92 8.3
RDC-compartment bu-ac (d)/a/w 300 4.0 0.13 2.3
RDC-compartment bu-ac (d)/a/w 350 4.0 0.32 25
RDC-compartment bu-ac (d)/a/w 400 4.0 0.66 3.3
RDC-compartment bu-ac (d)/a/w 450 4.0 0.75 4.3
RDC-compartment bu-ac (d)/a/w 500 4.0 0.86 4.9
Kdhni-compartment |t (d)/w 175 2.0 0.08 2.3
Kdhni-compartment |t (d)/w 200 2.0 0.28 25
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Table A.10:Breakage probabilitysf single mother drops and average number of daughter

drops nyq produced from breakage of mother drops in a single agitated

compartment with different internals (where no mass transfer was present);

compartment type liquid/liquid-system N dm Pr Ngqg
(one compartment) (mutually saturated) [1/min] [mm] [-] [-]
Kdhni-compartment |t (d)/w 225 2.0 0.46 2.6
Kdhni-compartment |t (d)/w 250 2.0 0.60 3.4
Kdhni-compartment |t (d)/w 125 3.0 0.04 2.0
Kuhni-compartment |t (d)/w 150 3.0 0.24 25
Kuhni-compartment |t (d)/w 175 3.0 0.39 3.1
Kuhni-compartment |t (d)/w 200 3.0 0.50 3.3
Kuhni-compartment |t (d)/w 225 3.0 0.65 4.0
Kdhni-compartment |t (d)/w 250 3.0 0.81 5.3
Kdhni-compartment |t (d)/w 100 4.0 0.03 2.0
Kdhni-compartment |t (d)/w 125 4.0 0.16 2.6
Kidhni-compartment |t (d)/w 150 4.0 0.38 2.8
Kuhni-compartment |t (d)/w 175 4.0 0.49 34
Kihni-compartment |t (d)/w 200 4.0 0.69 4.2
Kuhni-compartment |t (d)/w 225 4.0 0.85 5.2
Kihni-compartment bu-ac (d)/w 100 2.0 0.07 2.1
Kihni-compartment bu-ac (d)/w 125 2.0 0.27 2.2
Kihni-compartment bu-ac (d)/w 150 2.0 0.49 3.2
Kihni-compartment bu-ac (d)/w 175 2.0 0.72 3.6
Kuhni-compartment | bu-ac (d)/w 200 2.0 0.85 4.8
Kuhni-compartment | bu-ac (d)/w 75 3.0 0.06 20
Kihni-compartment | bu-ac (d)/w 100 3.0 0.27 2.7
Kihni-compartment bu-ac (d)/w 125 3.0 0.52 3.9
Kihni-compartment bu-ac (d)/w 150 3.0 0.68 5.3
Kihni-compartment bu-ac (d)/w 175 3.0 0.87 7.4
Kihni-compartment bu-ac (d)/w 50 4.0 0.05 2.0
Kuhni-compartment | bu-ac (d)/w 75 4.0 0.21 2.8
Kuhni-compartment | bu-ac (d)/w 100 4.0 0.41 3.0
Kuhni-compartment | bu-ac (d)/w 125 4.0 0.69 6.1
Kihni-compartment | bu-ac (d)/w 150 4.0 0.91 7.1
Kdhni-compartment |t (d)/a/w 125 2.0 0.05 2.2
Kdhni-compartment |t (d)/a/w 150 2.0 0.22 2.3
Kihni-compartment |t (d)/a/w 175 2.0 0.51 2.7
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Table A.10:Breakage probabilityspf single mother drops and average number of daughter

drops nyq produced from breakage of mother drops in a single agitated
compartment with different internals (where no mass transfer was present);

compartment type liquid/liquid-system N dm Pr Ngqd
(one compartment) (mutually saturated) [1/min] [mm] [-] [-]
Kdhni-compartment |t (d)/a/w 200 2.0 0.69 4.0
Kdhni-compartment |t (d)/a/w 225 2.0 0.87 4.7
Kdhni-compartment |t (d)/a/w 100 3.0 0.10 2.4
Kdhni-compartment |t (d)/a/w 125 3.0 0.36 3.1
Kdhni-compartment |t (d)/a/w 150 3.0 0.61 4.6
Kdhni-compartment |t (d)/a/w 175 3.0 0.73 5.5
Kdhni-compartment |t (d)/a/w 200 3.0 0.85 7.5
Kdhni-compartment |t (d)/a/w 75 4.0 0.02 2.0
Kdhni-compartment |t (d)/a/w 100 4.0 0.30 2.9
Kdhni-compartment |t (d)/a/w 125 4.0 0.54 4.6
Kdhni-compartment |t (d)/a/w 150 4.0 0.74 6.2
Kdhni-compartment |t (d)/a/w 175 4.0 0.84 5.9
Kidhni-compartment | bu-ac (d)/a/w 75 2.0 0.02 2.0
Kidhni-compartment | bu-ac (d)/a/w 100 2.0 0.20 29
Khni-compartment bu-ac (d)/a/w 125 2.0 0.37 2.9
Khni-compartment bu-ac (d)/a/w 150 2.0 0.61 4.6
Khni-compartment bu-ac (d)/a/w 175 2.0 0.87 5.6
Khni-compartment bu-ac (d)/a/w 50 3.0 0.04 2.0
Kihni-compartment | bu-ac (d)/a/w 75 3.0 0.19 2.2
Kihni-compartment | bu-ac (d)/a/w 100 3.0 0.41 3.9
Kidhni-compartment | bu-ac (d)/a/w 125 3.0 0.56 5.6
Khni-compartment bu-ac (d)/a/w 150 3.0 0.82 7.2
KUhni-compartment bu-ac (d)/a/w 175 3.0 0.90 8.8
Khni-compartment bu-ac (d)/a/w 25 4.0 0.06 2.0
Khni-compartment bu-ac (d)/a/w 50 4.0 0.17 2.1
Kidhni-compartment | bu-ac (d)/a/w 75 4.0 0.40 3.0
Kidhni-compartment | bu-ac (d)/a/w 100 4.0 0.58 6.6
Kidhni-compartment | bu-ac (d)/a/w 125 4.0 0.87 8.4
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A.3.4 Performance of Counter Current Extraction Columns

The swarm influence on the fluiddynamic behaviour and the mass treatsfeof drop swarms
were determined in extraction columns with different internals. figuan experiment, the
acetone concentration of the aqueous and of the organic phase was ddtatrifinenlet and
at the outlet. In addition, concentration profiles of both phases, hold-upudligm along the
column height and drop size distribution within the extraction column veeded during
each experiment at three column sections. The location of the nmgasedtions and the
position of the individual measuring points are showiigitre (A.6) The exact position of the

single measuring points can be foundapter 4.4

Outlet organic @
phase: y

Inlet aqueous

phase: x, V : i

) dio
<
k9. "

section 3

section 2

H

d

X
2 e m
< 3

d12, initial
; Inlet organic

section 1

Lobol

phase: y, Vg4
Outlet agueous
phase: x

Figure A.6: Arrangement of the measuring sections and measuring points for the
determination of the concentration profiles, hold-up profiles and drop size
distributions along the column active height in the drop swarm extractor
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Table (A.11)andtable (A.12)show several examples of the initial drop size distribution of the
toluene and butyl acetate phase determined immediately afterniper fiistributor, see
figure (A.6) No significant change of the initial drop size distribution was founchduhe
experiments. Narrow drop size distributions were generated by thibudstrwith a sauter

diameterd; ; jnitia iN the range from 2.0 to 2.4 mm.

Table A.11: Examples for the initial drop size volume density distribufidr(0.2 mm) of the
dispersedoluene phasa(d)initial

example 1 example 2 example 3
d [mm] d3(d) [1/mm] d [mm] d3(d) [1/mm] d [mm] d(d) [1/mm]
0.1 0.000 0.1 0.000 0.1 0.000
0.3 0.000 0.3 0.000 0.3 0.000
0.5 0.000 0.5 0.000 0.5 0.000
0.7 0.000 0.7 0.000 0.7 0.000
0.9 0.000 0.9 0.000 0.9 0.000
1.1 0.066 11 0.080 11 0.056
1.3 0.113 13 0.097 13 0.111
15 0.213 15 0.138 15 0.214
1.7 0.226 1.7 0.210 1.7 0.289
1.9 0.340 1.9 0.274 1.9 0.340
2.1 0.527 2.1 0.485 21 0.598
2.3 0.632 2.3 0.541 2.3 0.752
25 0.758 25 0.630 25 0.894
2.7 0.540 2.7 0.730 2.7 0.526
2.9 0.622 2.9 0.554 2.9 0.410
3.1 0.424 3.1 0.359 3.1 0.182
3.3 0.159 3.3 0.350 3.3 0.137
3.5 0.105 35 0.219 35 0.033
3.7 0.149 3.7 0.117 3.7 0.039
3.9 0.058 3.9 0.083 3.9 0.045
4.1 0.068 4.1 0.096 4.1 0.053
4.3 0.000 4.3 0.037 4.3 0.182
4.5 0.000 4.5 0.000 4.5 0.139
4.7 0.000 4.7 0.000 4.7 0.000
4.9 0.000 4.9 0.000 4.9 0.000

