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Abstract

This master thesis is investigating the mixingcédincy in Alfa Laval ART® Plate
Reactors. The investigation has been performedhénreéactor model called PR37,
handling flow rates up to 32 I/h. Villermaux/Dushmmethod also known as lodide-
lodate method is the method used to measure thregsetgpn index and in the end the
mixing time. A range of experiments has been perém and evaluated in order to
characterise the behaviour of the reactor in thegeof mixing. The method has been
confirmed to work for the ART® Plate Reactor seraexd with the right auxiliary
equipment the whole series of ART® Plate Reactousdcbe evaluated.

The mixing time for the reactor is highly dependentthe flow rate. When first using a
flow rate which is half of the recommended and thremeasing the flow rate to twice

the recommended for PR37 3-12 the mixing time eBsed by more than 75%, when
using a 100 um nozzle.

Compared to micromixers the ART® PR37 series perfowell. In the comparison of
mixing time versus pressure drop the performancenighe same region as for
micromixers like IMM Caterpillar, T-mixers and taagtial IMTEK. When considering
the flow rate also and comparing the mixing timeidéd by the squared hydraulic
diameter and Reynolds number the PR37 series doitpes most the micromixers, it is
only the IMM Caterpillar which is in the region tife performance from PR37.

Keywords: micromixing, continuous reactor, ART,tplaeactor, mixing, iodide-iodate,
Villermaux-Dushman
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Introduction

The goal of this project is to both find a methodharacterize the Micromixing in Alfa

Laval’'s ART® Plate Reactors and to perform the abtarization for some of the

configurations within the ART® Plate Reactor seri€ke present section consists of
two parts, an introduction to the concept of mixemgd its importance for chemical

reactors and the second part is introducing chdmeactors and the ART® Plate

Reactor series.

Mixing Phenomena and its Necessity in Chemical Reac

In chemical reaction and thereby chemical reactarging is a fundamental unit
operation, especially in industrial applicationslsias chemistry, pharmaceutical and
polymers where a high yield is important (Habchiagt 2011). Without mixing the
different substances won’t come in contact withheather and no reaction occurs.
Baldyga (Batdyga and Bourne, 1999) and others (keuet al., 1996b); (Johnson and
Prud’homme, 2003) have introduced the conceptvididg the mixing into three stages
with different length scales of mixing. These thremales are macro-, meso- and
micromixing, in turbulent mixing the turbulent eggris dissipated down from macro-
scale mixing down to micromixing and ultimately dowo laminar lamellae where
molecular diffusion is the driving force.

The macro-mixing is of the scale of the entire teqcit is the simplest way to

characterize a reactor. Despite the developmentCBD codes residence time
distribution experiments remains the standard whyharacterizing complex flows

(Villermaux, 1996). Meso-mixing is generally theakeof turbulent diffusion. The scale
is fine respective to the system but coarse resetd micromixing e.g. the turbulent
exchange between the feed and bulk near the iflet reactor with a fast reaction
(Batdyga and Pohorecki, 1995). Micromixing is theximy which takes place on

molecular scale, below the so called Batcheloreschi this region it is laminar

stretching which leads to interlacing of the lamilzgyers thereby increasing the mixing
and reaction i.e. the mass transfer is dominatethblecular diffusion. (Habchi et al.,
2011) The process can also be described as theugigonvective deformation of fluid
elements which, when the deformation is large ehpug followed by molecular

diffusion.

Micromixing is especially important for chemicalogesses with fast reaction kinetics
(Guichardon et al., 2001). Chemical reactions o@umolecular level (Batdyga and
Pohorecki, 1995) and micromixing significantly affe the conversion and selectivity
for fast and instantaneous reactions, both in lamend turbulent flows. A higher
mixing on the molecular scale will increase thesifacial area between the two phases
massively i.e. more contacts being made (Aubirl.e2@10). The micromixing will, for
fast reactions, affect various process parametens as yield, reaction time, mass- and
heat transfer. The mixing is most important if #ystem contains multiple reactions, if
there are no side reactions the mixing only affdotsreaction time. If side reactions are
present poor mixing increases the probability ef $fde reactions occurring and lowers
selectivity.

Chemical Reactors
Traditionally the reactions for production of sty chemicals, e.g. for the
pharmaceutical industry, have taken place in stitvatch reactors. This has been the




case for both single and multiphase reactions. fEmk reactors are familiar and

numerous equations for prediction of power conswnpand mass transfer exist.

However they also have some significant drawbaoktuding scale-up, mixing and

hold-up time if continuous. The scale-up from laiory scale to production scale is
always uncertain (Bouaifi et al., 2004). Espeygidiie heat transfer will change in a
scale-up and significantly change the yield of tbactions (Hendershot and Sarafinas,
2005).

The ART® Plate Reactor proposes a solution to th@eblems in being an easily
scalable continuous reactor. The ART® Plate Readog a reactor series with a large
range of flows from 120 mL/h up to 1000 L/h anddesce times from 4 seconds up to
25 minutes. This combined with very high heat tfanability is making the ART®
Plate Reactor series a feasible alternative foride wange of applications, such as
production of organic silica monomers. (AlfaLava2005b, AlfaLaval, 2005c,
AlfaLaval, 2005a)




Details of the ART® Plate Reactor

At present the Alfa Laval ART Plate Reactor semessists of three commercially

available reactor types. The ART Plate Reactor (FPRyhich handles up to 10 plates
and flows up to about 32 I/h. The ART LabPlate whie a downsized ART PR37 the
difference is that the ART LabPlate only handles pates and thereby smaller flows
of up to 2.4 I/h with the benefit of being more tefficient for these flows. The last

type is the ART PR49 which is a larger scale upnftbe ART PR37. The ART PR49

has another type of mechanical construction, anaksembly of plates and handles
much higher flow rates, up to 1000 I/h. The ART PReldesigned to be large enough
to be used in commercial production, whereas thel AFR37 and LabPlate are

primarily aimed for research & development and paihn in small scale.

The Reactor Plates

The ART LabPlate is using the PR37 0.8-2.2 and PB32 plates with the same
design as the ones used for PR37. The larger ARR&Fas another frame design and
significantly larger plates.

ART® Plate Reactor 37 & LabPlate

The plates in the reactors consist of a processasid a utility side, illustrated in Figure

1. The plate consists of five different componemamber 1 is the process channel
plate, this is the plate to which inlets and ostligr the process and utility are fitted,

and the bottom side has a 2 mm deep channel to tfeemtility side, the channel is as

wide as the entire plate. The utility side is alsade turbulent using a turbulator plate,
number 2. The utility pressure plate, number 3|sstéee utility side and the process

gasket, 4, and pressure plate, 5, does the santeefprocess side. When all the desired
number of plates is assembled the stack is preegether using tension rods forming a
reactor seen in Figure 2.

D = ® ©

~C 8
Figure 1. Different parts of a plate for the PR37  Figure 2. An assembled PR37 Reactor with a
reactors. total of 10 plates.

The design characteristic of the ART Plate Read®mithe serpentine path which the
process flow follows in the process channel pldtes path is also in an alternating
sequence becoming wider and narrower. This indstregching and contraction of the
flow and also the serpentine path is creating gestiin the channel. These “chaotic”
features of the design are creating a very goodngixn laminar flow (Ehrfeld et al.,
1999). Despite this chaotic behaviour of the chatime reactor has an excellent plug
flow (AlfaLaval, 2005b).




Both the LabPlate and PR37 reactors use the saatesph the stack and the plates are
available in four different depth sizes 0.5 mm; thyd mm and 8 mm. Because of
changes in the design the plates are named araitomally; the 0.5 mm plate is
throughout the report called PR 37 0.8-2.2, then2 phate is called PR 37 3-12, the 4
mm PR 37 6-23 and the 8 mm is called PR 37 12-#@. umbers have previously
indicated the cross-sectional area and volumeeofeéhctor plates in mm-unit.

Figure 3 depicts the channel design of the plateshis case the PR 3-12. The other
plates, PR37 6-23 and PR37 12-46, are identicdl thiz exception of the depth of the
channel. The 0.5 mm plate however has a smallematavidth as well, see Table 5 for
details. In the figure you clearly see the chargstie flow channel pattern.

Figure 3. Picture of channel design for ART® PRAd aabPlate plates, this example is the PR37 3-12.

As described earlier the channels exhibit a chab#gbaviour due to the channel
alternatingly becoming wider and narrower also floe/ direction of the channel is
changing. The design element in the reactor induoesces in the regions where the
width is largest. This has been shown both with &ERlies and measurements
(Bouaifi et al., 2004), these studies also continat the vortices are no dead zones, on
the contrary they are replaced frequently with rilevd. This also supports the internal
studies which have shown that the ART® Plate Reagdes has very good plug flow
behaviour. Although the design has changed a hitesthe above cited study was
performed a similar behaviour can be expectedem#w plate design.

The plates have a number of different ports anetsnthese are; process inlet (denoted
P1 in Figure 7), process outlet (P2), utility in{etN1), utility outlet (UN2) and ports
n1-n8 (N1-N8). The ports, n1-n8, are key componanis$ one of the unique features
with the ART Plate Reactor series.
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Figure 6. Inlet port PR37 12-46

Figure 4. Inlet port PR37 0.8-2.2. Figure 5. Inlet port PR37 3-12.

The ports can be used for a range of applicatiamsagldition of reactants, measure system proestie
sampling. These ports are equidistantly positiofiech the top for all the different plate depths.isTh
means that while the port is placed almost at thaelfdepth for the PR 37 3-12 it is positioned gtiarter

of the depth for PR 37 6-23 and approximately ahthi for the PR 37 12-46. The PR 37 0.8-2.2 has a
design which differs from the others, not only diehave a narrower channel, approximately 1 mm
compared to 1.5 mm for the others, by the porttsnibe channel is deepened and the channel height i
almost the same as for the PR 3-12, 1.8 mm. Thieiqdet positioning is illustrated in

Figure 4Figure 6 The increase in depth affects the flow pattemtlie PR37 0.8-2.2 plate
in a way which is not present in the other plates.
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Figure 7. lllustration of the different ports oplate.

How the ports are positioned relative to the charmeiffering between port 1, N1, and
the rest of the ports. N1 is positioned coaxiadyie channel, Figure 8. The other ports
are positioned perpendicular to the channel, Fi@ure the axial velocity of the flow
through the port, for N2-N8, is much greater thiae main process flow the flow will
collide with the opposite wall and disperse siniylao a T-mixer.

WW\J

Figure 8. Inlet of port 1, N1. Figure 9. Inlet of port 2, N2




The port inlet is the same size for all the sideg9dN1-N8. In the ports it is possible to
either connect a 1/16 inch pipe or a nozzle. Tipe will connect in the larger cylinder
shape illustrated in Figure 10. The fluid will thBow through the small pipe between
the port and the channel, this pipe is 1.7 mm (1 fmnthe PR37 0.8-2.2) in diameter,
and is deciding with what velocity the secondawydfiienters. If a higher dispersion is
wanted a nozzle can be used, the nozzles range f@@mum to 200 pm in diameter.
This vastly increases the inlet velocity, e.g. tise of the 100 um nozzle increases the
velocity with 289 times for all but the PR37 0.2-2The nozzle also reaches into the
wall of the channel and is dispersing the fluicedity into the channel.

Figure 10. Port inlet design, PR37 3-12 used feriltbstration.

ART® Plate Reactor 49

The reactors uses a different kind of plate, whéchuch larger in size, but the design
concept is the same with the serpentine path aeds#guence of widening and
narrowing along the flow path. There is a widergarof plates for the PR49 and
development is still in progress for new platesufing on specific aspects such as heat
transfer or residence time.

Previous micromixing studies
There has been a small investigation of micromixamgthe larger reactor within the
ALPR series. This investigation used the Bournetrea scheme, using diazo coupling.

A small pre-study has also been performed at EwmelndJniversity of Technology
using the Villermaux-Dushman protocol. This studgswmore of a feasibility study
determining if the method was at all useful in ttyipe of reactor. The pre-study was
performed with the PR37 and yielded results whioh present project has used as
indicators of reasonable concentrations and pedoo®. However the experimental
method used in the pre-study differs from the airpggoject and comparisons should
not be done to hastily.

The Goal of the Project

According to Laurent Falk and Jean-Marc Commengerethare three main
characteristics of the micromixers which are vitat enhancing the selectivity in
industrial chemical production (Hessel, 2009). Ehage efficient heat transfer, precise
residence time control and fast mixing. In the prégroject the goal is to quantify and




characterize the mixing and compare mixing in tiffeint plate types. The ART PR37
Is going to be used for the characterization, ihidue to a number of factors such as;
cost, the costs of running experiments in the smeattor is much lower due to the
lower volume; availability, there is only one ARR&9 available for experiments at
Alfa Laval; most widely used, the ART PR37 is useith a wide range of chemical
processes in R&D-environments.

