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Notation, Abbreviations [

Notation and abbreviations

Latin letters

ds2 [m] Sauter mean diameter
Omax [m] maximum stable drop diameter
Re [-] Reynolds number
We [-] Weber number
N @ [-] viscosity group
Nwe [-] generalised Weber group
Exin [J] kinetic energy
E, [J] interfacid energy
w2 [m/s] meanturbulentfluctuating velocity
dp, max [m] maximum stable drop diameter
D [m] impeller diameter
n [-] refrax index
T [m] stirred tank diameter
[ml] stirred tank volume
ds [m] baffles dimension
H [m] solution dimensioning in the tank
h [m] distance tank bottorstirrer
Qp [Pa] pressure difference
R1 [m] radii of curvature drop phase
R [m] radii of curvature surrounding phase
F [s] fall time
K [-] sphere constant
Ssoh [kg/m?] sphere density
Siq [kg/m?] liquid density
dsph [m] sphere diamenter

Msph [kg] sphere mass



Notation, Abbreviations

[s]

time
stirrer blade height

drop diameter

surface tension

interfacial facial tension
disperseephase volume fraction
kinematic viscosity

dinamic viscosity

macro lenght scale

micro lenght scale

dissipation energy

density

drop size distribution

in-line particle probeanodel 30

interfacial facial tension

dispersed phase

h [m]
d [m]
Greek letters
¥ [N/m]
2 [N/m]
a [-]
3cyn [mm?/s]
3dyn [P
S [m]
=3 [m]
U [J]
} [kg/m]
Abbreviations
DSD
IPP-30
BC Boubble Count
DD Drop Dead
SFT surfacet nsio
IFT
UP ultra purified
DW deionized water
Subscripts
d
max maximun
w water
sph sphere



Notation, Abbreviations

kin
dyn

rel

tol

kinematic
dynamic
relative
liquid

toluene






1. Introduction

1. Introduction

The growing impalance of dispersed systemn numerous chemical
engineering proceses ledo close examinations on the behaviouswth systems.

In chemical, phArmaceutical, mining, petroleumnd foodindustries the
mixing of two inmiscible liquids in turblent flow isa common operation

The size distribution of the droplets plays an essential role in the overall
performance of these processes.

In stirred tanks the mass transfer rate between the phases inlitygidd
systems does not only depead the dynamics of thmotion between the two
immiscibleliquids.

Much more dependence is given frothe particle size distribution of the
drops.

It is well known, that geometrical and process parameters, as well as the
used system influences the drop size distributions.hoigh numerous
investigations have been conducted, the prediction of the drop size distribution
under the influence of the mentioned parameters is still inaccuraerefore
expensive experimental investigations are still needed for the design of new
readors.

This work was conducted during the pro
Control of Drop Size Distribution in stirr
project is the moddbased control of drop sizestiibutions in stirred systems.

Therefore dferent investigations are needed, including experiments in
different scales.

A commory used dispersed phas®r investigations of liquid/liquid
systems, expecially related to extraction processes, is toluene. Dies®
solvent properties the study the system with optical measuremel@vices is
possible. Howeverbecause of the dangerous properties of toluémngimportant
to find alternativesand more safety solvents

Therefore the aim of this work was to find a substitute dispersed phaste. C

and security aspects, as well as the physical parameters should be considered



1. Introduction

After choosing different oils, the physical properties were measamned
investigations in the stirred reactor conductBéaring in mind that the main
reason for which toluenis not the best choice as a research solvent is its high
flammability, the solvents choosen haveflaonmability risk at all

An endoscope was chooselm measure the drop size distributioim
addtion another device was used: an Inline Particle P(st30).

Pictures, taken by endocope were analyzashualy with the support of a
program called Bubble Count (BC) and automatically with a program called
DropDead (DD).
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2. Theoretical part

2.1. Stirred liquid/liquid systems

Liquid-liquid dispersions &ve been the subject of many studidealing
with mass transferfor industrial processs such as solvent extraction,
emulsification and multiphase reactions.

In a liquidliquid system,before agitation startshe dispersed organic phase
is completely sepated from the aqueous one. When #ygtation of thestirrer
startsthe energyinput disperseshe organic phase into the aqueon® (Espejg
2008) as it can be seen in Fig.1.

Energy
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Fig.1: Behaviour ofaliquid/liquid systenmbefore and under agitated conditsoEspejo 2008

The drop size distribution of thelispersed phaseesults from the neese
phenomena of drop breakaged coalescendgig.2) The DSDplays an essential
role in the overall performance ofany industrial processes

Infact in stirred tankghe mass transfer rate between the phases in Jiquid
liquid systems does not only depend on the dynamics of the motion between the
two immiscible liquids, but much more on tbeop sizedistribution of the drops
(Maa et al.2006).

drop breakage coalescence

P .

Fig.2 : Representation afrop breakage and coalescerigspejg 2008
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If the Reynolds number in mixing vessebigaterthan 13 the flowbecome
turbulent(Kraumeet al, 2004). Eddies are formed in theowtinuousphaseand
some of them break theaplets when they collid with each other.