213



A Appendix

Table A.12:Examples for the initial drop size volume density distribufldr=(0.2 mm) of the
dispersedutyl acetate phasas(d)initial

example 1 example 2 example 3
d [mm] d3(d) [1/mm] d [mm] da(d) [1/mm] d [mm] d3(d) [1/mm]
0.1 0.000 0.1 0.000 0.1 0.000
0.3 0.000 0.3 0.000 0.3 0.000
0.5 0.000 0.5 0.002 0.5 0.000
0.7 0.111 0.7 0.112 0.7 0.059
0.9 0.142 0.9 0.122 0.9 0.109
1.1 0.171 1.1 0.155 1.1 0.093
1.3 0.239 1.3 0.264 1.3 0.111
15 0.295 15 0.311 15 0.150
1.7 0.325 1.7 0.333 1.7 0.240
1.9 0.356 1.9 0.344 1.9 0.347
2.1 0.328 2.1 0.660 2.1 0.461
2.3 0.546 2.3 0.639 2.3 0.583
25 0.720 25 0.493 25 0.537
2.7 0.395 2.7 0.552 2.7 0.641
2.9 0.317 2.9 0.228 2.9 0.551
3.1 0.141 3.1 0.383 3.1 0.296
3.3 0.255 3.3 0.252 3.3 0.227
3.5 0.203 3.5 0.150 3.5 0.271
3.7 0.239 3.7 0.000 3.7 0.215
3.9 0.217 3.9 0.000 3.9 0.109
4.1 0.000 4.1 0.000 4.1 0.000
4.3 0.000 4.3 0.000 4.3 0.000
4.5 0.000 4.5 0.000 4.5 0.000
4.7 0.000 4.7 0.000 4.7 0.000
4.9 0.000 4.9 0.000 4.9 0.000

All experiments in the pilot plant extractor were carried oufanass transfer direction from

the continuous to the dispersed phase “c to d*. The following tables adindimesults of a large
number of experiments in the extractor. For each operating condition, the energy input (a for
nr), the volume flow of the continuous phagg and the dispersed whase |l as the
concentration profiles of both phases, the hold-up distribution along the column height and the

sauter diameter profiles are shown.
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Table A.13:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-
systemtoluene (d)/acetone/water

column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.44
mass transfer direction: section 3 451 section 3 0.077
ctod section 2 3.86 section 2 0.092
pulsation intensity: section 1 2.86 section 1 0.089
alf=1.0cm/s water outlet 2.37
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  3.57 measuring position dy » [mm]
48.0 section 3 3.20
section 2 2.67 section 3 1.9
section 1 1.70 section 2 1.9
organic phase inlet 0.76 section 1 2.3
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.44
mass transfer direction: section 3 4.19 section 3 0.095
ctod section 2 3.49 section 2 0.092
pulsation intensity: section 1 2.29 section 1 0.092
alf=1.0cm/s water outlet 2.09
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.50 measuring position dp o [mm]
48.0 section 3 3.10
section 2 2.45 section 3 2.0
section 1 1.20 section 2 1.9
organic phase inlet 0.36 section 1 2.4
column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.52
mass transfer direction: section 3 4.55 section 3 0.129
ctod section 2 3.75 section 2 0.129
pulsation intensity: section 1 2.00 section 1 0.126
alf=1.0cm/s water outlet 1.60
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.82 measuring position dy o [mm]
74.1 section 3 3.33
section 2 2.56 section 3 21
section 1 1.10 section 2 21
organic phase inlet 0.15 section 1 2.3
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Table A.13:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.33
mass transfer direction: section 3 4.62 section 3 0.126
ctod section 2 3.70 section 2 0.114
pulsation intensity: section 1 2.05 section 1 0.117
alf=1.0cm/s water outlet 1.55
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.50 measuring position dy o [mm]
74.1 section 3 3.08
section 2 2.46 section 3 1.9
section 1 1.13 section 2 2.2
organic phase inlet 0.11 section 1 2.2
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.34
mass transfer direction: section 3 4.73 section 3 0.157
ctod section 2 3.98 section 2 0.154
pulsation intensity: section 1 2.46 section 1 0.135
alf=1.0cm/s water outlet 1.73
volume flow V¢ [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.77 measuring position dy o [mm]
86.8 section 3 3.34
section 2 2.70 section 3 2.0
section 1 1.42 section 2 2.2
organic phase inlet 0.53 section 1 2.4
column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.30
mass transfer direction: section 3 4.66 section 3 0.139
ctod section 2 3.89 section 2 0.151
pulsation intensity: section 1 2.14 section 1 0.135
alf=1.0cm/s water outlet 1.23
volume flow V. [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.64 measuring position dy o [mm]
86.8 section 3 3.25
section 2 2.62 section 3 21
section 1 1.25 section 2 21
organic phase inlet 0.08 section 1 25
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Table A.13:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed sieve tray extractOPSE* for different pulsation intensities; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.92
mass transfer direction: section 3 4.98 section 3 0.326
ctod section 2 4.42 section 2 0.345
pulsation intensity: section 1 2.61 section 1 0.363
alf=1.0cm/s water outlet 1.36
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 4.19 measuring position dy » [mm]
99.6 section 3 3.81
section 2 2.93 section 3 2.2
section 1 1.50 section 2 2.3
organic phase inlet 0.13 section 1 2.3
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.49
mass transfer direction: section 3 4.96 section 3 0.259
ctod section 2 4.31 section 2 0.308
pulsation intensity: section 1 2.63 section 1 0.271
alf=1.0cm/s water outlet 1.62
volume flow V¢ [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.87 measuring position dy o [mm]
99.6 section 3 3.53
section 2 2.92 section 3 2.3
section 1 154 section 2 1.9
organic phase inlet 0.54 section 1 2.5
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.35
mass transfer direction: section 3 4.86 section 3 0.277
ctod section 2 4.24 section 2 0.255
pulsation intensity: section 1 3.11 section 1 0.252
alf=1.0cm/s water outlet 1.83
volume flow V. [I/h]: sauter diameter profile
93.1 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.02 measuring position dy o [mm]
111.8 section 3 3.73
section 2 3.24 section 3 2.6
section 1 1.93 section 2 2.2
organic phase inlet 0.73 section 1 2.6
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Table A.13:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.35
mass transfer direction: section 3 4.15 section 3 0.073
ctod section 2 3.61 section 2 0.072
pulsation intensity: section 1 2.69 section 1 0.072
alf=20cm/s water outlet 1.80
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  3.39 measuring position dy o [mm]
48.0 section 3 3.06
section 2 2.68 section 3 1.8
section 1 1.58 section 2 1.9
organic phase inlet 0.40 section 1 1.8
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.26
mass transfer direction: section 3 4.44 section 3 0.078
ctod section 2 3.81 section 2 0.072
pulsation intensity: section 1 241 section 1 0.077
alf=2.0cm/s water outlet 1.92
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.57 measuring position dy o [mm]
48.0 section 3 3.15
section 2 2.93 section 3 1.9
section 1 1.61 section 2 1.8
organic phase inlet 0.62 section 1 1.9
column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.45
mass transfer direction: section 3 4.29 section 3 0.124
ctod section 2 3.53 section 2 0.136
pulsation intensity: section 1 2.33 section 1 0.121
alf=2.0cm/s water outlet 1.76
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.45 measuring position dy o [mm]
74.1 section 3 3.18
section 2 2.62 section 3 1.9
section 1 1.32 section 2 2.0
organic phase inlet 0.41 section 1 1.9
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Table A.13:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed sieve tray extractOPSE* for different pulsation intensities; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 531
mass transfer direction: section 3 4.57 section 3 0.145
ctod section 2 3.90 section 2 0.125
pulsation intensity: section 1 2.35 section 1 0.111
alf=2.0cm/s water outlet 1.81
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.96 measuring position dy » [mm]
74.1 section 3 3.61
section 2 2.94 section 3 1.8
section 1 1.52 section 2 2.0
organic phase inlet 0.62 section 1 2.0
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.22
mass transfer direction: section 3 4.63 section 3 0.167
ctod section 2 3.98 section 2 0.165
pulsation intensity: section 1 2.40 section 1 0.173
alf=2.0cm/s water outlet 1.64
volume flow V¢ [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.06 measuring position dy o [mm]
86.8 section 3 3.77
section 2 3.08 section 3 2.1
section 1 0.91 section 2 1.9
organic phase inlet 0.62 section 1 2.2
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.36
mass transfer direction: section 3 4.76 section 3 0.215
ctod section 2 3.86 section 2 0.209
pulsation intensity: section 1 2.21 section 1 0.175
alf=2.0cm/s water outlet 1.46
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.28 measuring position dy o [mm]
99.6 section 3 3.86
section 2 3.04 section 3 1.9
section 1 1.48 section 2 2.2
organic phase inlet 0.53 section 1 2.0

