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Numerical study of the coupling between reactiot srass transfer for liquid-
liquid slug flow in square microchannels

Nathalie Di Miceli Raimondi, Laurent Prat
Université de Toulouse; INPT, UPS; Laboratoire de G&héemique CNRS UMR 5503; 5 rue Paulin Talabot,
BP1301, F- 31106 Toulouse cedex 01, France

Abstract

While the benefits of miniaturisation on processes have been widelynd&rated, its impact
on microfluidics and local mechanisms such as mass transférligle understood. The aim
of this work is to simulate coupling between reaction and mnmassfer in microchannels for
liquid-liquid slug flow. First, the extrapolation to confined flow bétclassical model used to
calculate interfacial mass fluxes in reactive infinitedia was studied. This model consists in
estimating transferred fluxes between two phases as a functibe ehhancement facté:

Its expression depends on the model used to represent interfassltransfer. In infinite
media, Lewis and Whitman’s stagnant film theory is generally peafdor its simplicity and
its reliability. In the case of confined slug flow, the limitettiof such a model to predict
interfacial fluxes is highlighted. Secondly, the case of liquid-fiqgempetitive consecutive
reactions in microchannels is considered. This work emphasizes feth@wrable impact of
the length between droplets on selectivity. This is a directecuence of mass transport
mechanisms in microchannels.

Keywords: Confined flow, liquid-liquid, mass transfer, reaction, simulations.



I ntroduction

Process intensification by miniaturisation opens up numerous pevgsedt terms of
chemical production. Indeed, decreasing device size allows a redudtid@chnology
constraints to the benefit of chemistiyOn one hand, micro-devices are characterised by
high surface area to volume ratio which provide them good thermatitahBOn the other
hand, it allows the enhancement of mass transfer notably in two-flbasevhere high
interfacial area can be obtainéd.

While the impact of miniaturisation on such geometric paraneeteell-known, its impact on
microfluidics and local mechanisms such as mass transferillislitte understood.
Consequently, to predict reaction results proceeded in a microchanngler@eriments are
usually required. Hisamoto et al. (2001) carried out a liquid-ligiadocoupling reaction in a
20 mL stirred vessel (dispersed flow) and a microchannel {&tdafiow).? For a conversion
close to 100 % in both devices, they observed the formation of precipidatgroducts at
macroscale while such precipitation did not appear at microstadéy mainly explained this
unexpected phenomenon by mass transfer enhancements due to short mdiffosian
distances that characterize microdevices. Worz and al. (2001 aus&romixer coupled with
a micro heat exchanger to carry out an exothermic liquid-liquidticee® They obtained
higher conversion than in a fed-batch reactor while diminishing bythelbroduction of by-
products. These results are probably due to better mixing and thewntedls. These works
confirm the potential of microtechnologies for chemical reactionhigilight the complexity
of fundamental mechanism coupling at microscale and the importancguiveaknowledge
in this domain. Numerous research groups devoted their works on the cooglmeen
hydrodynamics at microscale and mass trarisfeFewer got interested in the comprehension
of phenomenon coupling in two-phase reaction at such Scalkis article focuses on the
numerical study of the coupling between reaction and mass tramsfguare microchannels
considering liquid-liquid slug flow. This flow configuration is particlfamteresting for
mass transfer because of recirculation loops inside the dregiets intensify mixing in this
phase'? and a film characterized by a high velocity gradient whittwal intense transfers
with the droplets? Study has been carried out as follows :

- Firstly, the impact of reaction on liquid-liquid mass transfestiglied. Reaction can
lead to an increase of interfacial mass transfer flit&ahis phenomenon is generally
represented through the enhancement faEfowhich is commonly used to estimate
mass transfer fluxes in infinite reactive media. The objectithisfwork is to study the
extrapolation of this classical model to confined media.