The largest eddies are in the order of the stirrer blade heighta@nd
characterized with the mactoe nght scal e s.

This large eddiedurn into smallerones as r@resented in th&ig.3 (Lutz,
2008.
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Fig.3: Vortex decay beasse ofaturbulentflow (Lutz, 2008)

The smallest eddies of the system are characterized by the fact that they can
only transform their mechanical energyadreatbecausef viscous forces
(Kraumeet al.,2003) They are characterized by the microseKolmogrov
lenght) which depend on the kinematic visgpand the dissipation energy
(Kolmogrov, 194).

/°h (1)
22 o
/:Zﬁfg @

As mentioned above, the DSD produced in a mixer is the results of two
reverse phenomena:

-Drop breakagejue to theurbulentfield

-Coalescencwhich depends on thepllision frequeng and thecoalescence
efficienty between drops

The higer the dispersk phase fractionthe nore oftencollision between
dropletsoccur.

Fig.4 schematically describes the main stegstwo coalescingdrops
according taChesterg1991).
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Draughter drop

Mo coalescenced drops

Fig.4 : Coalescence steSchuchmann and Danner, 2004)

Two drops, vith their relative velocityapproach to each other.

Theytouch themselvesleform their shape and betwabema film of the
surrounding phasis generatedThis film reachese a critical thickness and tears.

The completly film tear is thiast step of dnps coalescendbatgeneratsa
new drop. If the time of contactof two droplets is less than the duration of the
film drainage, or the film does not fall below its critical thickness, there is no
coalescence

Below are reportedequationsthat are the matbmatical basis for the
description of inteactions between turbulentfluid-flow and the size
characteristics leading to the most often used equation for the Sauter diameter
Thetheoretical cooept wascarried out by Hinzel@55 and Shinnarl967).

The Weber number is one of the most important indicator of the breakage
condition of a drop and the resultinigqughterdrop sizes. It representhe ratio

betweenthe kinetic energ§,,, andthe surface enerdy, ,which meansthe ratio

of the external deforming forces to the stabilizeugface forces

E. r@a,, .
kin e P, (3)

We =
dP,max Eg g

Were } is the density,mis the mean turbant fluctuating velocity ,

d is the maximum stable drop diameter ands theinterfacial tension.

P,max
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Under the condition that the energy dissipatrates in the stirred tank are
spatially uniform Eg3results in an equation for the maximum drop diameter:
d N?D°r

P,max __
= (:1

D g

=C, Qve *° (4)

Were N is the stirrer rotation speed, D is the stirrer diameterGand a
constantfactor. This maximum drop diameteran be correlatetinearly with the

Sauter diameted,,.
Gz _ C, GQve°® (5)
D 2

Normally, occuring coalescence processes are taken intardcbty a
modification of Eq. 5Most published correlations fordextend Eq.5 by the

expressiorC, (1+Gsd).
% =C,(1+C;)We™"° (6)

C,depends on the impeller type wheregsl€ends on the coalescence tendency.

Systems that coalesce easily have high values a@in@ those that coalesce
slowly have low ones. ValuesifC; from about 3 to about 20 have beeparted
by Pacek et al. (1994&ndKraume et al.Z004).

At a constant dispersed phase fractibnEg. 6 shows that the Sauter
diameter depends only on the power input per unit mass. A further dependency on
the geometrical size of the apparatus should not exist.

Therefore, the exponenrd,6 of the Weber number in relation te, ds of
greatimportanceor scale up.

In a second model Shinn§t961 derived an equation for the minimum
drop diameter resulting frourbulentfluctations and adhesion forces. Thereby,
the effect of coalescence is taken into account. The following proportionality has
been dedced for systems dominated by coalescence:

% =CWe " (7

~ b6~
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Different authors dsnated different exponenwhich are for instance
summarized byKraume et al. Z004): Kipke (1981) as well asBrooks (1979)
estimated an exponent 60,3 whereas Hartland et @987) found -0,4 and
Nienow et al1998)-0,4. On the other hand experimental results fahlaite
system from Maldyga and Bour(#993)led to an exponent c0,9.

Hinze (1955 established a Isés for data correlatiomsing dimensionless
numberswhen both surface and disperggithse viscous forces contribute to drop
stabilityin a region far away from the impelldde proposed that two iegendent
dimensionless groups, both based on drop diemnetre required and chose them
to be the Vvijsvclorepresent thg ratm ofispersidase viscous
energy to surface energy and the generalized Weber grodpwvhch is defined

asfollows:

N,.=gl/s ©)
N = la ©)

YorsGal
2.2. Parameters influencing DSD

It is well known, that geometrical, as well process parameters and physical
properties of the systemfluence the ocauing DSD. Therefore mny research
studies have been conducted to deterraimgtdescribe these influences.