219



A Appendix

Table A.13:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 6.03
mass transfer direction: section 3 5.58 section 3 0.203
ctod section 2 4.75 section 2 0.228
pulsation intensity: section 1 3.12 section 1 0.200
alf=20cm/s water outlet 1.80
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.34 measuring position dy o [mm]
99.6 section 3 4.06
section 2 3.39 section 3 1.9
section 1 1.89 section 2 1.8
organic phase inlet 0.69 section 1 2.2
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 6.01
mass transfer direction: section 3 5.38 section 3 0.342
ctod section 2 4.58 section 2 0.332
pulsation intensity: section 1 2.93 section 1 0.300
alf=2.0cm/s water outlet 1.59
volume flow V¢ [I/h]: sauter diameter profile
93.2 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.82 measuring position dy o [mm]
111.8 section 3 4.37
section 2 3.39 section 3 21
section 1 2.05 section 2 2.0
organic phase inlet 0.53 section 1 2.2
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Table A.14:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-

systembutyl acetate (d)/acetone/water

column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.17
mass transfer direction: section 3 3.33 section 3 0.062
ctod section 2 2.36 section 2 0.074
pulsation intensity: section 1 1.03 section 1 0.098
alf=1.0cm/s water outlet 0.59
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.37 measuring position dy » [mm]
48.0 section 3 2.92
section 2 2.01 section 3 1.8
section 1 0.69 section 2 1.9
organic phase inlet 0.16 section 1 2.0
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.26
mass transfer direction: section 3 3.41 section 3 0.062
ctod section 2 2.59 section 2 0.074
pulsation intensity: section 1 1.33 section 1 0.086
alf=1.0cm/s water outlet 0.90
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.52 measuring position dp o [mm]
48.0 section 3 3.05
section 2 2.27 section 3 1.8
section 1 0.99 section 2 2.1
organic phase inlet 0.45 section 1 1.9
column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.25
mass transfer direction: section 3 3.36 section 3 0.108
ctod section 2 2.43 section 2 0.095
pulsation intensity: section 1 1.03 section 1 0.098
alf=1.0cm/s water outlet 0.53
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.60 measuring position dy o [mm]
60.0 section 3 3.13
section 2 2.11 section 3 1.9
section 1 0.71 section 2 1.9
organic phase inlet 0.09 section 1 2.0
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Table A.14:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-

systembutyl acetate (d)/acetone/watgicontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.27
mass transfer direction: section 3 3.60 section 3 0.097
ctod section 2 2.45 section 2 0.098
pulsation intensity: section 1 1.02 section 1 0.086
alf=1.0cm/s water outlet 0.49
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.69 measuring position dy o [mm]
60.0 section 3 3.09
section 2 2.07 section 3 2.0
section 1 0.70 section 2 1.9
organic phase inlet 0.00 section 1 1.8
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.23
mass transfer direction: section 3 3.59 section 3 0.117
ctod section 2 2.33 section 2 0.092
pulsation intensity: section 1 0.95 section 1 0.095
alf=1.0cm/s water outlet 0.48
volume flow V¢ [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.58 measuring position dy o [mm]
72.0 section 3 3.25
section 2 1.98 section 3 1.8
section 1 0.60 section 2 2.0
organic phase inlet 0.00 section 1 2.1
column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.46
mass transfer direction: section 3 3.54 section 3 0.154
ctod section 2 2.28 section 2 0.154
pulsation intensity: section 1 0.92 section 1 0.122
alf=1.0cm/s water outlet 0.46
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.60 measuring position dy o [mm]
72.0 section 3 3.20
section 2 1.90 section 3 1.7
section 1 0.57 section 2 1.9
organic phase inlet 0.00 section 1 2.1
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Table A.14:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed sieve tray extractOPSE* for different pulsation intensities; liquid/liquid-

systembutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.40
mass transfer direction: section 3 3.55 section 3 0.332
ctod section 2 2.33 section 2 0.363
pulsation intensity: section 1 0.73 section 1 0.265
alf=1.0cm/s water outlet 0.44
volume flow V. [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 4.52 measuring position dy » [mm]
84.0 section 3 3.12
section 2 2.02 section 3 2.0
section 1 0.57 section 2 2.1
organic phase inlet 0.00 section 1 2.2
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.36
mass transfer direction: section 3 3.64 section 3 0.283
ctod section 2 2.21 section 2 0.246
pulsation intensity: section 1 0.72 section 1 0.204
alf=1.0cm/s water outlet 0.42
volume flow V¢ [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.53 measuring position dy o [mm]
84.0 section 3 3.03
section 2 1.94 section 3 2.1
section 1 0.51 section 2 2.2
organic phase inlet 0.00 section 1 2.1
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.35
mass transfer direction: section 3 3.60 section 3 0.205
ctod section 2 2.16 section 2 0.179
pulsation intensity: section 1 0.79 section 1 0.163
alf=2.0cm/s water outlet 0.41
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.59 measuring position dy o [mm]
48.0 section 3 3.13
section 2 1.88 section 3 1.3
section 1 0.54 section 2 1.3
organic phase inlet 0.00 section 1 1.4
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Table A.14:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed sieve tray extractOPSE" for different pulsation intensities; liquid/liquid-

systembutyl acetate (d)/acetone/watgicontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.45
mass transfer direction: section 3 4.08 section 3 0.165
ctod section 2 2.45 section 2 0.179
pulsation intensity: section 1 0.91 section 1 0.185
alf=20cm/s water outlet 0.42
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.54 measuring position dy o [mm]
48.0 section 3 3.44
section 2 2.15 section 3 1.4
section 1 0.61 section 2 15
organic phase inlet 0.00 section 1 1.4
column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.02
mass transfer direction: section 3 3.51 section 3 0.249
ctod section 2 2.65 section 2 0.263
pulsation intensity: section 1 0.86 section 1 0.233
alf=2.0cm/s water outlet 0.35
volume flow V¢ [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.51 measuring position dy o [mm]
60.0 section 3 3.10
section 2 2.11 section 3 1.6
section 1 0.63 section 2 1.6
organic phase inlet 0.00 section 1 1.7
column type: concentration profile hold-up profile
PSE, sieve tray-d,, = 2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.15
mass transfer direction: section 3 3.85 section 3 0.298
ctod section 2 2.67 section 2 0.382
pulsation intensity: section 1 0.90 section 1 0.332
alf=2.0cm/s water outlet 0.33
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.57 measuring position dy o [mm]
72.0 section 3 311
section 2 2.04 section 3 1.9
section 1 0.76 section 2 21
organic phase inlet 0.00 section 1 2.0
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Table A.14:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed sieve tray extractOPSE* for different pulsation intensities; liquid/liquid-
systembutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PSE, sieve tray-d,, =2 mm
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 541
mass transfer direction: section 3 3.68 section 3 0.283
ctod section 2 2.45 section 2 0.329
pulsation intensity: section 1 0.91 section 1 0.308
alf=2.0cm/s water outlet 0.34
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.54 measuring position dy » [mm]
72.0 section 3 3.09
section 2 2.15 section 3 1.9
section 1 0.78 section 2 2.0
organic phase inlet 0.00 section 1 1.9
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Table A.15:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP*“ for different pulsation

intensities; liquid/liquid-systemntoluene (d)/acetone/water

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.73
mass transfer direction: section 3 4.32 section 3 0.067
ctod section 2 3.46 section 2 0.071
pulsation intensity: section 1 1.62 section 1 0.056
alf=1.0cm/s water outlet 1.25
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  3.81 measuring position dy o [mm]
48.0 section 3 3.22
section 2 241 section 3 2.9
section 1 1.05 section 2 3.3
organic phase inlet 0.00 section 1 2.4
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.71
mass transfer direction: section 3 4.64 section 3 0.072
ctod section 2 3.64 section 2 0.078
pulsation intensity: section 1 1.64 section 1 0.071
alf=1.0cm/s water outlet 1.31
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.15 measuring position dy o [mm]
48.0 section 3 3.46
section 2 2.62 section 3 29
section 1 1.04 section 2 3.0
organic phase inlet 0.00 section 1 2.8
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.69
mass transfer direction: section 3 4.89 section 3 0.149
ctod section 2 4.04 section 2 0.152
pulsation intensity: section 1 2.17 section 1 0.151
alf=1.0cm/s water outlet 1.15
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.02 measuring position dy o [mm]
74.5 section 3 3.50
section 2 2.84 section 3 2.8
section 1 1.34 section 2 3.1
organic phase inlet 0.00 section 1 2.9