The goal of the project is to develop, modify, atmoe suitable for characterizing the
mixing in the Alfa Laval Plate Reactor series. Thethod should be robust, on-line,
simple and quantitative. It is desirable that trethnod is comparable to previous studies
on competing reactor technologies.




Experimental Methods

Over the past 20 years since micro mixers becammenawcially available many papers
and studies have been undertaken to quantify thenpal gain of these micro mixers.
Unfortunately though these gains have mostly bestarohined for specific reactions,
only a fraction of the studies have been charattgyithe micro mixing unit itself.
(Commenge and Falk, 2011)

The present project however is aiming for exacthatt a characterization of
micromixing in the Alfa Laval ART® plate reactorrsss. The design of the ART®
Plate Reactor imposes some restrictions on thecehof characterization method.
Because the plates of the reactor are of metalpticad transparency to the reactor is
available. In the survey of feasible methods emighass been put to the method being
robust, simple and on-line. The experimental castdiso been a factor in the choice of
method.

Different methods have been examined in a liteeagurvey and many methods have
been identified unfortunately the majority of thesethods require optical access, if not
to the entire reactor at least to some specificgdaln the present project no optical
access to the reactor is available. A list of nwouermethods and their corresponding
prerequisites on the reactor are listed in Tablthdy have been more thoroughly
investigated by Aubin (Aubin et al., 2010). Theulesfrom Aubin have been extended
to include both consecutive and parallel chemieattions. The method chosen for the
present project is competitive chemical reactionainly because optical transparency
Is unavailable.

Table 1. Experimental methods for characterizingramixing, (Aubin et al., 2010)

Method

Dilution of
coloured dyes

Resulting information

Qualitative information on mixing quality
Indirect approximation of mixing time

Qualitative information on mixing quality
Indirect approximation of mixing time
3D concentration maps possible

Qualitative information on mixing quality

Micro device requirements

Transparent device or device with
transparent viewing window

Dilution of
fluorescent specie

Transparent device or device with
transparent viewing window

Acid-base or pH Transparent device or device with

indicator reactions

Indirect approximation of mixing time

transparent viewing window

Reactions yielding
coloured species

Qualitative information on mixing quality
Indirect approximation of mixing time

Transparent device or device
with transparent viewing window

No particular for off-line method.

Competitive Quantitative information on the yield of the ) ;

. . R For on-line measurements using
chemical secondary reaction. Mixing time calculate .

. oo . UV-Vis spectroscopy, measurement
reactions indirectly from concentration measuremen

cell must be transparent.

1-dimensional profiles or 2-dimensional
maps of species concentration. Can
identify the characteristic scale of fluid
lamellae which can be related to mixing.

Monitoring species
concentrations

Either optically transparent for
visible light or infrared.

Competing Chemical Reactions

The method competing chemical reactions is onérafet types under the classification
reaction-based characterization. The other twoaaid-base reactions and reactions
yielding coloured species both of these requirdgalpaccess to the reactors (Aubin et
al., 2010).




The competing chemical reactions are divided im0 mmain systems consecutive and
parallel (Guichardon et al.,, 2001). The basic daésth systems are illustrated with
parallel to the left and consecutive to the right.

A+B->R A+B->R
C+B-S R+B-S
Scheme 1 Scheme 2

In both systems the first reaction is quasi-ingtaabus compared to the second. There
is a shortage of the common reactant though thadton of S in both systems is a
measure of mixing quality. Reaction two forming @ps S will only take place when
there is an excess of reactant B. Since globabyetlis shortage of B in the system a
local excess of B is related to poor mixing. Hetieeyield of S is negatively correlated
to the mixing quality. The prerequisite for thegtan systems is that all reactants must
be soluble and also that the reactions are irréblersThe requirement of irreversibility
ensures that the reaction system is storing therlisf mixing quality; hence you don’t
have to measure mixing quality at the precise pamt time of mixing. To be able to
characterize mixing the conditiop, & t must be fulfilled; the reaction time for the
system must be less than the characteristic timanfang.

There has been a number of reaction which has teséd for mixing characterization,
such as nitration, iodination, bromination and ke hydrolysis but these methods
mainly produced qualitative results (Baldyga andiide, 1994).

In practice only one system of each type has begmtely used for micromixing
characterization, these are discussed furtheraridfiowing paragraphs. These methods
have also been producing quantitative results.

Diazo Coupling

The Scheme 2 system which has been used for charation of micromixing is the

diazo coupling between naphtol and diazotized sarpic acid. This system was first
proposed in 1980 by Bourne (Bourne et al., 198#)iamf the consecutive type. During
the years the method has been improved to chaiciary high intensive mixers.

For high intensive mixers this is a successful metfor investigating mixing. There is

however some drawbacks mainly in the preparationef@eriments as preparations
have to be performed at 0 C. The solutions useithgl@xperiments are also sensitive to
light and have a limited storage time due to degfiad. The spectrometry analysis
must also be performed in a range of wavelengthm 890 to 640 nm. There is also a
concern with overlap in the spectra for the reacfwoducts, which results in poor

accuracy of the consecutive segregation index(&uichardon et al., 2001)

Although comparisons between Diazo coupling ande¥iaux-Dushman (Guichardon
et al., 2001) have shown that the diazo couplinthoteis more sensitive to mixing this
method has not been chosen for the present projéds. is due to the elaborate
preparation methods (Malecha et al., 2009, Fourgiieal., 1996b), experimental cost
and risk for degradation of products. The finalusioh for analysis from the diazo
coupling reactions is dark; this would need dilatiwwhich would complicate an on-line
measuring system.

The substances are also harmful, the 1-napht@rimfal when in contact with skin and
especially the eyes. The azocompounds can be explaben in dried state.




Villermaux-Dushman Reaction

The Villermaux-Dushman also known as iodide-iodatd reaction system is a system
of the type described in Scheme 1. The first reacts quasi-instantaneous and the
reaction time of the second can be adjusted byctimeentration of species C. This

feature that you can adjust the reaction speetdeo$écond reaction means that you can
tailor the reaction system to make very local measents or more global (Habchi et

al., 2011).

The iodide-iodate method is an easy method usingnuan chemicals and normal
operating conditions. It produces consistent resaitd comparing different reactors or
operating conditions is possible using the sameemx@ntal setup. Quantitative
comparisons, e.g. comparing experiments performigd efferent concentrations or
volume ratios, cannot be made with this method @dah et al., 2009, Bourne, 2008)
because the kinetics of the Dushman reaction dtenst perfectly known under the
experimental conditions which is required. But noelh for overcoming this problem
using a characteristic mixing time have been ingastd and comparisons are possible
within accuracy limits, according to (Falk and Coenge, 2010) an accuracy of more
than 30% cannot be expected. Since the mixing igmelatively fast a good estimation
can be achieved despite the accuracy limitatiors gufficient with knowing that the
mixing time is in the region of 0.1+0,03s. The ¥ilnaux-Dushman method is suitable
for making qualitative comparisons when the expental conditions are constant. This
makes it suitable for the present project sincentlaén goal is to derive a method for
comparing different plate designs and flow condi$ioThis means that the same ratio
and concentrations can be used throughout the iexgetal series. Comparisons can
also be made in-house with other types of reacwmrs tubular reactors. The
Villermaux-Dushman method has been chosen asdastion for the present project.

Villermaux-Dushman Test Reaction System

The reactions system is commonly used but ther® igeneral method for setting up
experiments. There are however a number of regoyisg to formulate a stringent
experimental setup for this method (Commenge anld, 911, Guichardon et al.,
2001, Fournier et al., 1996b). But there are alwsyme parameters which have been
specified specifically for the proposed methodolegy. flow ratio and concentrations.
One of those examples is the detailed approachopeabby Commenge and Falk which
unfortunately is considered for reactors usingstme flow rate in both the buffer- and
acid stream, e.g. in T- and V-mixers. In the AR&tPIReactors it is not suitable to have
the same flow rate in both process streams sinisewbuld yield a much higher
pressure drop in the ports, since they have a smaibss-sectional area. This pressure
drop in itself would affect the mixing characteigstsignificantly.

These variations and the debated kinetics, whidhbei discussed further later, make
direct quantitative comparisons impossible.

Reaction Kinetics

The Villermaux-Dushman test reaction system is thageon three different reactions.
The first two reactions are part of a competitigaation system. This reaction system is
an acid-base neutralization (i ) and an oxidafi@on). The oxidation reaction ( ii ) is
called the Dushman reaction. The reactions are:

H,BO; + H* = H;BO0; (i)
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5/~ 4+ 1035 + 6H* = 31, + 3H,0 (i)

The neutralization reaction ( i ) is quasi-instaetaus with respect to the Dushman
reaction ( ii ). This vast difference in reactiame is the quality which makes this
reaction system suitable for characterizing mixidging different concentrations of the
chemicals the reaction rate of the second reagtioh can be tailored for the specific
reactor system. The reaction kinetics for the Dumhmeaction has been a major debate
for the reaction system. Guichardon and Falk haréopmed a major kinetic study of
the reaction (Guichardon et al., 2000) and theti@a@xpression they suggests is also
the one used in the present project. The suggesaetion kinetics is:

ri = k[H*]?[I7]*[105] (1)

The reaction expression in itself might not look mmplicated, a five order reaction.
The kinetics studies however show that the rategesgion has a so called salt effect.
The reaction constant is dependent upon the igreagth,u. The expressions brought
forward by Guichardon and Falk are:

1 < 0,166 M: log;o(k) =9,28105 — 3,664,/ @)

= 8,383 — 1,5112\/ﬁ + 0,23689u

1
p=5+ ) g2 @

]
The ionic strength of the solution is determinedhsy concentration of each ion, ¢, and
the charge of the ion, z, to the power of two.

From the reaction kinetics of reaction ( ii ) amdtial concentrations of the buffer
solution and acid a reaction time for the ( iidcton can be calculated, by dividing the
stoichiometric concentration with the reaction rate

_ Min (2071030107103 [H*1o) ()

t sy =
e (Tii)t=o

The formed iodinel,, from the ('ii ) reaction further reacts intp following the quasi-
instantaneous equilibrium:
L+1"=1I; (iii)

The equilibrium constant for this reaction is adtion of temperature and defined by
(Palmer et al., 1984);

log1o Kp = 2=+ 7,355 — 2,575 logs, T, (6)

where K is the equilibrium constant for reaction ( iii WA T is the temperature in
Kelvin.

The kinetics of this reaction,( iii ), have beendséd by (Ruasse et al., 1986) and the
reaction rates of the reaction in water solutio@stC has been determined to:
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Tiii = ks [L1[17] — ks_[I3] @

\wherek;, = 5,6 x 10°-mol~ts™t andk;_ = 7,5 x 106 s71

Theoretical Mixing Time

For the Villermaux-Dushman characterization thet lsnsitivity is achieved when
t.i = tpwheret,, is a characteristic time for mixing. In accordandgéh the protocol
designed by Commenge and Falk (Commenge and Falkl)2an estimated mixing
time can be calculated using the pressure dromniking there is always a trade-off
between pressure drop and mixing time (Kashid .et2@l11), faster mixing inevitably
means higher pressure drop. Pressure drop measuserhave been performed
previously for the ART Plate Reactors. The measergmhave been performed using
water and the flow rate is ranging from zero tocevthe nominal flow. The equations
for estimating mixing time are:

QAP
oV (8)
ty, = 0.15 % g7045, (9)
where Q is the flow rate [{fs], AP is pressure drop [Pal,is density [kg/m], V is the
volume of reactor [f] ande is energy dissipation [W/kg].

E =

The theoretical mixing time indicates how fast mgito expect from the reactor.
However this is not the only parameter deciding Hast the ( ii ) should be. If the

reaction time is too short the experiments willyomleasure the mixing at the inlet. In
this project it is the design and mixing efficienmfythe channel which is the interesting
parameter and how effective the nozzle at the islet

Segregation Index X

The segregation index is an index used to quattigymicromixing quality explicitly.
The segregation index range from 0 to 1, where hAnmethat the flow is totally
segregated and O that perfect mixing has occuitad. values in between indicates
partial mixing. The formula for segregation index i

Xs = Y 10

STy, (10)

y_ 2, ) L dowe (L] + (5D 1)
an' acid [H+] 0

6[105]o (12)

Ypo = — —
'S 7 6[105 ]y + [H,BO; ],

qout([lz] + [13_]) [HZBOB’_]O
Gocal Bl <1 T eos 1, )

The concentration of iodiné; and triiodide ions/;’, are the unknowns in the equation
for segregation index. The mass balance of iodioms combined with the equilibrium
constant for reaction ( iii ) yields an equatiorsteyn which decreases the degrees of
freedom to one;
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Qout [I"]= Abuffer, [1_]0

5 (14)
~ Qoue (3 (L1 + 15D + 1151)
_ 5] (15)
AT
2 Gouellal + (3 Goual151 ~ Qg er 1710 ) L]
3qout 2 3qout 3 Qbuffero 0 2 (16)
n (15 1q0us 0
Ky

Principle of lodine Concentration Measurement
The concentration of iodine can be measured ugegtsometry and the application of
Lambert-Beer law. Lambert-Beer law states tha@theorption, A, is proportional to the
concentration of; . The proportionality constant is a productsyfknown as the molar
extinction coefficient, and the path length of fpectrometer, I.
A

5] = o
The absorption of; is measured at a wavelength of 353 nm where therption is not
affected by the other compounds in the solution.