Comprehensive studieslealing with the influence ofenergy imput,
temperature, ionic strenght, i dispersed phase fraction, therefore exist. i th

chapter, the influence of some of these parameters should now be depicted

pH-value

The coalescence behaviour is particulary influenced by pH. Different
methods for changing etescence bek@ur are known inliterature, e.g. using
very diluite systerm to make collisions of droplets improbable or adding
surfactants to immobilize the droplet surface. Indeed the very diluite systems are
technically not relevant and the surfactants may dominate and change the
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behaviour of liquidliquid dispersion drastidlg e.g causing local differences of
the interfacial tension and deform droplets.

Gabkr et al. (2006)ocused on changing the coalescence behavibyr
increasing the pkalue and thereby the droplet charge.

From the results ofheir experimentsmade ina baffledglass vesselith
toluene as dispersed phase=6-50%), and stirrerspeed between 400 and 700
rom s highlighted that pH has got a great influence on the transient evglagson
well as on the steaestate distribution of the drop

Infact with hgher pH, coalescence is hindered considerably. As a
conseguence, the transient evolution of DSD after starting the stiaagedand
the time for reaching the stationar distribution increase. The autors noticed that, in
agreement with Skelland and Kahdd992) and Hong and Le€1985, who
reported transient response occurring witleiss than a second, stgastate was
reached dr lower pH within Imin. For pH 11 and 13 they fouada change of
DSD and Sauter diameter up to 30 min, a time scale obseigedin other

researches.

Viscosity

I t kih@wvn from forcebalances that drop are stabilized in agitated liquid
liquid systems by surface and disperpdcse viscous forces and are broken by
forces associatedith the continuougphase turbience(Calabese et al, 1986)

The datas from literaturdemostrate that dispersptiase viscosity has a
profound influence on botthe mean drop size anthe DSD: Calabrese et al.
(1986 analysed the influence of the dispergdthse viscosity on the DSD at
constant mterfacial tension for diluite suspension by disperdingaié oils of
various grades in water.

This research were made with silicone didow Corning oil 200 Fluid)
with viscosity in a range betweef*and 10 mPasand interfacial tensioaround
102 N/m. The concentration of the dispersed phase waséspthanii =0,15%.

It was noticed that at constant conditions of agitationsteadystatedrop
size distribution enlarge considerably as dispersed phase visggsitgreases.

The size of the smallest drops decrease while their number ingraasssll as
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the size of thelargest drops increase while their number decreasg¢she DSD
gets wider.

In a work caried out byEL-Hamouz et alZ009), it was found that th&Ve
exponent of theheoretically derived correlationsgd W& whichis valid for a
low-phasefraction G (0.01), was foundo vary around 0.4with increasing the
disperseephase viscositygg. This is due to the complex breakagmalescence

mechanism.

Disperseal phase fraction

Coalescence, dispersiogorocessesand settling are all affected byeth
disperseephase concentration, e.g., coalescence rates increase with increasing
0.This is due to both an increase collision frequency and rpealty changes
that enable longer contact intervals to be obtained.

El-Hamouz et al. (2009oticed that thénigh disperse phasmncentration
also affect smalscaleturbulenteddies, reducing their intensity and making them
less able to disperse drops.

Theycarried a set of experimenisth a silicone oil (Dow Corining Oil 200
Fluid) in orderto measure therdp size dstribution and d32 ofmulsion of
various disperse@hase viscosity grades at different valueg.of

They concluded that there & very weak dependence of the equilibrivgn d
on (i buta highdispersed phase concentrataffect small scaléurbulenteddies,
reducing their intensity and making them less able to disperse dégps.
conseguence of ithe breackag@lecrease anthe Sauter diameter increase, as

Fig.5 shows.

70 =
gnd H
50
40 4
30 4
20 «
10 +

He=05
Ap=0325

¢=005
=001

dsz (micron)

1 10 100 1000 10000

time (minute)

Fig. 5: Sauter diametere for different phase fractions, with high viscosity silico(gldidamouz
et al (2009))

~ O~
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2.3. Measurement techniques

To measure drop size thikutions in stired liquidliquidi systems, there are
many dfferent measurement techniques avaible on the market. Théased on
different physical propertiesnd describedh literature Mlasb et al . , 2010;
et al., 2006; Mondal et 22010).

To investigate stirred liquid/liquid systems important to use Hine
measurement techniquegth the devicanside the system

This is due to the fact thahe dispersion is fast coalesceningd amith

external sampling the relis would be totally different.

The endoscope was chooséy many autorsbecauseit is the most
reliabiity device for takingpictures of the dispersed pha@ddadl et al, 201Q
Pacek et al., 1994)

Infact many differentapproaches and techniques have been published but,
according to them, the endoscope is the device that provides the most exact results
even with high volumetric volume fractiamtil GO50%.

Other inline devices, like laser onee.g. 2D ORM, FBRM®, gave
unresonable results connérg size analysis and the changf the size over the
time (Maa3 et al.,2010)

Using the endoscope images are taken intrusively from inside the riegctor
placing itin front of a CCD camera as a microscope lens.