226
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Table A.15:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systemoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.33
mass transfer direction: section 3 4.76 section 3 0.157
ctod section 2 4.07 section 2 0.157
pulsation intensity: section 1 1.58 section 1 0.154
alf=1.0cm/s water outlet 1.06
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 4.08 measuring position dy » [mm]
74.5 section 3 3.70
section 2 2.95 section 3 2.7
section 1 1.35 section 2 2.8
organic phase inlet 0.00 section 1 2.6
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.49
mass transfer direction: section 3 5.03 section 3 0.246
ctod section 2 4.43 section 2 0.285
pulsation intensity: section 1 2.58 section 1 0.263
alf=1.0cm/s water outlet 1.10
volume flow V¢ [I/h]: sauter diameter profile
82.56 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.23 measuring position dp o [mm]
99.58 section 3 3.84
section 2 3.27 section 3 2.9
section 1 1.72 section 2 3.3
organic phase inlet 0.05 section 1 3.0
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.51
mass transfer direction: section 3 5.07 section 3 0.315
ctod section 2 4.45 section 2 0.308
pulsation intensity: section 1 2.64 section 1 0.289
alf=1.0cm/s water outlet 1.01
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.13 measuring position dy o [mm]
99.6 section 3 3.75
section 2 3.25 section 3 2.9
section 1 1.67 section 2 3.3
organic phase inlet 0.00 section 1 3.2

227



A Appendix

Table A.15:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systemoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.48
mass transfer direction: section 3 5.12 section 3 0.345
ctod section 2 4.74 section 2 0.361
pulsation intensity: section 1 2.92 section 1 0.339
alf=1.0cm/s water outlet 1.01
volume flow V. [I/h]: sauter diameter profile
87.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.14 measuring position dy o [mm]
106.0 section 3 3.83
section 2 3.38 section 3 3.2
section 1 1.92 section 2 3.5
organic phase inlet 0.00 section 1 3.6
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.84
mass transfer direction: section 3 4.87 section 3 0.078
ctod section 2 4.04 section 2 0.081
pulsation intensity: section 1 2.45 section 1 0.072
alf=2.0cm/s water outlet 1.76
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.09 measuring position dy o [mm]
48.0 section 3 3.59
section 2 2.88 section 3 1.9
section 1 1.61 section 2 1.8
organic phase inlet 0.61 section 1 2.1
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.79
mass transfer direction: section 3 4.80 section 3 0.074
ctod section 2 3.99 section 2 0.062
pulsation intensity: section 1 2.32 section 1 0.077
alf=2.0cm/s water outlet 1.56
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.06 measuring position dy o [mm]
48.0 section 3 3.37
section 2 2.73 section 3 1.8
section 1 1.24 section 2 2.0
organic phase inlet 0.34 section 1 2.6
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Table A.15:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systemoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.89
mass transfer direction: section 3 5.00 section 3 0.135
ctod section 2 4.16 section 2 0.147
pulsation intensity: section 1 2.39 section 1 0.132
alf=2.0cm/s water outlet 1.61
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.16 measuring position dy » [mm]
74.5 section 3 3.52
section 2 2.83 section 3 1.7
section 1 1.52 section 2 1.8
organic phase inlet 0.60 section 1 2.0
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.36
mass transfer direction: section 3 4.55 section 3 0.149
ctod section 2 3.82 section 2 0.153
pulsation intensity: section 1 2.13 section 1 0.140
alf=2.0cm/s water outlet 1.26
volume flow V¢ [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.81 measuring position dp o [mm]
74.5 section 3 3.20
section 2 2.56 section 3 1.7
section 1 1.34 section 2 1.8
organic phase inlet 0.34 section 1 1.9
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.57
mass transfer direction: section 3 5.07 section 3 0.262
ctod section 2 4.36 section 2 0.270
pulsation intensity: section 1 2.62 section 1 0.262
alf=2.0cm/s water outlet 1.04
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.27 measuring position dy o [mm]
99.6 section 3 3.80
section 2 3.21 section 3 2.2
section 1 1.37 section 2 2.6
organic phase inlet 0.14 section 1 2.2
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Table A.15:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systemoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.65
mass transfer direction: section 3 5.00 section 3 0.326
ctod section 2 4.27 section 2 0.275
pulsation intensity: section 1 2.52 section 1 0.256
alf=20cm/s water outlet 1.10
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.15 measuring position dy o [mm]
99.6 section 3 3.77
section 2 3.19 section 3 2.1
section 1 1.65 section 2 2.6
organic phase inlet 0.15 section 1 2.3
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.59
mass transfer direction: section 3 4.88 section 3 0.324
ctod section 2 4.20 section 2 0.296
pulsation intensity: section 1 2.59 section 1 0.300
alf=2.0cm/s water outlet 1.29
volume flow V¢ [I/h]: sauter diameter profile
87.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.99 measuring position dy o [mm]
106.0 section 3 3.44
section 2 2.09 section 3 2.0
section 1 1.22 section 2 2.3
organic phase inlet 0.34 section 1 2.9
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.59
mass transfer direction: section 3 5.05 section 3 0.262
ctod section 2 4.33 section 2 0.289
pulsation intensity: section 1 2.75 section 1 0.305
alf=2.0cm/s water outlet 1.27
volume flow V. [I/h]: sauter diameter profile
87.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.11 measuring position dy o [mm]
106.0 section 3 3.53
section 2 2.93 section 3 21
section 1 1.71 section 2 2.4
organic phase inlet 0.33 section 1 2.9
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Table A.15:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systemoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.43
mass transfer direction: section 3 5.04 section 3 0.432
ctod section 2 4.70 section 2 0.375
pulsation intensity: section 1 3.30 section 1 0.391
alf=2.0cm/s water outlet 0.99
volume flow V. [I/h]: sauter diameter profile
93.2 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.04 measuring position dy » [mm]
111.8 section 3 3.89
section 2 3.53 section 3 25
section 1 2.18 section 2 3.7
organic phase inlet 0.03 section 1 3.6
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.47
mass transfer direction: section 3 4.92 section 3 0.326
ctod section 2 4.28 section 2 0.292
pulsation intensity: section 1 2.96 section 1 0.323
alf=2.0cm/s water outlet 1.70
volume flow V¢ [I/h]: sauter diameter profile
93.2 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.98 measuring position dp o [mm]
112.5 section 3 3.48
section 2 2.98 section 3 2.3
section 1 1.90 section 2 25
organic phase inlet 0.79 section 1 2.7
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Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systenbutyl acetate (d)/acetone/water

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.22
mass transfer direction: section 3 3.51 section 3 0.074
ctod section 2 2.68 section 2 0.068
pulsation intensity: section 1 0.98 section 1 0.062
alf=1.0cm/s water outlet 0.54
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.48 measuring position dy o [mm]
48.0 section 3 2.83
section 2 1.93 section 3 2.0
section 1 0.61 section 2 2.1
organic phase inlet 0.00 section 1 2.3
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.27
mass transfer direction: section 3 3.37 section 3 0.068
ctod section 2 2.30 section 2 0.062
pulsation intensity: section 1 1.05 section 1 0.067
alf=1.0cm/s water outlet 0.56
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.52 measuring position dy o [mm]
48.0 section 3 2.90
section 2 1.93 section 3 21
section 1 0.69 section 2 21
organic phase inlet 0.00 section 1 2.2
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.35
mass transfer direction: section 3 3.82 section 3 0.100
ctod section 2 2.99 section 2 0.112
pulsation intensity: section 1 1.13 section 1 0.096
alf=1.0cm/s water outlet 0.55
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.37 measuring position dy o [mm]
60.0 section 3 2.93
section 2 2.00 section 3 1.8
section 1 0.65 section 2 2.2
organic phase inlet 0.00 section 1 2.1
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Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed extractor with structured packing®ESP* for different pulsation

intensities; liquid/liquid-systenbutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.52
mass transfer direction: section 3 3.81 section 3 0.105
ctod section 2 2.72 section 2 0.092
pulsation intensity: section 1 1.06 section 1 0.080
alf=1.0cm/s water outlet 0.56
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.51 measuring position dy » [mm]
60.0 section 3 2.95
section 2 2.05 section 3 2.1
section 1 0.68 section 2 2.0
organic phase inlet 0.00 section 1 2.3
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.10
mass transfer direction: section 3 3.62 section 3 0.125
ctod section 2 2.73 section 2 0.128
pulsation intensity: section 1 1.10 section 1 0.131
alf=1.0cm/s water outlet 0.52
volume flow V¢ [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.07 measuring position dp o [mm]
72.0 section 3 2.71
section 2 1.88 section 3 2.2
section 1 0.61 section 2 2.1
organic phase inlet 0.00 section 1 2.2
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.40
mass transfer direction: section 3 3.86 section 3 0.138
ctod section 2 2.98 section 2 0.126
pulsation intensity: section 1 1.03 section 1 0.135
alf=1.0cm/s water outlet 0.50
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.54 measuring position dy o [mm]
72.0 section 3 2.96
section 2 2.03 section 3 21
section 1 0.66 section 2 2.3
organic phase inlet 0.00 section 1 2.3
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Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP* for different pulsation