- Secondly, this work deals with the impact of mass transferamtioa. For that purpose,
a competitive chemical scheme is considered to charactdmsantpact of mass
transportation in liquid-liquid slug flow in microchannels on reaction selgctiv

Numerical method

Two dimensional (2D) simulations are carried out to calculatectimeentration field of a
chemical component in a square microchannel. The computations arendatwesteps: first,
the hydrodynamic characteristics of the flow are determined usiegearch code developed
at the Institute of Fluid Mechanics of Toulouse (IMFT — Uniugrsif Toulouse, France):
JADIM.*® This code allows the resolution of continuity and Navier-Stokes egsaitiotwo-
phase flows. The second step consists in the computation of the commerftedd of the
transferring component, based on the resolution of a mass balaribes foomponent. This
last code was developed under Matlab 7.4.



Tryggvason et al. pointed out the difficulty to compute the motion of piasie flow&’. The
representation and simulation of deformable phase interfacetl i@ stajor challenge. In
their article, they reviewed the most popular numerical techsigaed to compute Navier-
Stokes equations in the case of multiphase flows. This work has edtudy on reactive
mass transfer in bubbfés

Volume-of-fluid method is used in the present work. This numeriedhaod is based on an
interface-capturing technique without any interface reconstructiba. tivo-phase flow is
described using the one-fluid approach. The phase tracking is insured dnytimuaus
function ¢, the so called volume fraction, which equals zero in the continuous phdsone
in the droplets: consequently the interface is located in thendreie ¢ strictly ranges from
zero to on&. The equations and balances are discretised on space accordinfinite-
volume method.

This method assumes that (1) the fluids in both phases are Newaowiamcompressible, (2)
the physical properties of both phases are constant and not influencessgytramsfer, (3)
mass transfer has no impact on the flow (computation of the hydrodypansimeters and
the concentration field decoupled), (4) the two-phase flow and thesmivaton are planar
symmetric. Consequently, the computational domain is half a unitscell@vn in Fig. 1. On
the figures the interface is fictitious (deduced from volumetiva as it is not calculated by
JADIM code). The interface was arbitrary considered in the wheaie ¢ = 0.75. This value
was chosen since the concentration inside the droplets is imptrtalentify mass transfer
coefficients in the droplet side from the concentration fietts (s described afterwards).
This choice has no impact on the computations.
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Fig. 1. lllustration of a two dimensional computagbmesh. The thick line represents the fictitious fats
obtained with JADIM.

JADIM code was previously validated to describe the hydrodynamics otiquiid slug
flow in square microchannels by means of micro-PIV (Particlege Velocimetry)
experiment$® comparing computed and experimental 3D velocity fields. Sarrazin. et a
(2006) also demonstrated that the hydrodymamic structure of slug flovequare
microchannel could be well estimated using 2D simulatidriadeed, the velocity fields
computed with JADIM performing 3D and 2D simulations showed that tve $kructures
obtained with both kinds of simulation were similar. The purpose of ik 8 to identify a
potential impact of channel size on the coupling between hydrodynanass, transfer and
reaction. Since the hydrodynamics of liquid-liquid slug flow in microchiansewell
represented by 2D simulations, this work exclusively focuses on tlolateon of
hydrodynamic parameters and concentration fields over 2D computational domains.

The whole numerical method was already used to study pure masfetria such two-phase
systems? The hydrodynamics and the concentration field computation algorithes ar
described in details in this reference. The present awtidleonly present the mathematical
formulation that allows the concentration field computation fomtbal species that are
affected by both mass transfer and reaction. This formulation depeiigis @action scheme
and kinetic laws considered: therefore, it will be afterwardsriged in each part dealing
with a case study, i.e. the study of the impact of reaction on mass transfer, andakbgiproc



Impact of reaction on masstransfer

In a first part, the impact of reaction on mass transfer is considered. Thewebget this work

is to study the extrapolation of the classical model used tmastimass transfer fluxes in
reactive infinite media (i.e. based on the enhancement faastimation) to confined media.
It is considered the case of a reactant A which tran$fens the continuous phase to the
dispersed phase and reacts to give a product B:

A—B in the dispersed phase (2)
This irreversible reaction is a first order reaction whose kine#a gas given by:
ry =KCya (2)

whereK is the kinetic rate constant of the reaction, &d the concentration of A in the
dispersed phase. The extrapolation of the classical model to comfiedth is studied
comparing the mean concentration of reactant A in the droplets owe(Xnobtained from
concentration field computations (direct numerical simulations),(2néstimated using the
enhancement factor model. Four flow configurations are considered, prgsbnt the same
droplet volumes and the same unit cell lengths: (= 300 um) but different degrees of
confinement as illustrated in Fig. 2. This degree is repreddntethe ratio of the droplet
lengthLy and the channel widthe (Lo/we = 3.1, 2.0, 0.71 and 0.36).
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Fig. 2. lllustration of the streamlines in the flownfigurations simulated to study the impact of reacto mass
transfer. (al.yg = 154.4um, we = 50um, Uy = 0.062 m/slg/wc = 3.1. (b)Lg = 121.6um, we = 60um, Ug =
0.039 m/sLg/wc = 2.0. (c)Lg = 84.8um, we = 120um, Uy = 0.022 m/slg/we = 0.71. (d)Lg = 87 pum, we = 240
um, Ug = 0.014 m/slg/wc = 0.36.



Concentration field computation

The concentration field of component A over the computational domain isngavey the
general convective diffusive equations in each phase, where the\dffluxes are expressed
according to Fick’s law:

aC
a:’A +Ud0C, , = Dy A0°Cy o —KCy 4 (3)

oC
a—iA + UD DCCvA = Dc,ADZCc,A (4)

wheret is the residence time&. represents the velocity field in a frame of reference moving
with the dropletsD is the mass diffusion coefficient of the transferring componeiné. T
subscriptc andd respectively stand for the continuous and dispersed phases. It agkeme
concentration at the interface obeys the thermodynamic equilibrien iy Eq. (5)m being

the distribution coefficient of component A between the two phases.

Cya=mC,, atthe interface (5)

The resolution of Eqs (3) and (4) according to the one-fluid approaghires the
concentration to be continuous at the interface. For that purpose, dwmnges in the
concentration formulation are suggestéd>

CAd,A = Cd,A/m ’ éc,A = C(:,A\/E (6)

Consequently, Egs. (3), (4) and (5) can be rewritten as follows:

A

oC R - R
Jm—22 + /mu0C, , = D, ,/m0%C, , —KJmC, @)
1 aé A 1 oy D by
2 +—u00C,, =—=0°C, 8
\/E 6'[ \/ﬁ A \/ﬁ A ( )
éd' A= éc' A atthe interface 9

Therefore, the mass balance in A over the whole computational domaie cepresented by

a single equation (Eq. (10)), whete (', D and K are transformed parameters defined as a
function of the volume fractiogp as shown by Egs. (11) to (14). The concentration field is
computed through the parametég.

A

a;:fA +000C, = DO’C, - KC, (10)
f:\/F1t+[L—\/F1tj¢ (11)
Jm

0 =L+[\/ﬁu' —“Tr;quﬁ (12)



Dc Dd

D= 5 (13)
0P ] - a-pp,

K =JmKg (14)

Initial condition:

A is initially present in the continuous phase with a concentrafipn

C,=JmC(1-¢) att=0s (15)

Boundary conditions:
At the wall and the symmetry plan, there is no mass flux over teetidin normal to the
flow:

A

aC,

=0 fory=0andy =wc/2 (16)

For the boundaries normal to the flow, two fictitious columns am®doted outside the
domain to estimate the convective and diffusive terms. They agdeoed at the same
concentration as the boundaries.

From the concentration field, the mean concentration profile oh Ahé droplets can be
obtained using Eq. 17.

o JJ#c. wxay

dA~ 17
’ ”¢E1xdy an

Modelling of the mass transfer enhancement phenondun®to reaction

The consumption of A during its transfer to the dispersed phase leadsddification of the
mass transfer driving force, resulting in a mass transfer eahlmmt phenomenon. This
phenomenon is generally represented through the enhancementEatEne modelling of
mass transfer with reaction is usually based on the Lewis and Wifststagnant film theory.
This model is easy to apply and gives predictions in terms of érafiskes in reactive
medium very close to those obtained using more sophisticated theaclesas Higbie’s
penetration theory or Danckwerts’ surface renewal model. Lewisvémtman’s stagnant
film theory supposes that the interface is composed of two stafjims which contain all
the resistance to mass transfer. In this work, mass trass@pposed to be at least limited by
the resistance in the droplet side. Indeed, two distinct volumeskedatto mass transfer in
the continuous phase: the film and the liquid slug between two drdplEte importance of
both contributions on interfacial mass transfer kinetic is comperetermine. Previous
works show that assuming mass transfer is partly limited bytasses in the droplet side
allows good representation of mass fluxes at liquid-liquid integfan square microchannels
of 50 to 960um depth®*