This measurement technique provides quantitative gesults butneeds a
long time to analyze the images and to compute the BSWell asthe Sauter
mean diameter.

An example othe sharpnessf the endoscope imagissshownedn Fig.6

~ 10~

\
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toluene/water (10%)

Fig. 6: Example of photo of the system toluene and water, pH 7, 4#510% dispersed phase
fractionMaedb et al ., 2010)

Accordingto Kraume et la (2004),normally 200 imagesave to be taken
for each speed and time, in order to count at least 300 droplets to achieve a
reliable distribution

~ 11~
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3. Material and methods

3.1. Experimental set upand procedure

To investigate the drop size distributian stirred liquid/liquidsystemshe
set up, depicted ifrig.6 was used. It consists of the baffldzhtch reactqrthe
stainless steel stirrer, the 3B and the endoscope.

The experiments ere carried out in a baffleglass vessel. The dimensions,

referring to the scheme in Fig. are depicted iffab.1.

Tab. 1: Stirred tank dinensions and characteristics

T H d|’B Wpg h D

150 mm| T 08T | 008T| 0,33T |0,33T

flash
M fo—

devices i camera

laser pﬁ _— g&scupe

_— L

t W —}?=E B

T N

T=150 mm

Fig. 7: Workbench arrangeemt

After cleaning the tankhe stirrer and the measurement deviegl purified

water and acet@) in order to remove impuritithe workbench was prepared.

~ 13~



3. Material and methods

The stirrerwasconnected to the Rushton turbine gasitioned 50 mm from
the bottom of the @ssel Purified water, where some droplets of KOH were added
to adjust the pHalue to 7, and the dispersed phase were added.

The IPR30 and the endoscope were positionated in line with the stirrer so the
flow passes the devicesthogonaland going throgh them
Thetemperaturevas fixed t020°C, by refrigeration.

For evey solvent three different stirrer spesaslere used. They were applied
for one hour.

After the higest stirrer speegkperimentthe speed was decreased utiig
lowest speed in order &iudy the coalescence behavi¢lab.2.

For the lowest stirrer speed, it hém be ensured, that there was no more
visible phase separation. Therefore tbeest stirrer speed was diffieg for the
different oils

According to the behavior @ach dispeed phasethe first experiments were
madewith a stirrer speed af75rpm instead of 400 rpnif there were no complete

phase dispersion at such low spester 5 minutes

Tab. 2: Experiments set up

Dispersed phase N [rpm]
Toluene 400-550-700
Fauth paaffin oil FC1013 400-550-700
Fauth paraffin oil FC2006 475550700475
Roth Silicones silicon oiM3 475550700475
Wacker Silicones dimethicone 475550700
Mobil velocite oil 3 system 550-700
Roth Silicones _silicon 0oHM3 with 475550-700-475
mirror

Between each experiment, except for the last ones made in order to study the
coalescence behaviour, the system was let stand untill there was again complete

phase division.

~ 14~
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3.2 Analysis ofdrop size distribution

The measure of the drop size digtitibn in liquidliquid dispersions is still a
chdlengingtask as only few measure devices exist.

As mentioned above, ithis workan in situ endoscope technig{fég. 8) was
installed:images were tackeplacing a7 mm thick endoscope in front of a CCD

camera

N\

| CCD camera | flash | fbrezoplics

light guide

frame- trigger
grabber

lens

window

Fig. 8: Endoscope devicgviagb et al., 2010)

After preparing the experiment, the stirrer was turned on and the endoscope
parameters were manually set up according to the feature of images taken for each
solvent (seeAnnex, TabA.l ). This settng is very important becauseages
taken with the endoscope should be as sharp as possible, in order to use them not
only with a manual counting program, called Boubble Count (BC), which takes
almost 45 minuts for a serie of 200 picures, but also withudmmatical counting
program, called Drop Dead (DD).

For DD the border line is the quality of images taken by the endoscope
when the optical quality of the pictures is good enoaghautomatical counting
of more series of 200 pictures eagts possible

After calibrating DD it was possible to let the program automatically count
many series of images, referred to the same solvent with the same optical

properties, at different speed and time steps.

~ 15~
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In order to study the reliability of DD, the results ob&al with DD were
compared with the BC ones referred to the same serie. Some parameters in DD
were rectified according to this comparison to create an improwstelnior the
examinated solvent, which gave closer values of Sauter diameter and DSD in
comparson to the manual counitng results.

After collecting the data for each solvent, at each stirrer speed, they were
studied to achieve the DSD and the Sauter diameter.

Because one of thr@msof this work was to study the suitability of DD, not
all the time geps were manually counted: for each solvent the smallest and the
biggest droplets were counted to see which kind of drops and how good DD
recognizes them.

Four series of 200 images each, made with the endoscope, were manually
counted. Theywere correspading to the first and last time step: in this way it was
possible to study the variation of the, @vith the time and with the stirrer speed
increase.

Going through each picture, using Boubble Count (BC), the sharpest droplets
were choosen and their curative probability was calculated, as well as the Sauter
diamenter.