intensities; liquid/liquid-systenbutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.31
mass transfer direction: section 3 3.32 section 3 0.157
ctod section 2 2.28 section 2 0.148
pulsation intensity: section 1 1.00 section 1 0.145
alf=1.0cm/s water outlet 0.49
volume flow V. [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.57 measuring position dy o [mm]
84.0 section 3 291
section 2 1.98 section 3 2.4
section 1 0.67 section 2 25
organic phase inlet 0.00 section 1 2.2
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.23
mass transfer direction: section 3 3.77 section 3 0.192
ctod section 2 2.63 section 2 0.206
pulsation intensity: section 1 1.14 section 1 0.196
alf=1.0cm/s water outlet 0.58
volume flow V¢ [I/h]: sauter diameter profile
80.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.23 measuring position dy o [mm]
96.0 section 3 2.95
section 2 1.99 section 3 2.2
section 1 0.67 section 2 21
organic phase inlet 0.09 section 1 2.2
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.36
mass transfer direction: section 3 3.74 section 3 0.201
ctod section 2 2.79 section 2 0.193
pulsation intensity: section 1 1.17 section 1 0.199
alf=1.0cm/s water outlet 0.61
volume flow V. [I/h]: sauter diameter profile
80.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.22 measuring position dy o [mm]
96.0 section 3 2.88
section 2 1.97 section 3 21
section 1 0.66 section 2 2.2
organic phase inlet 0.10 section 1 2.2
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Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed extractor with structured packing®ESP* for different pulsation

intensities; liquid/liquid-systenbutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.20
mass transfer direction: section 3 3.97 section 3 0.219
ctod section 2 2.87 section 2 0.235
pulsation intensity: section 1 1.02 section 1 0.228
alf=1.0cm/s water outlet 0.52
volume flow V. [I/h]: sauter diameter profile
90.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.30 measuring position dy » [mm]
108.0 section 3 3.09
section 2 1.82 section 3 2.3
section 1 0.66 section 2 2.0
organic phase inlet 0.08 section 1 2.3
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.60
mass transfer direction: section 3 4.13 section 3 0.257
ctod section 2 3.19 section 2 0.265
pulsation intensity: section 1 1.03 section 1 0.238
alf=1.0cm/s water outlet 0.53
volume flow V¢ [I/h]: sauter diameter profile
90.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.53 measuring position dp o [mm]
108.0 section 3 3.23
section 2 2.33 section 3 2.3
section 1 0.79 section 2 2.0
organic phase inlet 0.00 section 1 2.3
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.61
mass transfer direction: section 3 3.66 section 3 0.090
ctod section 2 2.33 section 2 0.102
pulsation intensity: section 1 0.78 section 1 0.096
alf=2.0cm/s water outlet 0.38
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.64 measuring position dy o [mm]
48.0 section 3 3.03
section 2 1.89 section 3 1.7
section 1 0.52 section 2 1.6
organic phase inlet 0.00 section 1 1.7

235



A Appendix

Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP* for different pulsation

intensities; liquid/liquid-systenbutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.37
mass transfer direction: section 3 3.46 section 3 0.108
ctod section 2 2.15 section 2 0.116
pulsation intensity: section 1 0.74 section 1 0.088
alf=20cm/s water outlet 0.34
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.49 measuring position dy o [mm]
48.0 section 3 2.88
section 2 1.75 section 3 1.6
section 1 0.49 section 2 1.6
organic phase inlet 0.00 section 1 1.8
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.46
mass transfer direction: section 3 3.41 section 3 0.154
ctod section 2 2.09 section 2 0.139
pulsation intensity: section 1 0.72 section 1 0.120
alf=2.0cm/s water outlet 0.36
volume flow V¢ [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.56 measuring position dy o [mm]
60.0 section 3 2.84
section 2 1.71 section 3 1.6
section 1 0.46 section 2 1.8
organic phase inlet 0.00 section 1 1.8
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.35
mass transfer direction: section 3 3.45 section 3 0.154
ctod section 2 2.11 section 2 0.133
pulsation intensity: section 1 0.75 section 1 0.139
alf=2.0cm/s water outlet 0.36
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.45 measuring position dy o [mm]
60.0 section 3 2.87
section 2 1.70 section 3 1.8
section 1 0.47 section 2 2.0
organic phase inlet 0.00 section 1 1.9
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Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarra
pulsed extractor with structured packing®ESP* for different pulsation

intensities; liquid/liquid-systenbutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.21
mass transfer direction: section 3 3.50 section 3 0.197
ctod section 2 2.24 section 2 0.203
pulsation intensity: section 1 0.82 section 1 0.182
alf=2.0cm/s water outlet 0.31
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.38 measuring position dy » [mm]
72.0 section 3 2.81
section 2 1.78 section 3 1.7
section 1 0.49 section 2 1.8
organic phase inlet 0.00 section 1 2.0
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.20
mass transfer direction: section 3 3.54 section 3 0.228
ctod section 2 2.19 section 2 0.217
pulsation intensity: section 1 0.83 section 1 0.202
alf=2.0cm/s water outlet 0.34
volume flow V¢ [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.31 measuring position dp o [mm]
72.0 section 3 2.81
section 2 1.76 section 3 1.6
section 1 0.51 section 2 1.7
organic phase inlet 0.00 section 1 1.9
column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.77
mass transfer direction: section 3 3.81 section 3 0.314
ctod section 2 2.87 section 2 0.340
pulsation intensity: section 1 0.98 section 1 0.294
alf=2.0cm/s water outlet 0.34
volume flow V. [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.77 measuring position dy o [mm]
84.0 section 3 3.12
section 2 2.30 section 3 1.9
section 1 0.68 section 2 2.2
organic phase inlet 0.00 section 1 1.9
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Table A.16:Drop swarm extractor: fluiddynamics and mass transfer of dropmswvar a
pulsed extractor with structured packing®ESP“ for different pulsation
intensities; liquid/liquid-systenbutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
PESP, Montz-Pak B1-350
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.71
mass transfer direction: section 3 3.84 section 3 0.312
ctod section 2 2.62 section 2 0.355
pulsation intensity: section 1 0.70 section 1 0.322
alf=20cm/s water outlet 0.33
volume flow V. [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.75 measuring position dy o [mm]
84.0 section 3 3.17
section 2 2.15 section 3 1.9
section 1 0.53 section 2 2.0
organic phase inlet 0.00 section 1 1.8
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Table A.17:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
toluene (d)/acetone/water

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: agueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.68
mass transfer direction: section 3 5.38 section 3 0.065
ctod section 2 4.86 section 2 0.068
rotational speed: section 1 2.99 section 1 0.080
Ng =200 1/min water outlet 1.92
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.95 measuring position dy » [mm]
48.0 section 3 3.62
section 2 3.06 section 3 2.6
section 1 1.52 section 2 3.1
organic phase inlet 0.10 section 1 3.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.77
mass transfer direction: section 3 5.29 section 3 0.068
ctod section 2 452 section 2 0.074
rotational speed: section 1 2.63 section 1 0.080
Ng =200 1/min water outlet 1.68
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.73 measuring position dp o [mm]
48.0 section 3 3.40
section 2 2.49 section 3 2.6
section 1 1.35 section 2 3.1
organic phase inlet 0.10 section 1 3.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 6.20
mass transfer direction: section 3 5.67 section 3 0.093
ctod section 2 4.91 section 2 0.093
rotational speed: section 1 2.92 section 1 0.123
Nk =200 1/min water outlet 171
volume flow V. [I/h]: sauter diameter profile
50.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.07 measuring position dy 2 [mm]
61.3 section 3 3.71
section 2 3.08 section 3 2.6
section 1 1.53 section 2 3.0
organic phase inlet 0.02 section 1 2.9
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Table A.17:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:

toluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 6.18
mass transfer direction: section 3 5.75 section 3 0.100
ctod section 2 5.01 section 2 0.109
rotational speed: section 1 2.95 section 1 0.116
Ng = 200 1/min water outlet 1.56
volume flow V. [I/h]: sauter diameter profile
50.6 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.05 measuring position dy » [mm]
61.3 section 3 3.64
section 2 3.01 section 3 3.1
section 1 1.44 section 2 2.9
organic phase inlet 0.00 section 1 2.9
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 6.10
mass transfer direction: section 3 5.71 section 3 0.149
ctod section 2 5.06 section 2 0.135
rotational speed: section 1 3.41 section 1 0.159
Ng = 200 1/min water outlet 1.49
volume flow V¢ [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.16 measuring position dy o [mm]
74.0 section 3 3.74
section 2 3.26 section 3 2.8
section 1 1.41 section 2 29
organic phase inlet 0.09 section 1 2.7
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 6.35
mass transfer direction: section 3 6.00 section 3 0.138
ctod section 2 5.32 section 2 0.123
rotational speed: section 1 3.58 section 1 0.149
Nk = 200 1/min water outlet 1.47
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.24 measuring position dy o [mm]
74.0 section 3 3.81
section 2 3.25 section 3 3.0
section 1 1.87 section 2 3.1
organic phase inlet 0.00 section 1 2.9
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Table A.17:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with rotating disc8RDC-extractor”; liquid/liquid-system:

toluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.55
mass transfer direction: section 3 5.08 section 3 0.196
ctod section 2 4.57 section 2 0.182
rotational speed: section 1 3.20 section 1 0.204
Ng = 200 1/min water outlet 1.33
volume flow V. [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.72 measuring position dy » [mm]
86.8 section 3 3.28
section 2 2.80 section 3 3.0
section 1 1.71 section 2 3.2
organic phase inlet 0.00 section 1 3.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.68
mass transfer direction: section 3 5.17 section 3 0.183
ctod section 2 4.55 section 2 0.180
rotational speed: section 1 3.02 section 1 0.192
Ng =200 1/min water outlet 1.36
volume flow V¢ [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.70 measuring position dp o [mm]
86.8 section 3 3.35
section 2 2.86 section 3 3.0
section 1 1.71 section 2 3.1
organic phase inlet 0.01 section 1 2.9
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 6.00
mass transfer direction: section 3 5.49 section 3 0.245
ctod section 2 4.87 section 2 0.225
rotational speed: section 1 3.46 section 1 0.231
Nk =200 1/min water outlet 1.65
volume flow V. [I/h]: sauter diameter profile
82.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.03 measuring position dy o [mm]
99.6 section 3 3.62
section 2 3.01 section 3 3.1
section 1 1.87 section 2 35
organic phase inlet 0.16 section 1 3.1
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Table A.17:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:

toluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.66
mass transfer direction: section 3 4.89 section 3 0.068
ctod section 2 4.13 section 2 0.074
rotational speed: section 1 2.08 section 1 0.080
Ng =400 1/min water outlet 1.33
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  3.80 measuring position dy » [mm]
48.0 section 3 3.24
section 2 2.58 section 3 2.6
section 1 1.20 section 2 25
organic phase inlet 0.00 section 1 3.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.56
mass transfer direction: section 3 4.94 section 3 0.071
ctod section 2 4.19 section 2 0.077
rotational speed: section 1 2.44 section 1 0.089
Ng =400 1/min water outlet 1.38
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  3.65 measuring position dy o [mm]
48.0 section 3 3.25
section 2 2.64 section 3 2.7
section 1 1.23 section 2 2.7
organic phase inlet 0.00 section 1 3.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.74
mass transfer direction: section 3 5.26 section 3 0.157
ctod section 2 4.64 section 2 0.157
rotational speed: section 1 291 section 1 0.146
Ng =400 1/min water outlet 121
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.91 measuring position dy o [mm]
74.5 section 3 3.43
section 2 2.94 section 3 2.7
section 1 1.57 section 2 2.6
organic phase inlet 0.00 section 1 2.8
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Table A.17:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with rotating disc8RDC-extractor”; liquid/liquid-system:

toluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 6.11
mass transfer direction: section 3 5.62 section 3 0.129
ctod section 2 5.06 section 2 0.129
rotational speed: section 1 3.28 section 1 0.157
Ng =400 1/min water outlet 1.27
volume flow V. [I/h]: sauter diameter profile
61.3 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.16 measuring position dy » [mm]
74.5 section 3 3.55
section 2 3.09 section 3 2.8
section 1 1.69 section 2 2.9
organic phase inlet 0.00 section 1 2.6
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 6.00
mass transfer direction: section 3 5.62 section 3 0.182
ctod section 2 4.91 section 2 0.172
rotational speed: section 1 3.42 section 1 0.204
Ng =400 1/min water outlet 1.31
volume flow V¢ [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.01 measuring position dp o [mm]
86.8 section 3 3.54
section 2 3.02 section 3 2.9
section 1 1.84 section 2 2.9
organic phase inlet 0.00 section 1 2.8
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 6.31
mass transfer direction: section 3 5.59 section 3 0.232
ctod section 2 4.95 section 2 0.200
rotational speed: section 1 3.47 section 1 0.216
Ng =400 1/min water outlet 1.32
volume flow V. [I/h]: sauter diameter profile
71.9 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.35 measuring position dy o [mm]
86.8 section 3 3.65
section 2 3.08 section 3 2.7
section 1 1.75 section 2 2.9
organic phase inlet 0.00 section 1 2.8
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Table A.17:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
toluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.85
mass transfer direction: section 3 5.47 section 3 0.092
ctod section 2 4.77 section 2 0.095
rotational speed: section 1 2.97 section 1 0.126
Ng = 400 1/min water outlet 1.41
volume flow V. [I/h]: sauter diameter profile
50.6 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.01 measuring position dy » [mm]
61.3 section 3 3.62
section 2 3.09 section 3 25
section 1 1.58 section 2 2.7
organic phase inlet 0.09 section 1 2.6
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Table A.18:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
butyl acetate (d)/acetone/water

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 4.93
mass transfer direction: section 3 3.79 section 3 0.070
ctod section 2 2.85 section 2 0.085
rotational speed: section 1 1.59 section 1 0.082
Ng =200 1/min water outlet 0.98
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  3.60 measuring position dy » [mm]
48.0 section 3 2.64
section 2 2.08 section 3 2.2
section 1 0.88 section 2 2.2
organic phase inlet 0.13 section 1 2.3
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 4.87
mass transfer direction: section 3 3.81 section 3 0.080
ctod section 2 2.91 section 2 0.079
rotational speed: section 1 1.65 section 1 0.076
Ng =200 1/min water outlet 0.94
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.59 measuring position dp o [mm]
48.0 section 3 2.71
section 2 2.14 section 3 2.3
section 1 0.92 section 2 2.2
organic phase inlet 0.14 section 1 2.1
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.18
mass transfer direction: section 3 4.13 section 3 0.117
ctod section 2 3.20 section 2 0.123
rotational speed: section 1 1.87 section 1 0.123
Nk =200 1/min water outlet 0.85
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.86 measuring position dy 2 [mm]
60.0 section 3 3.06
section 2 2.31 section 3 2.0
section 1 1.20 section 2 2.2
organic phase inlet 0.00 section 1 2.1
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Table A.18:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarman
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
butyl acetate (d)/acetone/watdcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.27
mass transfer direction: section 3 4.16 section 3 0.098
ctod section 2 3.12 section 2 0.126
rotational speed: section 1 1.93 section 1 0.129
Ng = 200 1/min water outlet 0.88
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  3.90 measuring position dy » [mm]
60.0 section 3 3.09
section 2 2.34 section 3 1.7
section 1 1.23 section 2 1.9
organic phase inlet 0.00 section 1 2.1
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 4.78
mass transfer direction: section 3 3.88 section 3 0.156
ctod section 2 3.12 section 2 0.159
rotational speed: section 1 1.96 section 1 0.140
Ng = 200 1/min water outlet 0.88
volume flow V¢ [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.52 measuring position dy o [mm]
72.0 section 3 2.88
section 2 2.32 section 3 2.0
section 1 1.27 section 2 2.2
organic phase inlet 0.00 section 1 1.9
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 4.83
mass transfer direction: section 3 3.98 section 3 0.153
ctod section 2 3.15 section 2 0.166
rotational speed: section 1 2.07 section 1 0.140
Nk = 200 1/min water outlet 0.92
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.47 measuring position dy o [mm]
72.0 section 3 2.84
section 2 2.01 section 3 1.9
section 1 1.29 section 2 2.0
organic phase inlet 0.00 section 1 2.2
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Table A.18:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
butyl acetate (d)/acetone/watdicontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.18
mass transfer direction: section 3 4.15 section 3 0.225
ctod section 2 3.25 section 2 0.212
rotational speed: section 1 2.17 section 1 0.266
Ng = 200 1/min water outlet 0.91
volume flow V. [I/h]: sauter diameter profile
80.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.78 measuring position dy » [mm]
96.0 section 3 3.00
section 2 2.29 section 3 1.9
section 1 1.40 section 2 2.3
organic phase inlet 0.05 section 1 2.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.76
mass transfer direction: section 3 4.26 section 3 0.105
ctod section 2 3.01 section 2 0.098
rotational speed: section 1 1.24 section 1 0.089
Ng =400 1/min water outlet 1.08
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.49 measuring position dp o [mm]
48.0 section 3 3.15
section 2 2.14 section 3 1.9
section 1 1.01 section 2 1.9
organic phase inlet 0.40 section 1 2.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.77
mass transfer direction: section 3 4.36 section 3 0.102
ctod section 2 3.23 section 2 0.102
rotational speed: section 1 1.73 section 1 0.098
Ng =400 1/min water outlet 1.12
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.43 measuring position dy o [mm]
48.0 section 3 3.28
section 2 2.40 section 3 1.9
section 1 1.05 section 2 2.0
organic phase inlet 0.37 section 1 2.0
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Table A.18:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarman
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
butyl acetate (d)/acetone/watdcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 4.96
mass transfer direction: section 3 3.71 section 3 0.138
ctod section 2 2.76 section 2 0.135
rotational speed: section 1 1.44 section 1 0.153
Ng =400 1/min water outlet 0.64
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet ~ 3.89 measuring position dy » [mm]
60.0 section 3 2.94
section 2 1.96 section 3 1.8
section 1 0.86 section 2 1.9
organic phase inlet 0.05 section 1 1.9
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.03
mass transfer direction: section 3 3.81 section 3 0.132
ctod section 2 2.76 section 2 0.135
rotational speed: section 1 1.46 section 1 0.154
Ng =400 1/min water outlet 0.63
volume flow V¢ [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.98 measuring position dy o [mm]
60.0 section 3 2.88
section 2 2.07 section 3 2.0
section 1 0.88 section 2 21
organic phase inlet 0.06 section 1 1.8
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.73
mass transfer direction: section 3 4.55 section 3 0.169
ctod section 2 3.46 section 2 0.182
rotational speed: section 1 2.30 section 1 0.203
Ng =400 1/min water outlet 1.07
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.48 measuring position dy o [mm]
72.0 section 3 3.43
section 2 2.61 section 3 2.0
section 1 1.40 section 2 1.9
organic phase inlet 0.41 section 1 1.9
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Table A.18:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
butyl acetate (d)/acetone/watdicontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.70
mass transfer direction: section 3 4.39 section 3 0.161
ctod section 2 3.26 section 2 0.185
rotational speed: section 1 1.96 section 1 0.175
Ng =400 1/min water outlet 0.89
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.34 measuring position dy » [mm]
72.0 section 3 3.35
section 2 2.50 section 3 2.0
section 1 1.26 section 2 1.9
organic phase inlet 0.18 section 1 2.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.65
mass transfer direction: section 3 4.42 section 3 0.202
ctod section 2 3.34 section 2 0.229
rotational speed: section 1 2.07 section 1 0.238
Ng =400 1/min water outlet 0.90
volume flow V¢ [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 4.39 measuring position dp o [mm]
84.0 section 3 3.38
section 2 2.46 section 3 2.0
section 1 1.30 section 2 1.9
organic phase inlet 0.16 section 1 2.0
column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.74
mass transfer direction: section 3 452 section 3 0.228
ctod section 2 3.48 section 2 0.218
rotational speed: section 1 2.14 section 1 0.254
Ng =400 1/min water outlet 0.92
volume flow V. [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.33 measuring position dy o [mm]
84.0 section 3 3.40
section 2 2.54 section 3 1.7
section 1 1.38 section 2 1.7
organic phase inlet 0.16 section 1 1.8
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Table A.18:Drop swarm extractor: fluiddynamics and mass transfer of drop swiarman
agitated extractor with rotating discSRDC-extractor”; liquid/liquid-system:
butyl acetate (d)/acetone/watdcontinued)