(17)

The second-order algebraic equation, (16), caroled for the measured concentration
of I3. From the solution X can be calculated using equation (13). The segioega
index is dependent upon the concentrations andsflosed during the experiments;
hence it is not possible to compare mixing qualging X as a performance indicator.

Calibration Curve for Spectrometer

When using an in-line flow cell there are a numbkesettings which are affecting the
signal received in the graphs. The fact that passible to manipulate the absorption
value means that it is not possible to use a generue for the molar extinction
coefficient. Measuring concentration from the spmoeter absorbance measurements
requires a calibration curve. The calibration cursedetermined using a number of
solutions with differing, known, concentration dfiet current species, hde To
prepare solutions df with determined concentration mixtures/igfandKI in aqueous
solution is required. The mixing of these two aqueolutions will initiate the
equilibrium reaction ( iii ). Rewriting the equatidor the equilibrium constant (15) in
terms of conversion af, (18) generates an equation with only the convaraitknown
(19).

X, V. [1,]
5] = == (18)
3 v,
tot
X,V 2lo
K. = z] Vtot —
B 7L T =XV, loVki T lo=X1, Vi, lizlo ™ (19)
Vtot Vtot
XViot

A=-X) Vil lo=Vi,[12]0X)
where X, is the conversion of, andVy is the volume of species X added to the total
solution, henc&,. =V, + Vi; + Vi, 0.
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The equilibrium constant can be calculated from) @ad the other variables in (19),
except for the conversion are measured during #ibration procedure. From the
calculated conversion the concentratiori;otan be determined.

Measuring the absorbance from a number of soluttongaining various concentrations
of I; a graph of absorbance versus concentration casbtagned. The graph should
resemble Figure 11, where the Lambert-Beer law {d7%)alid for the linear relation
present up to a certain concentration.

Analytical curve

) = 1.8711x +0.0515 /
Rf= 09979 4

@
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Figure 11. Typical concentration versus absorbam@ph, image owned by Prof. Tom O'Haver ,
Professor Emeritus, The University of Maryland atl€ge Park.

During the experiments the measured absorbance brustithin the Lambert-Beer
range, otherwise it will not be possible to deterenihe concentration &f accurately.

Micromixing Models

In order to achieve a comparable parameter theegation index must be converted
into a characteristic mixing time. In order to detene a mixing time perfect knowledge
including a full description of velocity and cont¢eation should be needed. In reactive
flows that would necessitate a resolution down atcBelor scale, ~ several microns, for
the description of stretching, diffusion and tram$goupled with the reaction occurring
(Falk and Commenge, 2010). For all but the verypsast geometries this is impossible
to achieve. As an alternative solution many redemchave proposed various
phenomenological models to describe the mixing pheana. They are based on
different assumptions about the limiting processeshe mixing. Mixing can be
described by a sequence of mixing mechanisms faontdist 1 and List 2. This
sequence differs for laminar and turbulent miximgl #ecause of the chaotic nature of
the ART Plate Reactor this reactor type could sheWwaviours from both laminar and
turbulent mechanisms. The flow conditions for therent project is in the laminar or at
most approaching the transitional region with Régeaumbers up to 1700, using
hydraulic diameter for rectangular conduits.

List 1. The mechanism sequence for turbulent mixing

1. Distributive mixing; large eddies move around andnwect
material. At macroscopic scale concentration isfanm. No
mixing occurs on scale smaller than the size ofesdthough.

2. Dispersive mixing; through turbulent shear the aboeddies
decrease in size and mixing occurs on a finer sédlenolecular
scale still no mixing occurs.
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3. Diffusive mixing; mixing due to the random motiohraolecules.
Becomes important when the structure is very fineesdiffusion
only occurs over short distances. The mixture besom

homogenous. The mass transfer and momentum trahsfes
1

similar time scales (Kockmann, 2008).~ tx = (S)E this relation

will be used to evaluate how well the results ditbulent theory.
The correlation between the Batchelor time scatkkmimogorov
time scale is equal when the Schmidt number isredtd000, e.g.
for water.

List 2. The mechanisms for laminar mixing:

* Laminar shear; deformation of fluid elements due rétative
motion between the fluids. The deformation will rease
interfacial area and reduce the thickness of fa&ment.

» Elongational or extensional flow; changes is thewflgeometry
accelerates and decelerates the flow, the effeetsimilar to the
effects of laminar shear, but are induced by trergsry.

» Distributive mixing; reduction of the striation thkiness due to
stream-splitting and recombination effects in tle®rmgetry of the
mixer.

* Molecular diffusion; as in turbulent mixing becomisportant
once striation thickness is short enough.

e Stresses in laminar flow; mixing taking place due stresses
exceeding the bonding force of agglomerates herssolding the
agglomerates. This mechanism is present in sajiddisystems.

(Bourne, 1997, Edwards, 1997)

For turbulent mixing this sequence can occur swsteely or simultaneously (Baldyga
and Bourne, 1994). In laminar mixing there is nalesar sequence of mixing as in the
turbulent case, instead the different mechanismg@sent in different types of laminar
mixing equipment.

There are a number of different proposed modelgrfmromixing. The micromixing
models can be divided into three categories; phemoitogical, physical and detailed
analytical. The detailed analytical type is the moet of using detailed descriptions of
the fluid dynamics to simulate the mixing using guriational fluid dynamics (CFD).
Since the ART Plate Reactor is a complex geomet8FB solution for this project
would require a lot of computational power and disense to computer software on
this basis the method is excluded for the curreojept.

Phenomenological models involve similar phenomenaha normal RTD models but

on a finer scale, the phenomena are e.g. segregated and exchange of fluxes. From
phenomenological models parameters characterigtidhie system are not known a
priori (Villermaux and Falk, 1994).

The third category of models is physical modelseSEhare based on physical processes
in mixing. The models are simplifications of thalrenixing process and the goal is that
the parameters they are based upon can be indeyigndefined from fluid dynamics

or experimental measurements. The physical modgidity is corresponding with the
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assumptions made, the model allows a priori prexiistas long as the parameters in the
model can be estimated accurately.

Interaction-by-exchange-with-mean (IEM) model

One of the phenomenological models is the intewacby exchange with the mean
(IEM) model. The model which was proposed, indeeatig, by (Villermaux and
Devillon, 1972, Costa and Trevissoi, 1972, Haratdale 1962) is based upon the
assumption of points with uniform concentration avegligible mass interacts with the
entire volume consisting of two types of pointse(ttonsidered and the rest). The entire
volume has the mean concentratipn The interaction is linear following the
expression:

km(Ci —¢i), (20)

where I, is an exchange factor which is not easily defihatican be related to power
consumed in agitating the fluid.

An unsteady mass balance for the concentrationiat p is:
dCL' —
— = kn(Ci—c) +R;,

wherea is the age of the point.

(21)

Incorporation model

Fournier and his colleagues proposed a simpleiaiiteaction model for estimating
the mixing time (Fournier et al., 1996a). It haseleveloped and used widely because
of its simplicity. The model is suitable for batsystems or plug-flow systems (Fournier
et al., 1996a). The original model proposed by Riauris:

acj _ 1dg 22
2= (Gu—G) o+ R, 2
where (; is the concentration of reactant(j,, the concentration of the surrounding

liquid, R; the reaction term and g is a function for the nesshange rate between the
fluid parcels and surrounding liquid.

The idea behind the model is that the second fluidch has a much lower volume than
the other, is divided into small aggregates. Thglagerates are invaded by the first
fluid and the volume of the aggregate (containinthbiquid 1 and 2) is increasing. The
incorporation time, the time for when the liquidhas fully reacted with liquid 1, is
equal to the micromixing time in this model.

The mass exchange rate function, g, is dependent thge incorporation mechanism.
The incorporation flow could either be constant ebhimeans g(t) is a linear function
(23) or the flow could be proportional to the aggee volume resulting in an
exponential relation (24).

t
g =1+— (23) 9t ( t ) (24)
tm =exp|—

tm
The Coalescence and Redispersion Model
Initially derived, by Rietema (1958), Harada (19623d Curl (1963) cited in (Baldyga
and Bourne, 1994), to describe the nature of dtepiea two-liquid phase system. It
has since been adapted to simulate single-phass #is well. The concept is that the
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volume of the system is divided into a number oidflelements of the same volume and
sufficiently many to achieve separation of scaldee fluid elements can mix with each
other by coalescence, perfect mixing on molecutatesand immediate redispersion.
Using methods like e.g. the Monte Carlo procesprobability density functions (pdf)
the model can be simulated. The model can be usetktermine both micro- and
macromixing (Baldyga and Bourne, 1994).

The IEM model is closely connected to this modetl &arada even proposed the
equation (21) to describe the coalescence andpedisn of reactive droplets (Harada
et al., 1962) cited in (Baldyga and Bourne, 1994).

Engulfment-deformation-diffusion (EDD) model

The EDD model utilizes all three mechanisms invdlve micromixing. A reagent
volume is incorporated, stretched and folded uh&lvolume elements are of Batchelor
scale where molecular diffusion is having an eff@d¢te EDD model becomes quite
complex and computationally advanced because liades all three mechanisms. The

method requires solution of equations like

d%c; (25)

aCi aCi
—+ u(x, t)a = DIW + Rl-(x, t)

at

These are coupled, non-linear, parabolic parti&idintial equation the equations must
also be solved a number of times equal to the nummbeortex generations needed to
achieve complete micromixing. Baldyga and Bournaldgga and Bourne, 1989) have

in the report showed that under certain circum&syfr << 4000 and F (= Ci‘)) > 1,

CBo

the deformation and diffusion can be neglecteds Bimplifies the model significantly
to a set of ordinary differential equations of tiee:

dei
£:E((Ci>_ci)+Ri;

where E is an engulfment rate.

(26)

The simplified model is consequentially called #mgulfment model or E-model. Note
the resemblance to the incorporation model, eqund2@) with the exponential relation
(24).

Comments on mixing models

Though the models are based on different assungptoi principles many of them

share the characteristic looks of the equationsetsolved. But even though they may
look similar equations (21) and (26) produce dédferresults (Baldyga and Bourne,
1990) in this case because of how the mixed zonmailled. In the E-model it is

growing with time, but in the IEM model the volunsealways infinitely small.

In the current project the reactor has a very gpha-flow which is why the
incorporation model is chosen. The incorporatiawfis said to be proportional to the
aggregate volume, using (24). That the incorpomnafiion~ would be proportional seems
to be the most logic assumption, that a largermeldaster incorporates more volume.
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Methodology

Following the theoretical background of the projettich has been presented up until
now the following sections will be describing holetexperiments during this project
have been performed. This includes the motivaticgghind experimental setup,

equipment usage and limitations.

Application of the Villermaux-Dushman test reactgystem

As described in the theoretical section (8), (9)theoretical mixing time can be
calculated if the pressure drop is known for thecter. The results from the estimation
of mixing time for the different plates can be fdun Table 2. As can be expected the
mixing time varies with the flow rate. When the vilorate changes from half the
nominal to twice the nominal the mixing time is mEased by a factor of five
approximately. The pressure drop data is taken studies performed in 2008 and the
calculated mixing times is used as an indicatiowloét mixing times to expect from the
reactor. It should be noticed that the mixing timenore or less constant for all plates
for the respective flow rates.

Table 2. Estimated mixing times calculated fromsptee drop data from 2008.