DD was calibrated, for the solventhoosing one serie of images

Becouse DD tends to recognize smallespiiets than by manual counting,
the choosen serie to calibrate DD, was the onernedd to the lowest velocity,
after the first minute of experiment. That whsserie with the biggest drops.

The DD window is showned in Fi§.

~ 16~
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x || ne St | Test

= =

stomate

e

Fig. 9: DD window and automatical counted drops marked in blue

Moreover an IPF30 (Fig.1Q was used to mord the distribution of droplets.

The Inline Particle Probe IPP 30 is based on a modified spatial filtering

technique and allows the measurement of the transient drop size distribution online.

It is a method of determining the size and velocity of thepsir

simultaneously (Petrak et al., 2002).

The main principle of this technique is to observe the shadow of the drops

moving through a small channalvhen the particle passes through the fiber

optical probe an impulse is generated and the particle simbthealculated.

A detailed physical description can be found in Petreak et al (2002).

The advantages of this dline measuring device arthe low hardware

requirements and the robust design at reasonable investment costs.

The IPP 30 technique is avaibler om PARSUM (Petrak
al.2010).
The measurement value represents a chord lenght (E¥X. by

accumulating results from individual particles the chord length and the velocity

distribution are calculated.

~ 17~
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AN

Vv, Direction of
movement

ol o

Optical -
fibre pulse
channel

Fig. 10: Dimension of the IPBO device (left ) andheasured chord length (right)

The IPP-30 savesthe particle size data in a ring bufferdathe DSD is
calculated online during the experiment.

The window on theRR30 connected computer (Fifjl) shows the particle
distribution inreal time.

Additionally all particles in the ring buffer were saved afteB, 5, 10, 15,
25, 40 and 60 minutes and, at the same time, 200 images with the endoscope were
taken. As explained in Chapter 2.200 is the minumum pictures numbier

achieve aeliable distribution.

~ 18~
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Fig. 11: Window for particle distribution g§x)

3.3 Model systems

The systemof the experiments consisted of purified water as a continuous
phase and six different organic coumponds as the dispersed phase.

The pH7 for the dednized water was guaranteed by adding some drops of a
3M KOH solution and checking with a pieter the accuracy of the value
adjusted as standard.

No additional electrolytes were added.
In each experiment a different dispersed phase was used.

The solvenused to investigate liquid/liguigystems as a standard is toluene
(Misek et al., 1985). The other ones were choosen according to physical properties
like viscosity, density, refrax index that shoulddimilar to the ones of toluene.

In Tab.3 the diffelent tested oils, as well as their physical properties, given
by the seller are listed

~ 19~
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Tab. 3: Dispersed phase properties

Cinematic . -
Physic | Viscosity Refrax Dens'gy S.0|Ub'"ty Price
Name al State| [mm2/s] Index [kg/m?] in water | Danger (Gl |
(20°C) (20°C) | (15°C) [9/1]
Toluene | S1€a | o7 1,496 866 0,52 F+ | 18,99
liquid

Roth

Slicones | Clear | ), 1382 | 900 : . 21.9
silicon oil | liquid

-M3

Wacker

Silicones| Clear
dimethico| liquid 5 1,382 920 - - 8,08
ne

Fauth

paraffin | Clear | o515 | 1,418 | 740760 . . 5,95
oil liquid

FC1013

Fauth

paraffin | Clear | g 516 | 14551 | 750850 . . 5,95
oil liquid

FC2006

Mobil

velocite | Clear 1,4474

oil3 | liquid 2 14476 | 892 - - 3.18
system

3.4. Measurment of physical properties

Interfacial tension

The interfacial facial tension (IF) is of great importance for the dispersed
phase because it influences thiep stability and therefore the breakage of drops.
The interfacial tension was measulgda pendand drop (Fig.12

For each proof the solvent has been insuffled in a needleandtbmeter of
0.5 mm. Droplets that were going out from the tip of the needle were photographed
by a camera.

Picture were taken when droplets were as big as possible before falling down
and also according to the foeassistant values of sharpness gibgrthe measure
program

An example of a pendand drop is given in F2g.1
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3. Material and methods

Fig.12: Example of pendant drop

Setting the focus and the light was particulanportant as well as a deep
cleaning procedure of all the devices in order to eliminate all the impurities that

strongly influence the results.

The operating principle of the device is the Yotaplace function :

1 1
= —+ — 9
Dp g(R1+R2) ©)

Wheregpi s the pressure difference across
interfacial facial tensiomndR; andR; are the principatadii of curvaturg(in this

case R=dropradiand R— D) .

In order to have accurate information about IFT, which is important in
liquid-liquid dispersiorbecaise of its inflence on drop breakagie devie was
deeply cleaned and the measurement were madteatperaturef 20°C.

A sample of each solvent was taken and poured into a burette.
The 0,5 mm needle was inserted in the burette until the tip was subneithed
sample

Than water was insufflate the needle and droplets were created in the oll
phase.