column type: concentration profile hold-up profile
RDC-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 4.98
mass transfer direction: section 3 3.95 section 3 0.243
ctod section 2 3.22 section 2 0.263
rotational speed: section 1 2.15 section 1 0.258
Ng =400 1/min water outlet 0.91
volume flow V. [I/h]: sauter diameter profile
80.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.69 measuring position dy » [mm]
96.0 section 3 2.81
section 2 2.35 section 3 2.0
section 1 1.33 section 2 1.9
organic phase inlet 0.15 section 1 2.1
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Table A.19:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with Kihni blade agitatot&uhni-extractor”; liquid/liquid-

systemtoluene (d)/acetone/water

column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.27
mass transfer direction: section 3 4.52 section 3 0.108
ctod section 2 3.67 section 2 0.111
rotational speed: section 1 2.04 section 1 0.129
Ng = 150 1/min water outlet 1.01
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  3.86 measuring position dy » [mm]
48.0 section 3 3.1
section 2 2.50 section 3 2.9
section 1 1.12 section 2 3.3
organic phase inlet 0.04 section 1 3.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.08
mass transfer direction: section 3 453 section 3 0.108
ctod section 2 3.76 section 2 0.111
rotational speed: section 1 2.18 section 1 0.120
Ng = 150 1/min water outlet 0.99
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.71 measuring position dy o [mm]
48.0 section 3 3.34
section 2 2.74 section 3 2.8
section 1 1.26 section 2 3.1
organic phase inlet 0.02 section 1 3.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.31
mass transfer direction: section 3 4.79 section 3 0.224
ctod section 2 4.06 section 2 0.188
rotational speed: section 1 2.73 section 1 0.209
Nk = 150 1/min water outlet 1.00
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.89 measuring position dy 2 [mm]
72.0 section 3 3.55
section 2 2.95 section 3 2.7
section 1 1.56 section 2 3.2
organic phase inlet 0.04 section 1 3.2
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Table A.19:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with Kihni blade agitatof&uhni-extractor”; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
Kuahni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.07
mass transfer direction: section 3 4.55 section 3 0.185
ctod section 2 3.90 section 2 0.182
rotational speed: section 1 2.64 section 1 0.197
Ng = 150 1/min water outlet 0.96
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  3.72 measuring position dy » [mm]
72.0 section 3 3.32
section 2 2.79 section 3 2.6
section 1 1.57 section 2 3.1
organic phase inlet 0.02 section 1 3.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.45
mass transfer direction: section 3 4.83 section 3 0.274
ctod section 2 4.24 section 2 0.298
rotational speed: section 1 3.04 section 1 0.316
Ng = 150 1/min water outlet 1.18
volume flow V¢ [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.92 measuring position dy o [mm]
84.0 section 3 3.54
section 2 3.01 section 3 3.0
section 1 1.83 section 2 2.8
organic phase inlet 0.00 section 1 3.1
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.44
mass transfer direction: section 3 4.79 section 3 0.286
ctod section 2 4.18 section 2 0.291
rotational speed: section 1 2.89 section 1 0.337
Nk = 150 1/min water outlet 1.08
volume flow V. [I/h]: sauter diameter profile
70.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.02 measuring position dy o [mm]
84.0 section 3 3.59
section 2 3.04 section 3 2.7
section 1 1.80 section 2 2.9
organic phase inlet 0.04 section 1 3.0
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Table A.19:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with Kihni blade agitatot&uhni-extractor”; liquid/liquid-

systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
Kuhni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
t (d)/a/w water inlet 5.23
mass transfer direction: section 3 4.63 section 3 0.168
ctod section 2 3.83 section 2 0.163
rotational speed: section 1 1.91 section 1 0.173
Ng = 200 1/min water outlet 0.90
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.89 measuring position dy » [mm]
48.0 section 3 3.50
section 2 2.82 section 3 2.2
section 1 1.19 section 2 25
organic phase inlet 0.06 section 1 3.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.26
mass transfer direction: section 3 4.61 section 3 0.191
ctod section 2 4.09 section 2 0.178
rotational speed: section 1 2.04 section 1 0.154
Ng =200 1/min water outlet 0.85
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.98 measuring position dp o [mm]
48.0 section 3 3.57
section 2 2.96 section 3 1.9
section 1 1.28 section 2 2.3
organic phase inlet 0.02 section 1 3.0
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.56
mass transfer direction: section 3 5.17 section 3 0.246
ctod section 2 4.44 section 2 0.237
rotational speed: section 1 2.55 section 1 0.286
Nk =200 1/min water outlet 0.89
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.29 measuring position dy o [mm]
60.0 section 3 3.66
section 2 3.01 section 3 2.2
section 1 1.26 section 2 2.6
organic phase inlet 0.04 section 1 3.0
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Table A.19:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with Kihni blade agitatof&uhni-extractor”; liquid/liquid-
systemtoluene (d)/acetone/watefcontinued)

column type: concentration profile hold-up profile
Kuahni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
t (d)/a/w water inlet 5.45
mass transfer direction: section 3 5.12 section 3 0.246
ctod section 2 4.19 section 2 0.228
rotational speed: section 1 2.15 section 1 0.262
Ng = 200 1/min water outlet 0.85
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.14 measuring position dy » [mm]
60.0 section 3 3.75
section 2 3.18 section 3 2.0
section 1 1.55 section 2 2.6
organic phase inlet 0.00 section 1 2.9
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 6.28
mass transfer direction: section 3 5.85 section 3 0.268
ctod section 2 4.92 section 2 0.284
rotational speed: section 1 2.93 section 1 0.304
Ng = 200 1/min water outlet 0.98
volume flow V¢ [I/h]: sauter diameter profile
59.7 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.63 measuring position dy o [mm]
72.1 section 3 4.02
section 2 3.36 section 3 2.0
section 1 1.69 section 2 2.6
organic phase inlet 0.00 section 1 2.8
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
t (d)/a/w water inlet 5.62
mass transfer direction: section 3 5.14 section 3 0.311
ctod section 2 4.41 section 2 0.289
rotational speed: section 1 2.60 section 1 0.311
Nk = 200 1/min water outlet 0.90
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.32 measuring position dy o [mm]
72.0 section 3 3.84
section 2 3.24 section 3 21
section 1 1.57 section 2 2.7
organic phase inlet 0.04 section 1 3.0
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A.3 Survey of Experimental Data