Plate Q[m%s] AP [Pa] V[m’(incl. gasket) &[W/kg]  ty[s]
PR37 0.8-2.2|| 1,667E-07{ N/A 3,53E-06 0,00 | #DIV/0!
PR37 0.8-2.2|| 3,333E-07{ N/A 3,53E-06 0,00 | #DIV/O!
PR37 0.8-2.2|| 6,667E-07{ N/A 3,53E-06 0,00 | #DIV/O!
PR37 3-12 || 4,167E-07] 5000 1,36E-05 0,15 0,348
PR37 3-12 || 8,333E-07; 18000 1,36E-05 1,11 0,143
PR37 3-12 || 1,667E-06] 52000 1,36E-05 6,39 0,065
PR37 6-23 || 8,333E-07] 5000 2,49E-05 0,17 0,335
PR37 6-23 || 1,667E-06] 13000 2,49E-05 0,87 0,160
PR37 6-23 || 3,333E-06] 35000 2,49E-05 4,69 0,075
PR37 12-46 || 1,667E-06; 5000 4,77E-05 0,17 0,329
PR37 12-46 || 3,333E-06] 14000 4,77E-05 0,98 0,151
PR37 12-46 || 6,667E-06{ 41000 4,77E-05 5,73 0,068

The Villermaux-Dushman reaction should now be tailoregarding concentrations to
have a reaction time which is in the region of #stimated reaction time, in order to
achieve as high sensitivity as possible (Commemgk Falk, 2011). But at the same
time it is not desired to have a too fast reacttbe, reaction time must be sufficiently
long to characterize the mixing within a major pafrthe reactor and not only the initial
mixing at the inlet (Habchi et al., 2011). Decidindpat reaction time the system is
tailored to is a trade-off between characterizimg desired property and having the best
sensitivity possible. Having a reaction time of 4 in a plate which has an average
residence time of 10 s would mean that you onlgstigate the mixing in 1.5% of the
reactor. The aim of this project is instead to abhterize the mixing in the channels of
the reactor and aiming for approximately 10 % @f tbactor.

The risk with using these long reaction times foe second reaction is that the mixing
characteristics of the reactor might be too goauifgat mixing might occur before the
second reaction have had time to act. In this thseresults from the spectrometer
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would be the same as if perfect mixing occurredaimty. Also because the reaction
time is larger than the expected mixing time thesgwvity is reduced.

Equipment benchmarking / Performance test of egeipm

From the experimental plan volumetric flows wergegi a benchmark of the pumps
available was performed to see what volumetric owhere feasible. The pumps
should be able to supply enough volumetric flow drel accurate also under the
influence from back pressure. Using a needle vaéweagelok SS-MPC-M-2-MH, the
back pressure was increased to simulate the basdsyme from the reactor during
operation.

Table 3. Flow rates needed for the buffer solutaachieve 0.2 m/s flow

PR37 PR37 PR37 PR37 PR37 PR37 PR37 PR37
Plate 0.8-2.2 0.8-22 0.8-22 0.8-22 3-12 3-12 3-12 3-12

Flow [mL/min] | 69 | 139 | 27,7 | 416 | 27.6 | 552 | 110,4| 1656

PR37 PR37 PR37 PR37 PR37 PR37 PR37 PR37
Plate 6-23 6-23 6-23 6-23 12-46 12-46 12-46 12-46

Flow [mL/min] | 51,6 | 103,2 | 206,4 | 309,6 | 99,6 | 199,2 | 398,4 | 597,6

The pump deemed suitable for the flow of buffeutioh is a gear pump called mzr®-
7255 from HNP Mikrosysteme GmbH. This type of pum@gs chosen over a piston
pump due to the piston pump’s pulsating nature. pomp was benchmarked for
different back pressures and it was also benchrdak®w frequency to see how stable
it was. The investigation showed that the pump alale to pump approximately 260
mL/min with 4 bar back pressure. Three of the pssgb experiments in the
experimental plan had to be removed, because thieadded too high flow rate. These
experiments are PR37 6-23 with tri-nominal flow ahd PR37 12-46 both with twice
and triple the nominal flow. The benchmark alsoveta that it was possible to pump
the required minimum flow (6.9 mL/min) without litmg the control range for the
control system, Table 3. During the gear pump berach it was also noticed that the
pump supplied a larger flow compared to the flote readicated by the flow meter.
Since the difference was not linear for differdoims it was not possible to adjust the
settings for the flow meter to address the problerstead a measurement series was
performed over four different flow rates. From theseasurements an adjustment curve
was calculated, the curve including the adjustnimdtion is found in Figure 12.
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Figure 12. Adjustment curve for flow meter from tjgar pump

The syringe pump was also tested with and withagkpressure. However the Graseby
3150 has a built-in occlusion safety switch whichoaatically shuts down the pump

when approaching 2 bar back pressure. This shootico@ a problem since previous

operation with the PR37 have shown that with thenpéd operating conditions the

back pressure should not be more than 1 bar maximum

Accurate measurements of the flow rate of the ggripump proved difficult. Since the
flow using a 10 mL syringe is really low with a naum of 45 mL/h it was hard to
find a suitable measuring method in the Alfa Laladloratory. Two different methods
were used; measuring the time between two drofiddiiag from the tip of the tube
dripping down into a beaker was one method. Thithotkis relying on the assumption
that the droplets forming on the tip of the tubesmsform. The time between droplets
became uniform for all of the back pressures testesligh the time until they became
uniform was differing significantly. Increase indbkgpressure also increased the time for
steady-state operation.

Proposed experimental design

Following the study of methods and experiments gidine Villermaux-Dushman
method an initial experimental design was proposadcan be seen in Table 4 the total
number of experiments is 144 when a three-timeia&pbdn is included. The
experimental design is intended to test two poaémtiixing variables; inlet port and
volumetric flow rate. The channel height is alsbdrently tested as a variable due to the
use of different plates. The experimental desigusiag an initial ratio of 199 between
the buffer and acid flow. The ratio and also theaamtration of the solutions are subject
to revaluation in accordance to the results from $ipectrometer measurements. A
priority order has also been determined if noeaperiments can be performed in time.

Table 4. Initial experimental design

Channel height [mm]  Multiple of Number of
Plate (Incl. gasket) nominal flow Port Repetitions experiments Priority
PR37 0.8-2.2 O-,8 0,5,1,2,3 1,5,8 3 36 3
PR37 3-12 2,3 05,1,2,3 1,5,8 3 36 1
PR37 6-23 4,3 05,1,2,3 1,5,8 3 36 4
PR37 12-46 8,3 05,1,2,3 1,5,8 3 36 2
Total: 144
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In order to yield results which are comparablegh®posed experiments are having the
same axial velocity, for the nominal flow, for #tle plates. The axial velocity is set to
0.2 m/s, this value is similar to the de facto ealused by Alfa Laval Reactor
technology department. The flow rate they use asimal flow is supposed to have the
axial velocity of 0.3 m/s, but the calculationstlvis project shows that the actual axial
velocity is approximately 0.2 m/s for all but thealest plate, PR37 0.8-2.2, where the
velocity is close to 0.3 m/s. This difference isedio the changes in design and
especially the design of the process gasket. Sgemfix D for more details of the
calculations.

Table 5. Linear velocities using the general flates

PR370.8- PR373- PR376- PR3712-

Plate 2.2 12 23 46
Nominal Flow [L/min] 0,02 0,05 0,1 0,2
Channel Height incl. gasket [m] 8,0E-04 2,3E-03 | 4,3E-03 8,3E-03
Min. Channel[sinrzc])ss sectional are 8.5E-07 3.0E-06 | 6,0E-06 1,2E-05
'V'aXim:Jm,t””ear Min. Width [m] 1,1E-03 | 1,5E-03 | 1,5E-03 | 1,5E-03
velocity Hydraulic diameter [m] 9,1E-04 | 1,8E03 | 2,2E-03 | 2,5E-03
Maximum Linear velocity [m/s] 0,392 0,242 0,258 0,268
Max. Channel[r(ri]g]oss sectional ar 1,8E-06 6.0E-06 | 1.2E-05 2 4E-05
'V“”iml:m linear Max. Width [m] 2,3E-03 | 3,0E-03 | 3,0E-03 3,0E-03
velocity Hydraulic diameter [m] 12E-03 | 2,6E-03 | 35E-03 | 4.4E-03
Minimum Linear velocity [m/s] 0,185 0,121 0,129 0,134
Mean Linear velocity [m/s] 0,289 0,181 0,194 0,200

Tailoring reaction rates

As an axial length it was decided that 30 cm watakle to be the reaction length. This
length infers that approximately 10% of the totsator is used for the characterization
as can be seen in Table 6. When the flow rate angdd the reaction rate inevitably
must be changed accordingly in order to keep tlaeti@n length constant. Table 6

shows that the four different flow rates yield fmarresponding desired reaction times.

Table 6. Used volume and length for reactor charamtion

Flow rate  Reaction  Reaction Reaction Utilized %
Plate name  (ml/min) Length (m) time (s) volume (ml) of Reactor

PR37 0.8-2.2] 6,9283 0,3 3 0,346 9,82%
PR37 0.8-2.2] 13,8566 0,3 15 0,346 9,82%
PR37 0.8-2.2; 27,7132 0,3 0,75 0,346 9,82%
PR37 0.8-2.2] 41,5698 0,3 0,50 0,346 9,82%
PR37 3-12 27,6 0,3 3 1,38 10,18%
PR37 3-12 55,2 0,3 15 1,38 10,18%
PR37 3-12 110,4 0,3 0,75 1,38 10,18%
PR37 3-12 165,6 0,3 0,50 1,38 10,18%
PR37 6-23 51,6 0,3 3 2,58 10,37%
PR37 6-23 103,2 0,3 15 2,58 10,37%
PR37 6-23 206,4 0,3 0,75 2,58 10,37%
PR37 12-46 99,6 0,3 3 4,98 10,44%
PR37 12-46 199,2 0,3 15 4,98 10,44%
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To achieve the desired reaction times the conasmraf the buffer solution was first
modified to achieve a reaction time of 1.5 s withazid concentration of 0.1 M. The
concentration ratio between the species presentthm buffer solution was
stochiometrically fixed and corresponding to oteerdies and the pre-study performed
in Eindhoven. Using these fixed ratios the reactione was calculated using the
formulas described in the theory section, equati¢hs - (5). Using the same
calculations the acid concentration needed to halgable and triple the reaction rate
was determined. The results showed that the reacdte was more or less linear to the
concentration of acid, a double increase in acidceotration almost doubled the
reaction rate. The calculations for the four déf&rflow rates are found in Table 7.

Table 7. Reaction time calculations from initiahcentrations

Property % Nominal Nominal 2 Nominal 3 Nominal
[H+] o [mol LY 0,04965 0,1000 0,2020 0,3065
[I-] o [mol LY 0,02052 0,02052 | 0,02052 { 0,02052
[103-]o [mol L™ 0,00410 | 0,00410 | 0,00410 | 0,00410
[H2BO3-], [mol LY 0,01026 | 0,01026 | 0,01026 | 0,01026
[NaOH] o [mol LY 0,01026 | 0,01026 | 0,01026 | 0,01026
Min(3/5[I-] o, 3[103-]o, ¥2[H+]y) | 0,00012 | 0,00025 { 0,00051 | 0,00077
lonic strength [mol L] 0,03496 | 0,0352096; 0,0357196 0,0362421
k, [L*mol™sY 3,944E+08| 3,922E+08| 3,878E+08| 3,833E+08
r, [mol L%sY 0,00004 | 1,669E-04| 6,734E-04| 1,532E-03
t,= Min()/r , [s] 2,99956 1,49775 | 0,74998 | 0,50005

Constructing the calibration curve for the specttan

From the theory of how to perform a calibratioraage of test solutions was proposed,
the calibration consists of eleven different coniions of triiodide. The solutions are
prepared by mixing varying amounts of potassiumdedolution, iodine solution and
water. The water used both for the dilution of getam iodide and iodine as well as the
extra water added is purified water from a Millipddirect-Q 3 system which also has
been bubbled with nitrogen to remove possible oryigghe water.

The potassium iodide which is very soluble in wateprepared by dissolving 1.22

grams of potassium iodide salt in 250 ml waternirthis solution 25 ml is added to an
empty 250 ml volumetric flask which is then filledth water. The dilution process is

performed to enhance the accuracy of the measutsmsimg scales, 2 grams is more
accurately measured than 0.1 grams.

lodine, in contrast, has a poor solubility in wabecause of this the iodine is dissolved
in a much larger volume of water. 0.34 grams ofriecsalt are dissolved in 3 litres of
water to yield the desired concentration. The dv@sg is really slow and some of the
potassium iodide solution was added to enhancesahgbility the solution was also
heated. The dissolving took approximately 8 hours.

These two solutions and water are now mixed, uddfgrent ratios shown in Table 8,
to form twelve different concentrations 3f each with a volume of 50 ml. In order to
ensure that equilibrium has been achieved the wvettienflasks are shaken every 15
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minutes for three hours. It is important that euilm has been achieved otherwise
equation (6) is not valid. The concentrationlpis calculated using equations (18) and
(19). This concentration of triiodide is now pairetth the absorbance acquired from
the spectrometer for the respective concentratimoiamn 4 and 5 in Table 8.