After each solvent measurement the device was deep cleaned with UP
water, pure acetone and than dryed with air.

Than the SFT values for purified water (72 mN/m) was measured , in order

to verify the complete cleaning of the instrument.

~ 21~


http://en.wikipedia.org/wiki/Surface_tension
http://en.wikipedia.org/wiki/Principal_curvature

3. Material and methods

The data collectingalculated the IFT values accorditagthis set of parameters:
T density of water (994,6 kg
1 temperature density of the drop (at the same temperature of the
measurement)
For each solvent a set at least 10 were taken.

The measures foWacker Silicones dimethiconeevealed a really low
difference in the densityompared tavater, so the size of drops were too big to be
completly taken by the camera.

To afford the value for the interfacial tems of this solvent a ring
tensiometer (Kriss K 8600) was used. (Gores 2003).

Refrax Index

The Refrax Index (n) is another property of great importance for this work:
this research is based mostly on imageéas taken with an endoscope and the
refractve index n is of great importance for the sharpness and quality of the
pictures taken.

The measurements were made putting a coopldrops of solvent on the
lense of the device for measurement, paying particular attention to avoid the
creation of small aibubbles in it.

Than the refrax index values obtained where recorded. Each solvent
measuring was repeated 3 times.

Also in this case, like for the IFT measurements, after each solvent the
device was deeply cleaned (with surfactant solution and watethandhe RI for
water (w=1,333) was verified in order wnfirm the cleaning of the lense

Viscosity

To measure the viscosity the the falling sphere viscometer was used. A
rotatingviscosimeter was tested too, but gave unreasonalble results dud¢aw the
viscosity. of the chosen solvents .

The clearglass pipe was filled witlihe solvent and thara glass sphere
(dspr= 0,0158 m)wasinserted chosen according to thescosity range of the oils.
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3. Material and methods

The pipe was turned several time to check that no air krhvere left
inside, which could compromise the race of the spaedethan the results

With a chronometer the passing time of the glass sphere between two lines
was taken for 3 timef®r each oll

With this measuredime value it was possible to calctdathe viscosity
according to théollowing equation:

hen =FXAS, - S) (10)

where F is the fall time, K is the sphere constant (0,008 in this cas& and
and $Sare the sphere and the liquid denségpectively.

The density of the spherg2,22351 kgh®) was calculated knowing its
diameter (b= 0,0158 m) and mass { 0,004592kg).

After each solvent the device was deeply cleaned, filled with water and the
dynamic viscosity for water (around 1cPpasvverified in order to confirm the

perfectcleaning of the equipments.

With Eq. (10) the dynamic viscosity values were calculated and with the
density, measured at the same temperaturéitieenatic viscosity was obtained.

Density

The density measumens were made with a laboratory balance.
A sample of each solvent was taken and the density was measured, knowing

the volumeof sampleused. Theneasurements wersade at 20°C.
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4., Results and discussion

4. Results and discussion

4.1 Physical properties of the diferent oils

The physical properties of the dispersed phase have got argheanée on

the drop size distribution arah the quality of images taken with the endoscope.

As it was mentioned aboveniorder to find a solvent which couldk&the

place ofthe toluene, & properties (Tab4) have been taken as a model for

choosing the new dispersed phase.

Tab. 4: Toluenephysical properties

Physical State Clear liquid
3kin [Mm?2/s] (20°C) 0,7
n (20°C) 1,496
} [ Klg20°m) 866
2 [mN/m] (20°C) 35
0 [mN/m] (20°C) 26,6
Danger Flammable

The physical perties have been measured and compared to the

corresponding tol uen egaskiareporedelaavn d

Index of refraction

Because of the great importance of the sharpness of images taken with the

endoscopeheindexof refraction of the different oils has been tested

t he

The refractve index of the dispersed phasfluences the optical propersie

of the pictures. To make the phase surfaistble the refractive index ofhe

dispersed phase should be different from that of the continuous phase water

(Nw=1,333)

In Tab.5the values of the refrax index measurements are summarized.

~ 25~

s el

€



4., Results and discussion

Tab. 5 : Valuesfor the refrax index

Wacker Fauth Fauth Fauth Mobil
Roth . . ) ) )
- .| Silicones | paraffin paraffin paraffin | velocite
silicon oil |,: . . . . )
M3 dimethicon oil oil oil oil 3
e FC1013 | FC1013 | FC2006 | system
Sample Sample .
ch.no. |479150037 OM24819| Fauth | 1300038 | Fauth Jgiggggg‘
31.03.2010 31.03.D10

n[-]
measured
values 1,3928 1,3982 1,4196 1,4187 1,4551 1,4475

(25°C)

n[-] 1,396 | >1,4180 | >1,4180
sellers' - - -
values (25°C) (15°C) (15°C)
Physical | o o liquid | Clear liquid | Clear liquid | Clear liquid | Clear liquid ngngﬁow

State

The measured values ak in theinterval given by the sellers. They are all

a little smller tharthe toluene onén,=1,496)

The valuedor Fauth paraffin oil FC2006 andobile velocite oil 3are the
highestandtherefore clsest oneso the value of toluene.
Fig.13 showsexample pictures of the different oils.