According to this model, the mass flux in reactive media trams§efrom the continuous
phase to the droplets by interfacial area udit)(_.q can be written in terms of Eq. (18). Its
expression depends on the enhancement f&ctor



(®r)c.q = Elky (Cq —Cy) (18)

The superscripts i and b respectively refers to the concentration at the engeréhin the bulk
phaseky is the droplet mass transfer coefficient. It is defined by (E®), whereDy is the

mass diffusion coefficient of the transferring component in the disgdephase, and; the

stagnant film thickness.

D
k, = —d 19
175, (19)

The mass balance at steady state for reactant A in the stddmafdroplet side) can be
written as follows:

Dyl 2Cd,A +ry,=0 (20)

This equation relates the diffusive flux in the film, expressedrindef Fick's law, and the
flux consumed by reaction. There is no term relative to the convélctvbecause the film is
supposed stagnant. Lewis and Whitman’s theory considers that the maks titax between

two phases is directed perpendicularly to the flow. Therefore, comgjdeD representation
of a square microchannel, Eq. (20) can be rewritten as follows:

d°Cyp _

Dd,A dy2

KCyna (21)

In order to express Eq. (21) in a dimensionless form, changes of vammatiie concentration
and the coordinate over the width are done (Egs. (22) and (23)). Thus, thbalaaxe in the
stagnant film can be written in terms of Eq. (24).

CdA
Xoa == (22)
d,A CdYA
_y
=7 23
5, (23)
d?x,a _ Ko, KD, .
== AT X, (24)
de Dd’A d,A kd’Az d,A

In this equation appears the dimensionless Hatta nuréb@rhich represents the ratio of the
maximal fluxes of reaction and of mass transfer:

KD
Ha? = —3%
kd

(25)

Boundary conditions:
Caa(Y=0)=Cy, = Ysa(Y=0)=1 atthe interface (26)

Cd,A(y =dq4) = CS,A g Xd,A(Y =1) :Xg,A in the bulk (27)



The integration of Eq. (24) leads to an analytical solution. In aceoedaith the boundary
conditions, this solution can be written as follows:

Xon= ﬁ[XS,A(eHaN —e Ha[Y)_l_ eHa [pHaY _ oHa @Haﬁf] (28)

Therefore, the mass transfer flux at the interface can be expressed asoa fufiids:

dC o (d . (o)
(@) = _Dd,A[ dd'Aj = —kq C(I:LA( Xd'A] =Kq| Cya— o Ha (29)
Y )y dy ), cosh(Ha) ) tanh(Ha)

Finally, the enhancement factéris deduced from Egs. (18) and (29):

1 4 Con Ha
E=+— C.,- : 30
[ci.-ce, jEE “A  cosh(Ha) | tanh(Ha) (30)

In this study, the mean concentration profiles of A in the dropletsinelotafrom the
concentration fields (Eq. (17)) are compared to those calculatednveiss balances on the
droplets:

oC _
Vy a:'A = (P a) c.a @V — KCy VY, (31)

where C_:d, A represents the mean concentration of A in the dropigtandVyc respectively
stand for the volumes of a droplet and a unit eglls the specific interfacial area of the two-
phase flow, estimated as a function of the capillary nuisEne mass flux is calculated with
Egs. (18) and (30).

It assumes that the concentration of the bDfk, corresponded to the mean concentration in

the droplet C_:d‘A). This hypothesis has been chosen for this parameter is easier to

experimentally capture than the concentration in the bulk. Thigmgd®on leads to an
underestimation of the concentration gradient used to calculatéaaiérmass flux. At
macroscale, the impact of such an assumption is generally bégylag the stagnant film
thickness is very small compared to the droplets diameter. At micro$galassumption may
strongly affect the mass transferred flux estimation as it will be $eswards.