Table 8. Mixing table and absorbance results ftbiation curve

Volume of Volume of Volume of Concentration

Kl-solution [mL]  I,-solution [mL] added water[mL] of I3 [mole/L] Absorbance
10 10 80 9,26E-06 0,070
20 10 70 1,49E-05 0,156
30 10 60 1,89E-05 0,183
10 40 50 3,99E-05 0,359
20 40 40 6,08E-05 0,533
30 40 30 7,61E-05 0,684
10 70 20 7,41E-05 0,604
20 70 10 1,08E-04 0,932
30 70 0 1,25E-04 0,090

In order to achieve the calibration curve the abaoce is plotted against the triiodide
concentration. The graph can be found in FigureAk3long as the absorbance has a
linear correlation with the concentration the Lamieer law is valid, it is this range
we are interested and especially the slope oflitiesr relation. Using the curve fitting
toolbox in MatLab® the slope of the curve is detered to 9826 L/mol. Also knowing
the measuring length of the flow cell the molarimstion coefficient can be determined
and used for other types of flow cells using thmesapectrometer.

Absorbance
o e o o o o o o
N w A o N ® ©
T T T
1

o

+ Calibration data |
L _Lambert-Beer law

02 04 06 038 1 12
Triiodide concentration [M] x10*

=]

Figure 13. Calibration curve

For the purpose of the current project the slogeevancluding flow cell is used since
the same equipment will be used for the entire expnt series. The expression for
calculating concentration of triiodide from absarba is shown in equation (27). The
linear regression was performed with the two powits the highest concentration as

outliers.
¢, = abs 27)
I3 ™ 9826 °
where abs is the absorbance measured amltbe triiodide concentration in mol/l.
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Experimental Setup

This section will describe the equipment used duthre experiments and the setup of
this equipment. The centre of attention in the expents is the ART® PR37 Reactor.

The reactor is equipped with four plates one ofhesize, a plate includes a process
channel and a utility side. The entire experimeatedngement is depicted in Figure 14.

Syringe Pump

—

AvaSpec
- Spectrometer
Gear Flow cell
— ]
Stirred Pump L] \
Beaker
Avalight DHc
Beaker

Figure 14. Schematic over the experimental arraegeém

The process inlet on a plate, P1, is supplied #ebh buffer solution using the gear
pump. On the P1 pipe-line there is also a presgauge and a flow meter. The syringe
pump, pumping perchloric acid, is connected to ohéhe ports on the plate, also on
this inlet there is a pressure gauge. From thegsooutlet, P2, the flow passes a
pressure gauge and a flow cell before ending @phaaker.

The Spectrometer

In order for the spectrometer to provide an absmwbapectrum a reference and a dark
sample must be provided to the spectrometer sadtwavaSoft 7.6.1 Full. The dark
sample is taken when the light source is turnedTdie dark sample is eliminating the
potential outside light interfering with the measments. As reference solution purified
water is used, the purified water is pumped throtnghreactor and the flow cell and a
reference is saved from this measurement. It waidd be possible to use the buffer
solution as reference but for the current projectfied water was selected because it is
easy to acquire and was used for the calibraticssomements.

UV-light from a Deuterium-Halogen lamp, AvalLight BHis transferred through
optical fibres into the flow cell, through the ligy and into another cable of optical
fibres which transfers the light to a spectromefaraSpec-2048x64. The liquid have
absorbed some of the light and the absorbance drowe the spectrometer shows at
what wavelengths the absorbance have occurredcamdhat degree. The absorbance
spectra are viewed on a laptop connected to thetrepeeter by USB-cable. Figure 15
is showing a typical absorbance spectrum for tlieeatiproject.
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Figure 15. Typical absorbance spectrum for thededodate method

During the first experiments there was problemigldng data. Because the flow cell
was initially mounted in a horizontal position thexas a possibility that the flow was
not large enough to entirely fill the flow cell t#8ng in air pockets disturbing the
measurements. A small rebuild where the flow cedswpositioned in a vertical state
instead provided better data and clear tops irabs®rbance spectra was observed. The
tops were also corresponding to the expected wagtie of 288 nm and 353 nm for
triiodide ions and 248 nm for the iodide ion. Thhey species present in the buffer has
absorbance outside the scope of the current speeteo. Because there is less
interference from other species at 353 nm this Veaggth is used to measure the
trilodide concentration.

Using the calibration described earlier the abswmbacan be converted into a
concentration of;. As described in the theory section the segregandex can be
calculated when the triiodide concentration is know

The buffer solution for the experiments is of theng concentration for all experiments,
the concentrations are presented in Table 7. Tbaseentrations translate into a mass
of each species to be added for each litre of bugédution. Using the preparation
scheme described in Appendix A the buffer soluti@s prepared, usually in batches of
three litres.

Preparation of the perchloric acid is performeahgghe instructions found in Appendix
A. Depending on the flow rate the acid concentratias to be adjusted accordingly, as
shown in Table 7.

Limitations and time restrictions

When trying to perform the different experimentslgem with too high pressure for
certain flow rates occurred. This problem was iathd in the form that the occlusion
safety feature on the syringe pump was activatédttae pump shutdown automatically.
Therefore the experiments with threefold nominawflwere deemed impossible to
perform and cut from the experimental plan. Also ttee smallest plate the pressure
limitation applied to the flow rate of twice themmal.

For the experiments a number of chemicals were eteddost of these were easy to
acquire and had no limitation for use within Alfaval, however with boric acid this
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was not the case. The procedure for getting apptovaurchase and use boric acid
dragged on for weeks and the available time forearpents was drastically decreased.
In the light of this it was decided to limit thepetimental plan further. This was done
by cutting the PR37 6-23 plate experiments and algtng the port 5 experiments. In
addition the comparison of port 1 and 2 was onlygumed for the PR37 3-12 plate for
these ports the use of a nozzle was also investigdhe use of nozzle was not included
in the first experimental plan but was added nawessiit is a highly interesting variable
and also the implementation in the experimentsugegeasy and fast compared to
shifting between plates. As described a number xpleiements were cut from the
experimental design and the experiments performetisted in Table 9.

Table 9. The performed experiments during the ptoje

Plate depth Flow rate Maximum

Plate name _Excl. gasket Port Nozzle Actual/Nominal Reynolds
PR370.8-2.2] 0,5mm 1 No 0,5 139
PR370.8-2.2, 0,5mm 1 No 1 278
PR37 3-12 2mm 1 No 0,5 276
PR37 3-12 2 mm 1 No 1 553
PR37 3-12 2 mm 1 No 2 1105
PR37 3-12 2 mm 2 No 0,5 276
PR37 3-12 2mm 2 No 1 553
PR37 3-12 2mm 2 No 2 1105
PR37 3-12 2 mm 1 100 ym 0,5 276
PR37 3-12 2 mm 1 100 ym 1 553
PR37 3-12 2 mm 1 100 ym 2 1105
PR37 3-12 2mm 2 1100 pum 05 276
PR37 3-12 2mm 2 100 um 1 553
PR37 3-12 2 mm 2 100 ym 2 1105
PR37 12-46 8 mm 1 No 0,5 387
PR37 12-46 8 mm 1 No 1 773

The use of nozzle

Using a nozzle with a diameter of 100 microns witjnificantly increase the axial
velocity of the acid flow. The axial flow velociig increased by 289 times (100 times
for the PR37 0.8-2.2). As can be seen in Tableh&Ovselocity ratio between the buffer
solution and the acid solution is drastically cheshgvith the use of the nozzle. This
should increase the mixing of the fluids at thetnl

Table 10. Change in inlet velocity when using nezzl

Buffer/Acid
Type of inlet Plate Flow ratio Inlet diameters [m] Flow m/s Velocity [m/s]  Velocity ratio
Port PR37 0.8-2.2 0,5 0,001 7,9E-07 0,00074 272,07
Nozzle PR37 0.8-2.2 0,5 0,0001 5,8E-10 0,07351 2,72
Port PR37 0.8-2.2 1 0,0017 1,2E-09 0,00051 393,14
Nozzle PR37 0.8-2.2 1 0,0001 1,2E-09 0,14702 1,36
Port PR37 3-12 0,5 0,0017 2,3E-09 0,00101 197,37
Nozzle PR37 3-12 0,5 0,0001 2,3E-09 0,29285 0,68
Port PR37 3-12 1 0,0017 4,6E-09 0,00203 98,69
Nozzle PR37 3-12 1 0,0001 4,6E-09 0,58569 0,34
Port PR37 3-12 2 0,0017 9,2E-09 0,00405 49,34
Nozzle PR37 3-12 2 0,0001 9,2E-09 1,17138 0,17
Port PR37 12-46 0,5 0,0017 8,3E-09 0,00366 54,69
Nozzle PR37 12-46 0,5 0,0001 8,3E-09 1,05679 0,19
Port PR37 12-46 1 0,0017 1,7E-08 0,00731 27,35
Nozzle PR37 12-46 1 0,0001 1,7E-08 2,11358 0,09
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Data acquisition

The pressure gauges, thermo element and flow raeteconnected to a RMS-system,
remote monitoring system. The RMS system is themeoted to a desktop PC through
USB cables, the signals are treated in the PC usipgogram called LabVIEW®,
developed by National Instruments. Within the LaBW environment it is possible to
log the data from the different instruments. Theggiog is started manually and
produces a text file with tab-separated column® oolumn for each input and also
columns for timestamp and error messages. The Wafafiles are after minor
modification easily read by MatLab using the tdé-¢anction.

The software for the spectrometer, AvaSoft 7.6.1, Ras a built in function which logs
the specified data, up to 8 different sets, to kfiles. During this experiment three
different data sets were logged during the exparimebsorbance at 353 nm, complete
absorbance spectrum and complete scope spectriascbpe spectrum is an indication
of how dense the solution is compared to the maxinsapability of the spectrometer
and software. In MatLab the excel files are easilported using the xIsread-function.
A basic instruction of how the spectrometer sofemaroperated for the current project
is found in Appendix C.
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Results

When all data has been imported into MatLab the da@nsformation can begin. The
different data log files are investigated and thenteresting data in the beginning and
end is removed, i.e. the data before steady-stasebleen achieved. The absorbance
graphs are found in Appendix F. The data treatnrentaled that some of the
experimental runs have yielded data which is vadiffierent from other experiments
using the same setup, in these cases the data setiethe differing result has been
removed. Figure 16 illustrates one of these vadiffering absorbance results. The
occurrence of these results is discussed furthéreiiscussion section.
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Figure 16. An example of vastly differing absorbanesult

The incomparable parameters

Through the concentration of triiodide the absodeaspectrum and segregation index
are connected, the absorbance is needed to cald¢hlatconcentration of triiodide and

thereby also the segregation index. Both thesenpetms are qualitative parameters
meaning that they are not directly comparable betwéhe different systems of

concentrations and flow rates.

Absorbance

The absorbance data is adjusted to only includestkady-state data and is then
averaged over time. The absorbance measured fatiffeeent experiments is listed in
Table 11.

Table 11. Absorbance data from the experiments

Plate depth Flow rate Replications
Plate name _Excl. gasket Port Actual/Nominal  #1 #2 #3 #4  Average abs
PR370.8-2.2 0,5mm 1 0,5 0,059 0,052 0,056
PR370.8-2.2] 0,5mm 1 1 0,143 0,121} 0,163} 0,138 0,141
PR37 3-12 2mm 1 0,5 0,218} 0,209} 0,220 - 0,216
PR37 3-12 2mm 1 1 0,463: 0,467 0,402} 0,481 0,453
PR37 3-12 2 mm 1 2 0,760} 0,767 0,792 - 0,773
PR37 3-12 2mm 2 0,5 0,203} 0,236} 0,243 - 0,227
PR37 3-12 2 mm 2 1 0,389 0,356 0,471: 0,481 0,424
PR37 3-12 2mm 2 2 0,766 0,787 0,813 - 0,788
PR373-12 2mm 1 - Nozzle 0,5 0,243} 0,273} - - 0,258
PR37 3-12 2 mm 1 - Nozzle 1 0,093 0,109 - - 0,101
PR37 3-12 2mm 1 - Nozzle 2 0,574 - - - 0,574
PR37 3-12 2 mm 2 - Nozzle 0,5 0,159 0,180 - - 0,169
PR37 3-12 2 mm 2 - Nozzle 1 0,330 0,350 - - 0,340
PR37 3-12 2mm 2 - Nozzle 2 0,658 - - - 0,658
PR37 12-46 8 mm 1 0,5 0,258 0,268 0,302 - 0,276
PR37 12-46 8 mm 1 1 0,478 0,438} 0,452 - 0,456




The absorbance data is not a suitable paramet@ofoparing the different plates and
flow rates since the concentrations and flows diffiee absorbance has to be converted
further. Comparing the absorbance to the calibmatarve and the validity of the
Lambert-Beer law it should be noted that the akmarb for experiments using twice
the nominal flow is on the border of the validitr the Lambert-Beer law. The use of
the Lambert-Beer estimation for absorbance excegedthbnvalidity will overestimate the
concentration hence overestimate the mixing time.