As it can be seen the quality of all pictures is worst compared to the toluene
ones

The tolueneand Roth silicon oil M3 images are the sharpest while the
Mobile velodgte oil 3 and Fauth paraffin oil FC20@fhes aretheworstones.

Other parameters influence therefore strongly the quality and sharpness of
the enoscope pictures

It has also to be noticed that the Mobile velocite3ailas the only dispersed
phase withoutlearliquid aspect, as showkab.5. This might have played a role

in the quality of images taken by the endosdgpe. 13).
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4., Results and discussion

N
Tolué‘ne(400 rpm) Roth silicon oil M3 (475 rpm)
n= 1,496 n= 13928

Wacker Silicones dimethicong475rpm) | Fauth paraffin oil FC1013 (400 rpm)

n= 13982 J n=1,496
-l

\ ,
=
’,

. -~

TR \
e

, _
Rayth paraffin il FC2006 (475 rpm)  Mobil velocite oil 3 (550 rpm)

. . "‘n ‘..\ : '

b= 1,55 I A0S I\ ﬁ‘.
L \

Fig. 13: Example of images taken with the endoscope for each solvent, at the lower speed

\ :J ¢ ‘.

experimentafter 1 minute of agitation.

Density

The values of density for the dispersed phases are summaricail.&hThe
measured values ar e csaeugnaffoathelReth gilicont he sel
oil M3 the measuredaluesare a bit lower.

This can be expined by thegreateffect of the temperate on the density
values: neasurement at higher temperature led to smaller values.

Due to the high temperature in the laboratory a temperature increase during
the measurementsould not be hindered, although thengles were stored and

cooled in the fridge
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4. Results and discussion
Tab. 6: Solvents densities
silicon oil | . . para para paraffin oil | velocite oil
M3 dimethicon oil oil FC2006 | 3 svstem
e FC1013| FC1013 y
Sample Sample
ch.no. |479150037 OM24819| Fauth | 1300038 | Fauth Jollgggggs
31.03.201( 31.03.201(
) k
(20°C) | gg16 | 9096 7448 | 7416 816 805
measured
value
d Se”eg.aﬂi 900910 920 740760 | 740760 | 750850 802
values (25°C) (25°C) (15°C) (15°C) (15°C) (15°C)
) %k
(26°C) 876,6 899,3 623 619 798,9 802,8
measured
value

In conmparison to the toluene density,(= 866 kg/m?), the most similar

value is gven for the Roth silicon oil M3 on&yhile the lowest value is found for

the Fauth paraffin oil FC1013.

Viscosity

One of the physical propertigghich has got a great influea on the DSD,

as mentioned irChapter 2.2 , is the viscositin Tab. 7 the measured values in

ar e

comparison to the sellersdéd ones.
Tab. 7: Solvents knematic viscosity values
Roth V\_lgcker Fauth Fauth Fauth Mobil
. .| Silicones | paraffin paraffin paraffin o
silicon oil | . . . . velocite oill
M3 dimethico oil oil oil 3 system
ne FC1013 | FC1013 | FC2006 y
Sample Sample 4
ch.no. |479150031 OM24819 Fauth 1300038 Fauth Jgiggcz)gg‘
31.03.201d 31.03.201d
3kin
[mm2/s]
(26°C) 1 5910 | 7711 | 2192 | 2267 | 10119 | 2174
measured
values
3kin
[mm?/s] 10 5 152,15 | 1,52,15 9,516 2
sellers' (25°C) (25°C) (20°C) (20°C) (20°C) (40°C)
values
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4., Results and discussion

The measured values are comparabl e
Roth Silicon oil M3, which has got much higher values at lightly lower
temperature.

In general the ikematicviscosityvalues of the dispersed phase are all higer
than the toluen onesyn,. =0,7 mm?/s), expecially for Wacker Silicones
dimethicone and kah paraffin oil FC2006.

IFT

The interfacial tension strongly influences the drop breakage processes and
was therefore measured against water
Results, averagefrom 10 measurements, are shawitheTab.8

Tab. 8: Measured IFT values

Wacker Fauth Fauth Fauth .
Roth . X ) . Mobil
- .| Silicones | paraffin paraffin paraffin o
silicon oil | 3 . . . . velocite oil
M3 dimethico oil oil oil 3 system
ne FC1013 FC1013 FC2006 y
Sample Sample 4
ch.no. |479150031 OM24819| Fauth | 1300038 | Fauth Jgiggggg‘
31.03.201( 31.03.201(
2 [ mN
(20°C) |39 ar106 | 34  |48,5 0,9%|49 5 0,6%)|39,2+ 4,4%| 16,6+ 2,5%
measured

values

The Wacker Silicones dimethicone and the Fauth paraffin oil FC1013 have
got the closer values of the IFT to the toluémg= 35 mN/m).