Table A.20:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with Kihni blade agitatot&uhni-extractor”; liquid/liquid-
systembutyl acetate (d)/acetone/water

column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.36
mass transfer direction: section 3 3.25 section 3 0.050
ctod section 2 2.02 section 2 0.049
rotational speed: section 1 0.61 section 1 0.047
Ng = 100 1/min water outlet 0.58
volume flow V. [I/h]: sauter diameter profile
20.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.18 measuring position dy » [mm]
24.0 section 3 2.36
section 2 1.40 section 3 1.9
section 1 0.37 section 2 2.3
organic phase inlet 0.00 section 1 2.0
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.01
mass transfer direction: section 3 3.34 section 3 0.049
ctod section 2 2.14 section 2 0.046
rotational speed: section 1 0.83 section 1 0.048
Ng = 100 1/min water outlet 0.63
volume flow V¢ [I/h]: sauter diameter profile
20.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet ~ 3.98 measuring position dy o [mm]
24.0 section 3 2.45
section 2 1.08 section 3 21
section 1 0.42 section 2 2.4
organic phase inlet 0.00 section 1 2.1
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.13
mass transfer direction: section 3 3.57 section 3 0.088
ctod section 2 2.42 section 2 0.094
rotational speed: section 1 1.00 section 1 0.088
Nk = 100 1/min water outlet 0.66
volume flow V. [I/h]: sauter diameter profile
30.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.01 measuring position dy 2 [mm]
36.0 section 3 2.67
section 2 1.74 section 3 1.8
section 1 0.54 section 2 2.2
organic phase inlet 0.00 section 1 2.3
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Table A.20:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with Kihni blade agitatof&uhni-extractor”; liquid/liquid-

systembutyl acetate (d)/acetone/watgicontinued)

column type: concentration profile hold-up profile
Kuahni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.27
mass transfer direction: section 3 3.58 section 3 0.097
ctod section 2 2.42 section 2 0.088
rotational speed: section 1 1.10 section 1 0.091
Ng = 100 1/min water outlet 0.66
volume flow V. [I/h]: sauter diameter profile
30.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet ~ 3.92 measuring position dy » [mm]
36.0 section 3 2.68
section 2 1.75 section 3 1.8
section 1 0.53 section 2 2.1
organic phase inlet 0.00 section 1 2.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.01
mass transfer direction: section 3 3.70 section 3 0.127
ctod section 2 2.63 section 2 0.117
rotational speed: section 1 1.30 section 1 0.123
Ng = 100 1/min water outlet 0.83
volume flow V¢ [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.72 measuring position dy o [mm]
48.0 section 3 2.50
section 2 1.93 section 3 1.8
section 1 0.64 section 2 1.8
organic phase inlet 0.06 section 1 2.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 4.96
mass transfer direction: section 3 3.64 section 3 0.139
ctod section 2 2.63 section 2 0.133
rotational speed: section 1 1.39 section 1 0.112
Nk = 100 1/min water outlet 0.86
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet 3.69 measuring position dy o [mm]
48.0 section 3 251
section 2 1.89 section 3 1.7
section 1 0.61 section 2 2.0
organic phase inlet 0.05 section 1 2.4
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A.3 Survey of Experimental Data

Table A.20:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with Kihni blade agitatot&uhni-extractor”; liquid/liquid-
systembutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
Kuhni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.36
mass transfer direction: section 3 4.05 section 3 0.158
ctod section 2 291 section 2 0.153
rotational speed: section 1 1.45 section 1 0.149
Ng = 100 1/min water outlet 0.70
volume flow V. [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.01 measuring position dy » [mm]
60.0 section 3 3.04
section 2 2.19 section 3 2.0
section 1 0.81 section 2 1.9
organic phase inlet 0.00 section 1 2.4
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.23
mass transfer direction: section 3 3.90 section 3 0.178
ctod section 2 2.82 section 2 0.166
rotational speed: section 1 1.43 section 1 0.163
Ng = 100 1/min water outlet 0.60
volume flow V¢ [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.01 measuring position dp o [mm]
60.0 section 3 3.01
section 2 2.17 section 3 1.8
section 1 0.81 section 2 21
organic phase inlet 0.00 section 1 2.2
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.64
mass transfer direction: section 3 3.91 section 3 0.216
ctod section 2 2.81 section 2 0.223
rotational speed: section 1 1.57 section 1 0.197
Nk = 100 1/min water outlet 0.70
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.28 measuring position dy o [mm]
72.0 section 3 3.17
section 2 2.19 section 3 1.8
section 1 0.95 section 2 21
organic phase inlet 0.00 section 1 2.3
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Table A.20:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with Kihni blade agitatof&uhni-extractor”; liquid/liquid-

systembutyl acetate (d)/acetone/watgicontinued)

column type: concentration profile hold-up profile
Kuahni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 551
mass transfer direction: section 3 4.19 section 3 0.231
ctod section 2 2.88 section 2 0.215
rotational speed: section 1 1.59 section 1 0.200
Ng = 100 1/min water outlet 0.78
volume flow V. [I/h]: sauter diameter profile
60.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.30 measuring position dy » [mm]
72.0 section 3 3.16
section 2 2.21 section 3 1.8
section 1 0.95 section 2 2.2
organic phase inlet 0.18 section 1 2.4
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.00
mass transfer direction: section 3 2.64 section 3 0.092
ctod section 2 1.42 section 2 0.092
rotational speed: section 1 0.38 section 1 0.089
Ng = 150 1/min water outlet 0.31
volume flow V¢ [I/h]: sauter diameter profile
20.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.03 measuring position dy o [mm]
24.0 section 3 2.27
section 2 1.14 section 3 1.4
section 1 0.14 section 2 1.6
organic phase inlet 0.00 section 1 1.9
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 4.98
mass transfer direction: section 3 2.84 section 3 0.086
ctod section 2 1.52 section 2 0.092
rotational speed: section 1 0.42 section 1 0.077
Nk = 150 1/min water outlet 0.28
volume flow V. [I/h]: sauter diameter profile
20.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.19 measuring position dy o [mm]
24.0 section 3 2.38
section 2 1.24 section 3 1.4
section 1 0.15 section 2 1.7
organic phase inlet 0.00 section 1 1.9
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A.3 Survey of Experimental Data

Table A.20:Drop swarm extractor: fluiddynamics and mass transfer of drop swiar@an
agitated extractor with Kihni blade agitatot&uhni-extractor”; liquid/liquid-
systembutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
Kuhni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [
bu-ac (d)/a/w water inlet 5.03
mass transfer direction: section 3 3.26 section 3 0.234
ctod section 2 1.70 section 2 0.222
rotational speed: section 1 0.54 section 1 0.199
Ng = 150 1/min water outlet 0.30
volume flow V. [I/h]: sauter diameter profile
30.0 organic phase y [%0]
volume flow Vy [I/h]: organic phase outlet  4.13 measuring position dy » [mm]
36.0 section 3 2.64
section 2 1.36 section 3 1.6
section 1 0.25 section 2 1.7
organic phase inlet 0.00 section 1 1.6
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 4.81
mass transfer direction: section 3 3.26 section 3 0.194
ctod section 2 2.05 section 2 0.227
rotational speed: section 1 0.61 section 1 0.202
Ng = 150 1/min water outlet 0.29
volume flow V¢ [I/h]: sauter diameter profile
30.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.09 measuring position dp o [mm]
36.0 section 3 2.76
section 2 1.63 section 3 15
section 1 0.40 section 2 1.7
organic phase inlet 0.00 section 1 2.0
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.04
mass transfer direction: section 3 3.55 section 3 0.274
ctod section 2 2.17 section 2 0.262
rotational speed: section 1 0.62 section 1 0.243
Nk = 150 1/min water outlet 0.32
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.22 measuring position dy o [mm]
48.0 section 3 2.89
section 2 1.73 section 3 1.6
section 1 0.39 section 2 1.8
organic phase inlet 0.00 section 1 1.9
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Table A.20:Drop swarm extractor: fluiddynamics and mass transfer of drop swiaran
agitated extractor with Kihni blade agitatof&uhni-extractor”; liquid/liquid-
systembutyl acetate (d)/acetone/watgcontinued)

column type: concentration profile hold-up profile
Kuahni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg []
bu-ac (d)/a/w water inlet 5.03
mass transfer direction: section 3 3.46 section 3 0.262
ctod section 2 2.04 section 2 0.279
rotational speed: section 1 0.58 section 1 0.254
Ng = 150 1/min water outlet 0.29
volume flow V. [I/h]: sauter diameter profile
40.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.17 measuring position dy » [mm]
48.0 section 3 2.87
section 2 1.64 section 3 1.6
section 1 0.36 section 2 1.8
organic phase inlet 0.00 section 1 1.9
column type: concentration profile hold-up profile
Kihni-extractor
liquid/liquid-system: aqueous phase X [%0] measuring position hg [-]
bu-ac (d)/a/w water inlet 5.44
mass transfer direction: section 3 4.19 section 3 0.355
ctod section 2 3.07 section 2 0.368
rotational speed: section 1 0.92 section 1 0.332
Ng = 150 1/min water outlet 0.39
volume flow V¢ [I/h]: sauter diameter profile
50.0 organic phase y [%]
volume flow Vy [I/h]: organic phase outlet  4.29 measuring position dy o [mm]
60.0 section 3 3.44
section 2 241 section 3 1.8
section 1 0.40 section 2 1.9
organic phase inlet 0.00 section 1 2.1
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