The concentration at the interfac€,, was deduced from the concentration field

computation. In the first unit cell, the concentration in both phases dieysitial condition
given by Eq. (15): the thermodynamic equilibrium at the interface ismmmased (Eg. (5)).
This leads to unrealistic value of the mean concentration of theatnterface on the first
times of the operation. Consequently, the profiles obtained from cotigmgtaand mass
balance calculations were compared from the second unit cedl:tten0O on the graphs
presented afterwards corresponding to a real residence tifiewhereT is the flow period.

Results

The extrapolation of the enhancement factor modelling to predict maassder in reactive
media in microchannels is studied in two regimes defined by different Hatta niffbe



- Ha=0.1: reaction is slow compared to mass transfer. Most eé#ution occurs in the
bulk (within the droplets).
- Ha = 1: reaction and mass transfer rates are of the sameodnt@gnitude. Part of the
reaction occurs in the stagnant film.

When Ha = 0.1, the reaction is too slow to occur in the stagnant film tanchduce a
significant mass transfer enhancemdatis roughly equals to unity. Indeed, Danckwerts
(1970) presents values of enhancement factor as a function of Hattenitifor a first
order reactionE is estimated at roughly 1.02 wheta = 0.1, and 1.3 wherHa =1.
Consequently, the first part of the simulations does not lead to cmmdusn the
extrapolation of the enhancement factor modelling in microchannelsewowit will show
whether the reaction flux in Eq. (31), calculated with an averaged roaien, reliably
predicts the reactant consumption in the droplets.
Hatta number depends on the mass transfer coefficjers shown in Eq. (25). For each flow
configuration, this coefficient is firstly identified simulatipgre mass transfer operation, i.e.
without reaction. A prior study showed that the simulation resultsreatavith the numerical
method used in this work were affected by numerical diffusiofhis numerical diffusion
corresponds to a truncation error of the convective term in the ajemass transport
equation. This error is included in the apparent mass diffusion, ledding global
overestimation of the diffusive mass fluxes. In the simulated dondjt the numerical
diffusion coefficient was estimated at about14® mé/s, which is of the same order of
magnitude as mass diffusion coefficient in liquids (abouf b/s). Hatta number is a
function of the mass diffusion coefficient. Therefore, this number rioatkgrobtained from
simulations will be underestimated by Eq. (25), which will affect ghedictions of mass
fluxes calculated using the enhancement faEton order to make the numerical diffusion
impact negligible, a value of mass diffusion coefficient waseskettery high compared to the
coefficient associated to numerical diffusi@= Dy = Dca = 5x10% m%s.
In order to check the reliability of the computed concentration fiedd tiee interface, the
thickness of concentration boundary layglis estimated and compared to the mesh grid size.
Slip boundary condition at the interface is assumed to miniRjzéVNith such condition,
velocity in the film is uniform, equal tdJy in the frame of reference moving with the droplets
as illustrated in Fig. 3 (the velocity profile in the film imdar when no-slip boundary
condition is assumed).
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Fig. 3. Scheme of the concentration boundary layére film (a) with slip boundary condition and (m-slip
boundary condition.

The local equilibrium between mass diffusion and convection can be writtetoagsfol

2
u’g—c=—DgS' (32)
X y

At the limit of the concentration boundary layer, both terms of (BR) are approximated
using characteristic parameters of the observed phenomenon:



(33)

where dn s is the thickness of concentration boundary layer assuming slip ioondind is
estimated as a function of Peclet numBer

b
5”13:( D } = pe? (34)
L, UL,

Table 1 shows the result of this layer estimation and the mesh grid size over ribetigrtdly
for the four flow configuration used in this study. The mesh is refined theawall: the
smallest and highest mesh sizes are given. It is observetth¢hastimated thicknesses of the
concentration boundary layer are higher than the mesh sizes. Thegfdrrefinement may
be sufficient to predict mass transfer in this area.

Finally, the following parameters are us&f = 10 kg.n, andm= 1.

Table 1. Comparison between the estimated thicknessbe @bncentration boundary layer and the mesh grid
sizes.