Segregation index

The calculation of the segregation index is quitaight forward from what is described
in the theory section. Using the logged data andagons (6), (13), (16) and (27) the
segregation index is calculated. As can be sedrfigare 17 the results within each
experimental run are a bit fluctuating. The setwbsch vary the most are varying
+15% however the majority of the results are withi% from the averaged value.
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Figure 17. Measurement of the fluctuations withisasurements of segregation index

Micromixing model

The micromixing model chosen for the current projecthe so called incorporation
model. The reason is that this model is suitabtepfag-flow environments and also
simple to implement.

Using the model a graph showing segregation index fainction of mixing time can be
produced. The MatLab-code compiled for these catmnis is included in Appendix G.
The MatLab-code is basically solving the mass lddor a number of incorporation
times, which for the incorporation model is equalixing time, each one is resulting
in a segregation index. Solving the mass balanceafsufficiently large number of
incorporation times yields a curve showing thetretabetween segregation index and
mixing time. The appearance of that curve is depehdpon the flow rates and species
concentration in the system which is why it habecacalculated for every type of system
used in the project. Because of that the MatLalpssés compiled with four inlet
variables; buffer flow rate, acid flow rate, acimhcentration and segregation index. The
segregation index is used to draw a straight lintha@ desired segregation index and
facilitates a rapid determination of mixing timenelequation system which is solved in
the end of the MatLab-script is the derivative bé tconcentration for each of the
species, solving this system of equations for a&ifipagange of mixing times vyields a
concentration vector from which a segregation indecalculated.
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The result from the use of the micromixing modehs mentioned a graph with one
curve and one or more straight lines, dependindi@mm many different experimental
setups use the same flow rates and concentratignsexperiments with or without
nozzle and on different ports use the same floasrand concentrations. For the current
project this results in seven different graphsdalculating the sixteen different mixing
times. A generic graph is found in Figure 18, ibsld be noted that the graph is of
logarithmic scale.

Segregation index vs Mixing time

T T —TTTTT T T TTTT T —TTTTTTT

X, [

—Acid concentration: 0.05 M

—2 mm - 0.5 Nominal - Port 1

=2 mm - 0.5 Nominal - Port 1 with Nozzle
-=-2 mm - 0.5 Nominal - Port 2

---2 mm - 0.5 Nominal - Port 2 with Nozzle

t,[s]

Figure 18. Generic image of mixing time calculation

The direct results are also presented in tabulan f;m Table 12. There are some
discrepancies in the mixing time results regardimgsmallest plate, PR37 0.8-2.2, and
also the nozzle measurements. These will be disdugsther in the discussion. The
clearly differing results are included in the fuathanalysis of the results but the
conclusions and statements are with disregardetgetmeasurements.

Table 12. Mixing time for the 16 different flow cditions

Port 1 - Port 2 -
Flow rate Port 1 Port 2 Nozzle Nozzle
Plate name Actual/Nominal  t, [ms] tm [MS] tm [MS] tm [MS]
PR37 0.8-2.2 1
PR37 0.8-2.2 1,4
PR37 3-12 0,5
These results are
PR373-12 1 Classified
PR37 3-12 2
PR37 12-46 0,5
PR37 12-46 1
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Figure 19. Mixing time vs. pressure drop, Main Figure 20. Mixing time vs. pressure drop, Acid
in -Main Out in - Main Out

From Figure 19 and Figure 20 it can be seen theetis not much difference in the
pressure between the inlets. It can also be segridhthe different types of flow rates,
used ports and nozzles the trend is that the miximg is decreasing with higher
pressure drop. The effect of the increased pressogevaries though.

The mixing time is a direct measure of how fastrfiging is at the current conditions.
In order to characterize the reactor the mixingetisicompared to relevant parameters.
For micromixers in general a comparative analysis heen performed by Falk and
Commenge, (Falk and Commenge, 2010) the main p#easnghey compare
reactors/mixers by is Reynolds number and energgihition. Energy dissipation is a
measure of how large the pump effect is comparethéomixing performance, the
classic “bang for the buck’-comparison. The Reyaaidmparison sheet has also what
you could call a normalised mixing time, the mixitigne is normalised by the
characteristic diameter of the reactor. This noisaibn means that a reactor can be
compensated for a bit longer mixing time by havintarger diameter. Figure 21 and
Figure 22 shows these comparison parameters foditfezent plates with the inlet at
port 1 and no nozzle used.

1m/d2 versus Reynolds number on Port 1 - No Nozzle, Average Re
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Figure 21. Normalised mixing time versus Reynoldmhber, Port 1.
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tm versus energy dissipation rate on Port 1 - No Nozzle, Average Re
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Figure 22. Mixing time versus energy dissipatioortH.

In Figure 22 the regression lines provides an petetion for the behaviour of the two
different plates. It should be mentioned that tegression lines are made for the
averages of the experimental results, hence the gwots indicated with squares
represent six measurements and not two as onecbrdt believe. The dotted lines
represent the accuracy limitation of £30% on th&ing time estimation, the different
averages are well within these limits. The theoattvalues are based upon energy
dissipation in fully developed laminar flows in pgwith a constant diameter (Falk and
Commenge, 2010). The inclination for the PR37 3s120.27 and is about half of the
theoretical value of -0.5. This means that the ngxiime is decreasing slower with
increasing pressure drop compared to the ideatétieal value.

The PR37 12-46 on the contrary is right at the ribigcal value and has an inclination of
-0.52. This value is according to Commenge and kadlependent on the channel
diameter, which seems to fit well with the dataP®&37 12-46. Probably the inclination
will increase when the flow rate increases induecmage turbulent behaviour.

The Dean vortices which are formed in curved chiensigould also enhance the mixing
performance in reactors of the ART® Plate Reacggpet Dean vortices are vortices
formed in curved pipes. Figure 23 shows the nabfidae vortices, the picture depicts
the phenomena in multiphase flow but the same phena exist also for one phase
flow. The two halves of the channel have vorticésclv mixes the different sides of the
channel individually.
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Figure 23. Sketch of Dean vortices, picture frorftoRPPdto Research Center.
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Figure 24. Power regression curves and theoretresid curves; inverse diffusion coefficients vs.
Reynolds number

Figure 24 shows the power regression curves footiher parameter comparison. Using
these comparisons the experimental results are mloskr to the theoretical literature
values. The PR37 3-12 also here has a slightly rawelination compared to the

theoretical value for laminar flow, -0.67 and -kpectively. For the PR37 12-46 the
slope is almost identical to the theoretical véehreturbulent flows, indicating turbulent

behaviour at Reynolds numbers traditionally assediavith laminar flows.
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Figure 25. Inverse diffusion coefficient versus Relgs for PR37 3-12 plate.

Although all the data for the experiments performeiuhg a nozzle is not consistent it is
possible to make an estimation of the average texydé'he inclination results for the

nozzle are only to illustrate the large effect tiezzle has on micromixing overall, it

should not be taken as a true value. It is intergshough to see the very similar trend
for the two non-nozzle and the two nozzle experimesspectively, Figure 25.
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Discussion

In the discussion chapter the results will be dssed in the terms of reliability and
reproducibility. The results will also be comparedprevious studies of micromixing
and mixing time, especially to the comprehensivengarison performed by Falk and
Commenge, (Falk and Commenge, 2010). In the ewdllialso be discussed how this
investigation can be extended and what improvemardschanges are recommended.

Reliability & Reproducibility

The very most part of the results extracted from Hpectrometer software was
consistent at least within a £10% margin and mdsthem within £5%. Having
literature studies stating that an accuracy of ntbam +30% is hard to achieve for the
final results the reproducibility in these expemtweare good. There have been some
results which has differed a very large amount,0&#4, from previous measurements.
The syringe pump is thought to be the source tsethstrange readings. In the total
experimental system there are two moving partsgéee pump and the syringe pump,
and two solutions, buffer solution and acid solutid®hese four variables are the only
variables in the system, if the spectrometer isiragsl to have constant performance.
Since the strange results seem to be occurringpratlydand inconsistently, i.e. the same
measurement with the same buffer and acid can et@Edly produce these outliers in
result, the syringe pump is believed to be the amufhe gear pumps flow rate is
monitored with a flow meter, however this was nosgble to do with the syringe
pump. As described in the report the syringe purap benchmarked and seemed to be
able to have a constant and accurate flow rateguite possibly it sometimes produces
these faulty flow rates which are the reason ferdtrange absorbance readings. It has
been noted that the inconsistencies in the absoebareasurements could be related to
the pressure in the reactor during the experimanhjgh pressure resulting in less
accurate flow rate from the syringe pump.

A few of the experiments, the ones with twice tbhenmal flow for PR37 3-12, is on the
limit of where the Lambert-Beer law is valid. If nwithin the limit the use of the
Lambert-Beer approximation will overestimate then@antration and also the mixing
time.

The design of the syringe pump is also the reasamn iumber of experimental setups
being cut. The syringe pumps built in occlusionesafdisengages the pump for a
number of experiments.

PR37 0.8-2.2 plate

Some of the results from the absorbance measursmemtconfusing these results are
some of the measurements with nozzle and the nerasuat on the PR37 0.8-2.2 plate.
The tests on the PR37 0.8-2.2 plate was hard forpersince there was problem with
some occlusion in the syringe pump. Also the geangpdelivered a much higher flow
rate compared to the indicated flow rate of thevflneter, more than 100% more.

The experiments on the PR37 0.8-2.2 plate is giewading on a higher pressure, 0.27
and 0.44 bar, compared to the 2mm ones with the satio of nominal flow rate, 0,09
and 0,2 bar. The pressure drop should indicatettieatixing when using nominal flow
should be higher than for the half nominal flonugetBut the results indicate otherwise.
A potential explanation is that the flow rates aegy low for the gear pump and as

35



described in Figure 12 the accuracy of the flowenebuld be questioned at these low
flow rates, which would result in a higher floweghan logged hence a shorter mixing
time.

The PR37 0.8-2.2 plate has significantly higherfae-to-volume ratio, 3.7 #m®
compared to 2.0 and 1.3 for the PR37 6-12 and RAR3%6 plate respectively. Since the
inlet from ports are designed as described earighe report there will be a drastic
change in velocity of the buffer flow at each ponet. This will also decrease the
relative velocity ratio of the buffer solution artde acid, potentially increasing the
mixing.

Nozzle experiments

A few of the nozzle experiments provide results ahdiffer from what you would
expect e.g. that the use of nozzle on port 1 dtrm@hinal flow increases the mixing
time with 50% and going from half nominal flow tominal flow decreases the mixing
time with 90%. It is difficult to find an explanatn for these results. Since it in these
experiments is only one variable which is not canstthe syringe pump, this must be
the reason. There is also rather few measuringosesfor the nozzles. From the results
from the nozzle experiments it also seems likeitlodination perhaps should not be
linear, the results hint that the effect is largeing from 0.5 Nominal to 1 Nominal
compared to from 1 to 2, but again the resultsrarenclusive and further experiments
must be performed to confirm this theory.

Characterisation and comparison

From the literature studies papers have been fadnch are interesting for comparison
and characterisation. An interesting comparisoto isompare the mixing efficiency of
the ART® Plate Reactor to micromixers which arewndor their fast mixing. A well-
written and extensive review of micromixers has rbgeerformed by Falk and
Commenge (Falk and Commenge, 2010) they have cewiparnumber of studies
where the Villermaux/Dushman test reaction has hessd. In Nantes (Habchi et al.,
2011) has performed a study which uses a similaptace method as have been used in
the current project and also performed it on atoeaaf similar design. There is also the
pre-study which the results can be compared tbpatth they were not using the same
adaptive method.

Some comparisons to the mixing in batch reactors also discussed. These
comparisons are of interest since the batch reg&tbe main competitor for the ART®
Plate Reactor. Main competitor in the way that npagéntial customers are using batch
reactors today and not a competing continuous femaetor.

Performance comparison of micromixers

The study is focused on micromixers which have ifgmtly smaller channels
compared to the ART Plate Reactor, but it is irgiing to compare the performance
with these extremely fast mixers. The result frdra tomparison study is in form of
two graphs comparing the performance of a numbeeattor types to parameters as
Reynolds number, inverse diffusion coefficient amergy dissipation. The results from
the current project have been inserted into thesegraphs in Figure 26 and Figure 27.
In the graphs the solid lines represent the areaxpérimental results, the dash-dotted
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lines represent linear extrapolation from the expental results and the dotted lines
represent the £30% accuracy of mixing time estiomati
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Figure 26. Comparative graph using data from (el Commenge, 2010), mixing time versus energy
dissipation.