4.2. Investigations n the stirred tank

In a liquid/ liquid-system the analysis of the Drop Size Distribution is
important in order to determine parameters involved in the mass tranfer process
I.e. the interfacial area.

As mentioned in Chapter 3.2rf each dispersed phaseere manually

counted four series of 200 images each made with the endoscope, referred to the
lowest and the highest velocity, at the first anthelast time step

Going through each picture, using Boubble Count (BC), the sharpest
droplets were choosen étheir cumulative probability was calciddt as well as
the Sauter dianter.
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4., Results and discussion

Toluene

Three experiments were carried out with toluene. Stirrer speeds of 400, 550

and 700 rpm were applied. The coalescence behaviour was not investigated for
this solvent. @bler et al. (2006) already studied the coalescerbaviour of

toluene/water systems. At a pldlue of 7 it is very fastoalescing and after one

minute of stirring the steaestate is already reached.

The images taken in each experiment, after setting endoscope

parameters, were sharp as Figrédveals.

Fig. 14: Example of toluene images at different stirrer speed and time

The Boubble Countesults are summarized kig. 15 and Tab.9.

1
09 —
0.8
o7

— 5

'5" 0.5 {

S o4 f ——400rpm, 1" | |
0 / ——400rpm, 60 | |
05 f 700 rpm.1° |
0,1 700 rpm, 60" |

0
0] 200 400 00 800

dp [pm]

1000

Fig. 15: Distributions of drop sizeSauter diameteand number of counted drops for a

toluene/water system
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4., Results and discussion

Tab. 9: Manual counting with BC for toluene

speed time stdev/d32] d_32

[rpm] [min] [-] [um]
400 1 0,2831 | 384,297
400 60 0,294 413,490
700 1 0,267 315,870
700 60 0,252 301,860

As expected from the analysis of the breakage forces, which defrend
the turlulent field generated and so from the stirrer speed, the Sauter diameter
become smaller as experiment speed increase.
It is also noticeble thatszgincrease with the time, instgaf decreasing as
expected, for the lower speed experiment
As it is known, that steadstate is reached after one minute. Therefore the

Sauter mean diameter should not differ between the two time steps.

The IPP-30 device was not working during the eximent at the higher
stirrer speed (700rpm). It did not recognize droplets and no signals were
transfered even if its position was changed.

However, the data collected at the lower stirrer speed were analyzed. The
comparison with the manual counting \&ltevealed that the results given from
IPP-30 were unreasonable, the IPP 30 reconizes much bigger drops, which leads

to a larger Sauter mean diameter (Figamhd Tab. 1

. Ve
Vra

06 /
g Zj /4; —BC 400 rpm, 1'
0‘3 J 7 —BC 400 rpm, 60
02 —/ /ﬁ IPP 400 rpm, 1'
o V4 —IPP 400 rpm, 60
’ a 200 400 dlgoipm] 800 1000 1200

Fig. 16: Toluene BC and IPP results comparison
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4., Results and discussion

Tab. 10: Comparison BAPP fortoluene

speed time counted d 32

[rpm] [min] drops [um]
BC 400 1 248 385,3
IPP 400 1 10000 613,1
BC 700 60 182 413,4
IPP 700 60 9999 644,3

Roth Silicon oil M3

For this solvent the phase division, urdi stirrer speed of 430 rpm, was
noticed The density difference between this oil and water is lower than for the the
toluenewater system. This indicates that the stirrer speed of 400 rpm should be
enough to disperse the oil in the continuous phase and the other physical
properties mainly influerecthe minimum energy needed for a full dispersion. The
stirrer speed was therefore set to 475.

For studyng the coalescence behaviour the stirrer spgad decreased at
thatvalue after the last experiment.

Examples of images taken in each experiment \lig endoscope are
reported in Fig. 7.

475 from 700 rpm

Fig. 17: Example of Roth Silicon oil M3 images at different stirrer speed and time

The quality of those images allowed the manual calculation of the drop
distribution.
The Boubble Count results are sumined inFig. 18 and Tab. 11
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Fig. 18: Distributions of drop sizesSauter diameter and number of counted drops fRoth

silicon oil M3/water system

Tab. 11: Manual counting with BC for Roth silicon oil M3

speed | time counted | d_32

[rpm] [min] drops [um]
475 1 283 268,68
475 60 259 163,36
700 1 268 171,49
700 60 201 135,48

Also for the Roth silicon oil M3, as expected, the Sauter diameter decrease
with increasing of stirrer speed and time.

The distribution and the Sauter diameters relativahddower speed at 60
minutes and to the higer speed at the first minute are almost the same.

The IPP-30 device was not working during this experiment.

In comparison to the toluene results, as showRign 19and Tab. 12the
Sauter diameter is sensiiy lower for the Roth silicon oil M3 and the DSD is less
wide, than in the toluene experiments.

It hasto be mentioned that the lower stirrer speed for the Roth silicon oll
M3 experimenwas different from the toluene one.
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