Lo/we 3.1 2.0 0.71 0.36
Ly (um) 154.4 121.6 84.8 87.0
Fim (UM) 3.1 3.4 20.7 80.1

Ug (cm/s) 6.16 3.68 2.21 1.44
s (UM) 11.2 12.9 13.9 17.4

Jy (um) 0.3-1.33 0.3-1.65 0.3-3.47 1-2.97

Identification of the mass transfer coefficient withowtateon
The concentration field computation allows the calculation of the m@asentration profiles
of A in the droplets, in the continuous phase and at the inteofatlee droplets side. Fig. 4
shows these profiles for the four flow configurations considered.

The concentration at an infinite time rises when the degreerdinement decreases, i.e.
when the channel diameter increases. This is logically due to tleasecof the continuous

phase volume while the droplets volume and the initial concentratfoare the same in each
flow configuration.
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From the mean concentration in the droplets, the mass transfécieneky is identified so
that the mass balance given by Eq. (35), and more precisely the destritrm of this
equation (Eqg. (36)), allows a good fitting of the mean concentratioepmofthe droplets
obtained from the simulation.

oC _
\Z G:A =_kdadVUC(Cd,A_Cd,A) (35)
_ _ dtik,aV,. (= _
Cynlt ) =Cyp() - =22 (C, (0= 1) (36)
d

Fig. 5 shows that the results of the identification are veryfgatys Indeed, the simulated
profile and the one calculated from the mass balance present a good adequacy.
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Table 2 presents the identified mass transfer coefficientaich #ow configurations studied.

The values of the kinetic constant to set in the numerical codedeszemined in order to

roughly obtairHa = 0.1 and 1.

Table 2. Mass transfer coefficients identified and tieackinetic constants calculated to study the impuct

reaction on transfer.
La/Wc 3.1 2.0 0.71 0.36
kg (m/s) 3.06e-03 3.03e-03 5.29e-03 3.35e-03
Ha 0.103 1.03 0.104 1.04 0.104 1.04 0.106 1.06
K (1/s) 2 200 2 200 6 600 2.5 250

Impact of reaction on mass transfer, Ha = 0.1

Fig. 6 shows that the mean concentration profiles in the droplets abtfioe the

simulations are well predicted by Eq. (37), which is the disccefizen of the mass balance
given by Eq. (31). Indeed, the simulated and calculated profiles are vezyndiasever is the

degree of confinement of the droplets.



Cant+) =C, o0~ o E T3, (€, a0 -Cu(0) W + KC, 01V,

(37)

d

This result validates the reliability of the estimation of thaction fluxes in Eq. (37) using a
mean concentration over a droplet.
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Impact of reaction on mass transfer, Ha = 1
Finally, simulations are carried out wittha = 1 in order to observe a significant impact of
reaction on mass transfer. Fig. 7 shows the comparison betweemtiated and calculated
concentration profiles in the droplets. This time, it is noticeargortant difference between

the two profiles.

This difference is more important in the confined flow configuratieanélastrated on Fig. 8,
which represents the relative deviation between the two pro§lesfanction of the length in
the microchannel. When droplets are confinegwc > 1), the deviation is of about 35 %,
while it is roughly of 25 % whehg/wc < 1. Moreover, it can be noticed that the calculated
concentration profile overestimates the one obtained from the conopstaifihis remark



highlights that interfacial mass fluxes are overestimated by ntioeel based on the
enhancement factor calculation.

Indeed, concentration of the bulk in the droplet was approximated by #re coacentration

in this volume. This implies an overestimation of the concentragi@dient, and so an
underestimation of the mass transfer coefficient(see part 3.3.1) to compensate. This
coefficient was used to calculate Hatta number as deschpeq. (25). Therefore, the
classical model for the estimation of interfacial mass fluxaactive liquid-liquid media
applied at microscale tends to an overestimation of Hatta nunmaesoaof the enhancement

factor which directly impacts on the prediction of mass fluxes.
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Impact of masstransfer on reaction selectivity

In a second part, the study focuses on the case of a complex chash@ale to carry out in a
microchannel. Consecutive competitive reactions given by the followitgnse are
considered:

R1:A+B—C in the continuous phase (38)
R2:.A+C—D in the continuous phase (39)

R1 and R2 are irreversible and second order reactions whose respective kemtig ead
reare given by:

rC,l = KlCC,ACC,B (40)
rc,2 = KZCC,ACC,C (41)