From Figure 26 it can be seen that the experimelatal from the PR37 3-12 is having a
slightly lower inclination compared to the othercnoimixers and also the experimental
results are in the same region as the micromixXaus,the experimental values are
available at low energy dissipation.

The PR37 12-46 has a steeper inclination very amtd the theoretical inclination for

laminar flow, this increase compared to the PR32 3epresents the effect of increased
turbulent effects. For increased pressure droputilence is increased and the mixing
time decreased. The experimental data for the PR346 is partly outside the scope of

Falk and Commune’s comparison though, having losvergy dissipation as shown in
Figure 22.

The most probable scenario for the extrapolationoisthat it would be linear though.
The slope for both the plates would increase witihér pressure drop because with
higher flow the design of the channel would exh#imore turbulent behaviour and
reducing the mixing time faster compared to pumeif@r mixing. This is also indicated
in the results from the pre-study. For higher puessirop, i.e. flow rates, there is a
point where the inclination flattens because a mfoily turbulent flow regime is
formed in the reactor. Increasing the flow ratethas point would not increase the
mixing, this is also indicated in the pre-study éddshid et al., 2011).

37



10 1
10 Pwaerregressnn for 2mm

Pmef re( ression for mm 2

109 —

108 +tm In(Pe)

107 1

106 |

tm/d? (s m?)

105

104
10° I_Tangenual IMTEK C terplllar
< laminar > <«—| turbulent
102
1 10 100 10° 104 105
Reynolds

Figure 27. Comparative graph to data from (Falk @winmenge, 2010), inverse diffusion coefficient
versus Reynolds number.

In Figure 27 a comparison of the reactor behavioumversed diffusion coefficient i.e.
mixing time over the squared hydraulic diametemeHeshows that the PR37 plates are
having lower, i.e. better, values compared to nodgshe competing micromixers. The
shape of the channel is probably having this eteciause it induces turbulent features
at traditionally laminar Reynolds numbers. The otleactors, in general, have designs
with constant diameters and without curves. Thgdardiameter associated with the
PR37 plates could also affect the results. Thengixime might be a bit longer for the
PR37 but it is compensated with having a largemeéiar. In this figure it should be
noted again that the PR37 12-46 is having a lang€lination, indicating a more
turbulent characteristic compared to the PR37 PlHe with the same Reynolds
number.
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Figure 28. Inversed diffusion coefficient versugRads number for different secondary inlet types.

The results from the comparison made in Figure I#8vs that the use of port 1 over
port 2 does not make any significant differenceisT due to the larger difference in
axial flow velocity between the main flow and thadaflow, Table 10. The acid flow
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rate is not large enough, without the use of noatleast, to reach the opposite wall at
port 2 which is then resulting in not having T-mideehaviour. The experiments using
nozzle shows, although the results are not peréettend quite similar to the behaviour
of the PR37 12-46. The reason is probably due @cetthanced dispersion at the inlet
which is spreading the fluid more effectively comgzhto not using a nozzle, the acid-
base neutralisation, (i ), is then occurring mefectively because of the increased
initial mixing.

A new adaptive procedure for using chemical probeso characterize
mixing

The second study is a study performed at the Usityeof Nantes, France, (Falk and
Commenge, 2010) in this study they use the samgtigdgrocedure as in the current
project aiming for a constant reaction volume firexperiments. The design of the
reactor is also similar to the design of the AR@t@IReactors but in their study they use
a nozzle of 500 um, a reactor with a charactergiitneter similar to the PR 37 6-23
the main difference in the study at Nantes compardde current one is that they study
mixing at higher Reynolds numbers. In the studyfithe mixing times are not revealed
a rough estimation can be made from the reportegtegation index and their
illustration of the segregation versus mixing tigr@ph. The results from the Nantes
study are in the same region as the results frencairent study.

Comparison with batch reactors

Studies using the Villermaux-Dushman protocol famdging the mixing in batch
reactors have been performed by a number of ssientihe method was originally
developed for characterizing batch reactors. In ¢heent project results from the
studies performed by (Fournier et al., 1996a) #ssifelli et al., 2008) have been used
for comparison.

The Assirelli study is performed in a batch reaetth a diameter of 0.29 m and liquid
height of 0,38 m and is operating at very high Rég®s numbers. In the study both
micromixing time and macromixing time, what is geally called mixing time, are
measured. For the micromixing time the results,|@4a8, and Figure 29, indicates that
the batch reactor has a better ratio between digsiprate and mixing time compared
to the ART® Plate Reactors investigated. But in biaéch reactor the micromixing
times vary throughout the reactor being smallesseclto the impeller and larger at the
surface. This means that the micromixing time isyw#ependent upon where in the
reactor you are, this is due to the lowered ene€liggipation due to the distance to the
impeller. In the Assirelli study the micromixingrte results differ 3000% from the
fastest to the slowest. The Fournier study showslasi results, unfortunately the raw
data is not available from that study. Althouglsthhenomena has not been studied in
the ART® Plate Reactors a difference in mixing gldime reactor is not expected since
the design of the channel is repetitive.

For chemical reactions the yield and concentrabbrihe end product are the vital
parameters, hence the uniformity of the reactanidigs important. The macromixing
studies performed by Assirelli indicate that théfarmity of the species concentration
quite bad. The results indicate that the macrorgixime is in the region of tens of

39



seconds. For the ART® Plate Reactor the method aseolunts for all types of mixing,
although micromixing is the most prominent.

When using the batch reactor compared to the ART@eHReactors the mixing time
might be lower, depending on where your inlet siaed. The operation of batch
reactors compared to continuous is associated woticentration gradients due to
varying mixing efficiency, this results in the usé a larger ratio between the bulk
volume and reactant volume resulting in lower emddpct concentration. In the
continuous operation the mixing is uniform and webntrolled which enables
significant process intensification, producing hjghoncentrated end products with a
high conversion rate.

Table 13. The micromixing results from the Assirsiudy

Position  1U 1 3U  3Ua 3 4U  4Ua  4Ub _ 4Uc 4
tm[s] | 0,0135| 0,105| 0,0063| 0,004 | 0,017 | 0,0035| 0,0045{ 0,004 | 0,0069| 0,0035
er Wikg] | 1,66 | 0,03 7,62 | 181 | 1 236 | 148 | 186 | 6,97 | 243
In the table U means unbaffled and a, b, ¢ meartkeasame axial position but on
varying distance from the impeller.

This image has
been Classified

Figure 29. Comparison with Assirelli on the bas®ef/nolds number

High-Throughput Microporous Tube-in-Tube Microchannel Reactor

A study performed at Beijing University of Chemicdachnology (Wang et al., 2009)
has investigated micromixing in a tube-in-tube teathey call MTMCR. The results
from this study though are hard to interpret, thelg has not compiled a table of the
final results. They have also not supplied a segreg index versus mixing time for the
range of acid they have used. This means thateth@er cannot estimate the resulting
mixing time. This would have been a good reactocdmpare with since it has a very
wide range of flow rates which goes beyond the manxn limit for the PR37.

When the segregation index versus mixing time curae been derived using their
stated inlet concentrations and flow rates the mgixime seems to be very high. The
results are in the region of several hundred olisetonds for the same flow rates used
in the current project (100 ml/min).

One of the assumptions made in the current pragecbnfirmed in the Wang study.
This is that the mixing time versus flow rate curseflattening after a certain flow,
indicating that the flow is fully turbulent and fahe increasing flow rate no
enhancement in mixing performance is observed.
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Pre-study

In the pre-study, performed by Alfa Laval and Umsity of Eindhoven, they have used
the minimum length between walls as hydraulic digmand they have also studied
much higher flows than in the current project. Tdumcentrations used in the study
yields a much shorter reaction time, one thirdhaf what the current project uses, for
the second reaction indicating that it is more thdial inlet mixing which is
characterised rather than the channel design. Teestpdy also uses the same
concentration and reaction time for all the expenis. For the comparable experiments
the mixing times are in the same region as thdtefom this study. The half nominal
flows the mixing times are not very comparable, foutthe other three measurements
with similar flow the results correspond well an@ avell within the +30% limit. This
indicates that the method is replicable, although pre-study have used a different
approach to the Villermaux/Dushman system.
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Conclusions

As have been discussed in the previous two parhgrdqe results from the project are
corresponding well to previous studies. The meth®et to characterise the mixing is a
global method, it includes all types of mixing pras macro-, meso- and micromixing.
However the mixing most prominent in the ART Pl&eactor PR37-series is the
micromixing, because the channels are narrow anghétés numbers are low, The

Villermaux/Dushman method is also aiming to chaasé this with the use of

chemical reactions.

Compared to micromixers the ART Plate reactor sehave a better efficiency in

reduced mixing time when Reynolds number is in@dase. flow rate is increased,

compared to the micromixers. This is probably asged with the design of the ART

Plate Reactors, inducing vortices and Dean vorticeReynolds regions traditionally

associated with laminar conditions. The resultsehstvown that this effect is increased,
or at least occurs at lower Reynolds numbers, wiasmng a larger plate. For the PR37
3-12 the results are close to the theoretical vleduéaminar flow but for the PR37 12-

46 plate the results corresponds very well to tieertetical values for turbulent flow.

Comparisons to bath reactors are more difficultpgrform since the design and
measuring techniques are very different. Some cosimhs can be made though, the
ART® Plate Reactor has a more uniform mixing perfance throughout the reactor,
the mixing time is much higher in batch reactord aatch reactors generally produce
low concentrated end products compared to a camimgolution.

This paragraph has been classified.

Recommendations
This section has been classified.
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Future investigations

The method has been confirmed to work for the atarsation of mixing time for the
ART® Plate Reactors. In the future it would be ratting to investigate mixing at
higher flow rates for all plate types, in orderaichieve this a reliable pump for the acid
flow rate is needed which also can handle backspreswell.

The concentrations used in the current projectsaiitable for the flow rates in the
present study. Since the absorbance measuremerdsa #ie maximum limit in some of
the measurements a revision of the concentratiboald be performed when testing
larger flow rates.

A study with higher resolution investigating thedbevortex effect and wall effects for
the different plates would also be interesting.sTénuld yield an understanding to the
indicated better mixing with the smallest plateclsan investigation would need other
experimental techniques though.
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Appendix ASolution preparation

To prepare 1 litre of buffer solution:

(Water means purified water stripped with nitrogen)

The desired amount of chemicals is depending ort vdation time is desired. In the
excel-file “Concentrations” the amount of chemiczds be decided.

1.

6.

Since the solution, iodine compounds in particukasensitive to light try to
block direct sunlight to the solutions.

Dissolve the desired amount of NaOH in 100 ml w&ewr the solution into a
1000 mL volumetric flask. Rinse with another 100ant add to the 1000 mL
flask.

Dissolve boric acidi{3;B0;) in 100 ml of water add to the NaOH-solution, as a
safety precaution add at least half of the watén¢ol00 ml flask from start
(acid-in-water). Rinse with additional 100 ml ardtido NaOH solution.
Dissolve the desired amount of potassium iodit®4) in 100 mL pour into the
buffer solution flask. Rinse with 100 mL of waterdsadd to flask.

Dissolve the desired amount of potassium iodid@ (iKLOO mL pour into the
buffer solution flask. Rinse with 100 mL of waterdsadd to flask. This solution
is especially sensitive to oxidation.

Fill the volumetric flask to 1000 mL and mix it ngi magnetic stirrers.

Due to oxidation the buffer solution should be udedsame day.

Preparation of perchloric acid solution:
(Water means purified water stripped with nitrogen)

1.

2.

In order to achieve the desired concentration tmeentrated perchloric acid
must be diluted according to the following scheme.

1. Desired concentration [mole/L] 0,05 | 0,1 0,2 0,3
2. Parts of Water 199 | 99 49 97

3. Parts of Acid 1 1 1 3
4. Concentration: [mole/L] 0,05 | 0,1 0,2 0,3

The rows (2 and 3) in the table indicate the ragtween water and acid. For
example if you want to prepare 100 ml of perchlacga with a concentration of
0.2 M. You add 1 part of acid into 49 parts of wakor every ml of acid you
add 49 ml of water.

The perchloric acid solution dissolves quite quidklseems, and acid cannot be
stored until next day.