The reactants and products are soluble in both phases but thensaot supposed to occur
only in the continuous phase. The desired product is C, and D the by-product. In
homogeneous systems, the selectivity of the reaction would depend ondlue tia¢ kinetic
rate constant¥;/K, and the conversion of B. In two phase systems, mass transfer is a
supplementary factor influencing the selectivity. The production of D depends on:

- the residence time of component C in the continuous phase aftenitgion. This time

is linked to the transfer rate of C from the continuous phase to the droplets,

- the kinetic of the second reaction.
The unit cell length is one of the factors influencing the maassfier kinetics in
microchanneld?® Indeed, its increase slows down the transfer between the twesha this
work, the influence of the unit cell length on the selectivity of dbmpetitive consecutive
reaction scheme is studied by means of a numerical study bas#tke caumerical tool
described in the second part. The mathematical formulation of #ise balances has been
modified to take into account the two reactions and to follow theesdrations of the four



components. Two flow configurations are considered which present idedriogdet length,
velocity and hydrodynamic structures but different unit cell lengihc be seen on Fig. 9 :
Luc = 300 and 60Qum.
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Fig. 9. Flow configurations simulated to study the atpof mass transfer on reaction selectivity L¢gF 100.8
pum, Ug = 0.15 m/s, w = 60 mm,Lyc = 300um. (b)Lg = 100.8um, Uy = 0.15 m/s, w = 60 mmL,c = 600um.

Mathematical formulation for the concentration fielchgautation

As previously said, the reactions occur in the continuous phase. Conseghentbfiotving
mass balances and interfacial equilibrium for each compgr(gbrresponds to the species
A, B, C or D) in both phases can be written as follows:

0C, |

az'l +u00C, , =D, ,0°C, | (42)
aC,

a;'J +ull DCc,j = DcijZCc,j +V1,j K1Cc,ACc,B +V2,j KZCQACC,C (43)
Cs; =mC.;, attheinterface (44)

where 11 and v stand for the stoichiometric coefficients of reactions R1 andTR&se
equations were also formulated according to a one-fluid approach bsingahsformations
described in part 3.1. Simulations are done with= 1, andmg = mc = mp = m. The reactant
A is initially present in the continuous phase (with a concéotr&,’ = 1 kg/nf) and B in
the dispersed phase (with a concentra@igh= 10 kg/nf). Therefore, the reaction is initiated
by the transfer of B to the continuous phase.

Results

The simulating conditions in terms of distribution coefficienand ratio of kinetic constants
Ki/K2 were varied. In order to highlight an impact of mass transporeaction selectivity,
kinetic constant values are set so that mass transfer kirecnot limiting compared to
reaction kinetics. This avoids that the reactions strictly occur at thiéaicee For that purpose,
the simulations were done at low Hatta numbtr< 0.5.

B, C and D characterised by a high distribution coeffici@mt= 500), k/K, = 10
The distribution coefficienin was set at 500, which means that B, C and D are preferentially
present in the dispersed phase. This condition notably induces thangfertcd the reactant
B is limited. The kinetic constant of the secondary reactioangiimes lower than the one of
the main reactionK; = 50 nf.mol.s®; K, = 5 nt.molts?). Fig. 10 illustrates the



concentration fields obtained for each component at a residenceoftiBiens in the flow
configuration characterised by the short unit cell lengtlz € 300um). The colour scale is
not the same for each picture, but was adapted so that the comckatests for the different
components clearly appear.
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Fig. 10. Concentration fields of the reactants (& (b) B, and the products (c) C and (d) D a&séddence
time of 8 msLyc = 300pum, m = 500,K; = 50 ni/(mols), K, = 5 n/(mols).

It is observed that:

- concentration of A tends to uniformity in both phase since this composent i
characterised by a distribution coefficient equal to unity.

- concentration of B is much higher in the dispersed phase= (500): the mass
transferred fluxes of B are low.

- concentration of C and D are also higher in the dispersed pinaséQ0) while these
components are produced in the continuous phase. It means that mosteafctiuns
occur near the interface, which leads to a rapid transfer ek tpeoducts to the
dispersed phase after their generation.