Appendix BProcedure for calibration

To produce a calibration curve of triiodide for spectrometer:
(Water means purified water stripped with nitrogen)
The basis for the calibration is to mix solutiorfspotassium iodide (KI) and iodine.
These will react according to the equilibrium réact

I“+L=1I;
The equilibrium is very temperature dependent,salutions should be of the same
known temperature. The simplest way is to have taeroom temperature.
From previous measurement the Lambert-Beer law xiseged to be valid for
concentration lower thak* 10~> mole/L. The solutions prepared should be arouid th
concentration.
lodine has a poor solubility in water with a maximof aboutl,14 * 10~3mole/L. This
should be remembered when preparing the solutions.
Using the constructed MatLab-file “calibration_centration.m” it is possible to
calculate the concentration Bf from a set of mixing ratios between the solutions.
Example:
The concentrations | use a3e< 103 for potassium iodide an8l x 10~* for iodine. In
the table below you see the different volume mixed also the concentration of
triiodide this yields at a temperature of 293 K.

Vol Kl-solution [ml Vol I2-solution [ml Vol water [ml]]  [I3-] mol/L
2 25 73 7,90E-06
5 25 70 1,88E-05
10 25 65 3,46E-05
15 25 60 4,81E-05
2 50 48 1,40E-05
5 50 45 3,36E-05
10 50 40 6,30E-05
15 50 35 8,87E-05
2 75 23 1,89E-05
5 75 20 4,56E-05
10 75 15 8,65E-05
15 75 10 1,23E-04

The solutions are prepared using dilution for tletapsium iodide by making the

concentration 20 times stronger than needed amdtéike 5% of that solution and dilute

it by a factor 20 again, this due to the limitasaf the available scales.

For the iodine, which is less solvable in wategther technique is used. This time the
total volume of the solution produced is increabgda factor instead. This produces
more waste but a lot higher accuracy on the meamnts. OBS! lodine takes LONG

time to dissolve in water. Recommended to staafiernoon and run over night.

Because of the lack of 100 mL volumetric flasks H@emL volumetric flasks will be
used instead. This is done by dividing the abotetwith two. The concentrations will
be the same.

Also due to insufficient stirring equipment the ¥@umetric flasks of 50 ml will be
manually shaken every 15 minutes for 3 hours. Eie ensure that the equilibrium has
been achieved in the flask.

Calibration_concentration.m

This MatLab-file computes the expected concentnatibtriiodide for the different
mixtures in your experiment. It is the first sixa® of data which should be changed to
the settings you have used. The data needed ipetatare [K], base solution
concentration of Kl and,) the volume of Kl and 12 added to the respectiaskf and the
desired total volume.




Appendix CSpectrometer instructions

Instructions for operating the Spectrometer, in orcer to measure absorbance
The computer which the spectrometer is to be cdedeto must have the AvaSoft
software installed. It is downloadable from Avantesmepage or you could install it
from the CD. The homepage will supply the newessioa of the software. The
spectrometer is telling the software what verst@hould be running (FULL).
Basic start-up instructions

1. Connect DC 12V source to Avalight DHc.

2. Connect USB cable between AvaSpec and PC.

3. Connect the optical fibre cables from light soux@@8ow cell and from flow cell
to spectrometer.

4. Start the light source. Choose correct lamps (Dtbéth deuterium and
halogen). It takes about 10 minutes for the lamgtaot up.

5. Set the light source "ON” on the OFF-TTL-ON switch.

Start the AvaSoft software on the computer.

7. Start a new experiment: File->"Start New Experimigiityou’re not doing this
you are on the same experiment file which was lessgdime.

o

The integration time has to be set correctly. important that this setting is tlsame
for all experiments, since it affects the value of the measured alasmdn The
integration time should be the same both duringegrpents and for the calibration
curve.
Settings for absorbance measurement

- There is a button in AvaSoft called "Autoconfigunéegrationtime”. This

automatically sets the integration time to a vaillrere the maximum
"Counts” are 85% of the maximum value (65 000 fé##t system). This
function might be useful, but it is focusing on thdire wavelength range
and not the specific one you might be interested in

- The "Average” setting sets the number of integratime the software
should average over. The Autoconfigure sets talsevin order for the
spectra to update with a frequency of 2 Hz, “Inétign time"*Average =
500 ms.

- The average-value does not affect the spectrum.

My recommendation would be to use the buffer sotuand pump it through the flow
cell. Then adjust the integration time to have asomable amount of counts (40 000-
50 000) in the region of which you are interestedring the experiments in the Master
Thesis the settings were; Integration time: 33Avwvgrage: 15. You press “Start” to start
the measurement and produce a Scope.

8. Save your experiment with a name and in a foldergan find later. File-

>Save->Experiment

9. Using the desired reference solution (recommendeifigd water of buffer
solution, purified water used in the Master Theaisg¢ference must be saved in
order for the software to produce an absorbancetrspé&Vith the desired
solution flowing through the flow cell press theitehsquare “Save reference” or
File->Save->Reference.




10. Save a dark reference by shifting the "OFF-TTL-GiWitch to "OFF”. Press
the black square “Save Dark” of File->Save->Datkift3he witch back to
“ON".

Now the spectrometer software should be ready &sore absorbance spectra. You can
test this by switching from Scope to Absorbance pogssing the blue A or view
“Absorbance view”. With the solution used for refiace this should show nothing.
History channels (data logging)

Now you are ready to measure the absorbance ofethetants. Before starting you
should set up the “History channels”. In ApplicatisHistory->Function entry you can
set up to 8 different measurements which you wanbnded for your experiments.
Setting the radio buttons to “User defined”, “Aldsance”, “Input function” and writing
m(XXX) as function will display the absorbance axX nm. You can also save e.g.
entire spectrums.

V" History Channel Function Entry =0 | D) @

Fl. |r2 |F3 |Fa |F5 |Fe |F7 |F8 |

Function Type

" None " Integral « iew Spectrum Peak
Measure Mode:
" Scope « " Transmittance " lnadiance

Function Definition

Select UD Eunalioaluge
ol w Script Edit Script
Example: 456)+m(765)/51(321))+0.234%52(345)
53)
Function Display Settings
K-axis [time] Y-axis [Function Value]
* Auto " Fixed & Auto " Fixed

[~ Display No Graphics To Speed Up Data Processing

Save every |1 Seconds cﬁae Output File... D
To File: C:AAYASOF~1\data\History.dat

Save Function Output
g = by [

0K X Cancel | Save HCF... | Load HCF... |

You can either save your data to a .dat file uriderFunction entry settings of if you
want the data from your history channels to be ddwvean Excel file you can set this
under Application->Excel Output (if the AvaSoft-Xlsld-on is bought). When you are
using the Excel output, remember to Enable it uAgglication->Excel Output




Appendix DCalculations in Excel

This appendix has been classified.




Appendix EConcentratiorexcel-file

This appendix has been classified.

Vi



Appendix FAbsorbance graphs
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Figure 30. PR37 0.8-2.2, 0.5*Nominal, Port 1
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Figure 31. PR37 0.8-2.2, 1*Nominal, Port 1
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Figure 32. PR37 3-12, 0.5*Nominal, Port 1
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Figure 34. PR37 3-12, 1*Nominal, Port 1
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Figure 36. PR37 3-12, 2*Nominal, Port 1.
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Figure 37. PR37 3-12, 2*Nominal, Port 2
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Figure 38. PR37 12-46, 0.5*Nominal, Port 1.
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Figure 39. PR37 12-46, 1*Nominal, Port 1.
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Appendix GMatLAB-script for mixing time graph

function  xstotmcalc(dataql0, datagq20, datacHO, dataXS)

%%

% This function file calculates the graph of X_S ve rsus t_m for the given

% input of buffer flow rate, acid flow rate, concen tration of acid and the segregation

index.

data.ql0 =dataq10; % Just translating the in varibles into the variabl es used
in the script.

data.q20 =dataq20; % This is what happens when you build the code firs tand
realize you need input later.

data.cHO =datacHO; % Aslo MatLab for some reason doesn't accept the da ta.XXX as

input variables.

% Concentration of buffert used during experiments . Since this is constant
% for all the experiments it is not an input variab le.
data.cH2BO30=XXX; % mol/l

data.cH3BO30=XXX; % mol/l

data.clO30=XXX; % mol/l

data.clo=XXX; % moll/l

data.ql0/data.q20; % Calculating flow ratio buffer/acid
data.qout=data.q10+data.q20; % Total flow rate

% Acid concentration is varying and graph must be c alculated for all
data.cHO_matrix = data.cHO; % mol/l

figure;

for k= l:length(data.cHO_matrix);
data.cHO = data.cHO_matrix(k);

% Rate constants for the reactions,

data.k3=5.6e9; % l/mol/s Data from Ruasse
data.k3r=7.5€6; % /s Data from Ruasse
data.pka=9.14; % first reaction

%%

% 1=H+ 2=I- 3=103- 4=12 5=I3- 6=H2BO3- 7=H3BO3
% Con--acid phase
% Con_mix--bulk mixture at the outlet

global k2
NN=21; % Number of points in tm
XS=zeros(1,NN); % Segregations index starts @ 0
tm=Ilogspace(-3,2,NN); % tm dividide in NN-1 equal intervalls from 10"-3 t 01072
for i=1:length(tm) % for every setpoint of tm.
data.tm=tm(i); % Set data.tm to be the specifed set point
Con0=[data.cH0;0;0;0;0;0;0;]; % Start concentration of acid solution
% options=odeset('Events',@events,'RelTol',1e-1 4,'AbsTol',1e-14);
% t _max=1eb5;
options=odeset( ‘RelTol" ,3e-14, 'AbsTol' ,(le-14); % Setting tolerances for ode-
solver
t_max=data.tm*log(data.qout/data.q20);
[t,Con]=0del5s(@odefun,[0 t_max],Con0,options,d ata); % Solves the equation

system ConO

Da2(i)=tm(i)*k2*data.cHO"4;

XS(i)=2*(data.qout*(Con(end,4)+Con(end,5))/(data.q2 O*data.cHO0))*(1+data.cH2BO30/(6*data.
clO030)); % yields a XS corresponding to each specified tm
end

colors = colormap(hsv(4));

%cftool(tm, XS) % Starts curve fitting tool when wanted
loglog(tm,XS, ‘Color' , colors(k, 3), ‘DisplayName"' , sprintf( H ] =
data.cHO_matrix(%d)' , k)

hold on

if length(dataxXS)>1.5

Xl



for h=1:length(dataXS)
plot([107-3, 1072], [dataXS(h), dataXS(h)])
end
else
plot([107-3, 10"2], [dataXS, dataXS])
end

xlabel( 't m' )

ylabel( 'X_S' )
legend(num2str(data.cHO_matrix))
end

return

function  dCon= odefun(t,Con,data)

%% This is the function describing the equation sys

Con(8:14)=[0;data.cl0;data.clO30;0;0;data.cH2BO30;d

mu=1/2*(Con(1)+data.cH2BO30+data.cH0*0.5*2"2+(data.

Con(6)); % Calculating the ionic strength

% 1=H+ 2=I- 3=103- 4=12 5=I3- 6=H2B0O3- 7=H3BO3
global k2

if mu>0.166

k2=107(8.383-1.511* sqrt(mu)+0.237*mu);
else

k2=107(9.281-3.664*sqgrt(mu));
end

% Produced - Consumed + (Conc_buffer- conc_syra)/t_
% No literature value has been found on the instant

to a 1000 times larger than the second reaction. Te
important as long as it was >> than r2.

dCon=zeros(7,1); % a column vector
dCon(1)=-k2*1000*(Con(1)*Con(6)-10"(-data.pka)*Con(
6*k2*Con(1)"2*Con(2)"2*Con(3)+(Con(8)-Con(1))/data.
dCon(2)=-5*k2*Con(1)*2*Con(2)"2*Con(3)-(data.k3*Con
Con(2))/data.tm;
dCon(3)=-k2*Con(1)"2*Con(2)"2*Con(3)+(Con(10)-Con(3
dCon(4)=3*k2*Con(1)"2*Con(2)"2*Con(3)-(data.k3*Con(
Con(4))/data.tm;
dCon(5)=data.k3*Con(2)*Con(4)-data.k3r*Con(5)+(Con(
dCon(6)=-k2*1000*(Con(1)*Con(6)-10"(-data.pka)*Con(
dCon(7)=k2*1000*(Con(1)*Con(6)-10"(-data.pka)*Con(7
return

tem which is to be solved.
ata.cH3BO30;];

clO30+data.cl0)+Con(2)+Con(3)+Con(5)+

m
aneous reaction rate, it has been set
sts showed that it wasn't so

7)-
tm;
(2)*Con(4)-data.k3r*Con(5))+(Con(9)-

))/data.tm;
2)*Con(4)-data.k3r*Con(5))+(Con(11)-

12)-Con(5))/data.tm;
7))+(Con(13)-Con(6))/data.tm;
))+(Con(14)-Con(7))/data.tm;

Xl