- in the continuous phase, components C and D are in higher concentratienfilm
than in the interval, notably near the wall. This presumes thaeHuion between A
and B takes place dominantly in the film rather than in the inteAvamall quantity of
C tends to accumulate in the film which leads to a significasdymtion of D in this
volume.

The same observations can be formulated on the concentration fielgstedneonsidering
the flow configuration wherkyc = 600um.

From these concentration fields, selectivity of the reaction selShefined in terms of Eq.
(45), is calculated with the concentration of C and D averaged avwenit cell. Fig. 11
illustratesSfor both flow configurations over time.
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Fig. 11. Evolution of the selectivity for both flowmfigurationsm = 500,K; = 50 ni/(mol s),K, = 5 nt/(mols).

During the first milliseconds, the selectivities in both configoragiare similar. But then the
selectivity in the case characterised by the shortest uhieogth becomes higher than in the
other case. This is a direct consequence of the accumulationiroth@ film. Indeed, the
longest the interval length, the highest the time available far €iray from the interface to
the wall by diffusion through the film. This phenomenon disadvantages its trhasfeto the
dispersed phase in favour of its consumption by reaction 2.

Following this observation, the simulating conditions are modified \wighidea to minimize
the unfavourable impact of the unit cell length on the selectivityti&adrpurpose, two cases
were investigated:

- Firstly, the kinetic constant of the secondary reaction is incr¢&sed50 ni.mol*.s*;
Ki/Kz = 1) in order to avoid the diffusion of product C toward the wall by ecihg its
consumption by reaction 2.

- Secondly, the secondary reaction is limited in the film by impoviagsthis volume in
reactant A. For that purpose, the flux of B was increased fromlispersed phase to the
continuous phase by settimg= 1. In order to assign the impoverishment of A in the
film to its consumption by reaction 1, it was 8gtK, = 10. This is emphasized by the
fact that B is in large excess.

B, C and D characterised by a high distribution coeffici@mt= 500), k/K, =1
The following parameters are set:= 500 andK; = K, = 50 nf.mol.s'. Fig. 12 illustrates
the concentration field of D at a residence time of 8 ms in the flow configurdi@aaterised

by the short unit cell length.{c = 300um).
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Fig. 12. Concentration field of by-product D atsidence time of 8 mkyc = 300um, m = 500,K; = 50
m*/(mols), K, = 50 ni/(mols).



This by-product is again in high concentration near the wakl: mainly formed in this area
because of the diffusion of C through the film. In fact, despite the higle \a& K, the
transfer of C to the wall is still significant since lovatth number was imposed. The results
in terms of selectivity are similar to what was previoudhgerved: the selectivity decreases
when the interval length increases (Fig. 13).
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Fig. 13. Evolution of the selectivity for both flowmfigurationsm = 500,K; = 50 ni/(mol.s),K, = 50
m*/(mol.s).

B, C and D characterised by a medium distribution coeffidient 1), K/K, = 10
Finally, the following parameters are set= 1 andKi/K; = 10 to observe an impoverishment
of the reactant A in the film due to its consumption by reaction 1.iFfilastrated on Fig. 14
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Fig. 14. Concentration fields of reactant (a) A ageproduct (b) D at a residence time of 8 ing = 300um, m
=1,K; = 50 n¥/(mols), K, = 5 nt/(mols).

Indeed, this figure presents the concentration field of A at a resdene of 8 ms in the flow
configuration characterised by the short unit cell lengtlt € 300um): it is observed a dark
blue coloration of the film which is significant of poorly concentlaéeeas. However, by-
product D is still in high concentration near the wall (Fig. 14, sjlich explains once again
the negative impact of the unit cell length on the selectivity (Fig. 15).
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Conclusion

In this work, the behaviour of reacting liquid-liquid systems in micanoels was studied by
means of numerical simulations. It aimed at underlining some sisseiative to the
proceeding of reaction in such systems, through two themes:

- Firstly, the study focused on the modelling of mass transfer in veaotedium.
Transfer fluxes between two phases are generally estimated fasctaon of the
enhancement factd. Its expression depends on the model used to represent interfacia
mass transfer. In usual device, we generally refer to Lavdd/hitman’s stagnant film
theory for its simplicity and its reliability. In microchannels, appeared that the
enhancement factor was not well estimated considering such a r@ket. theories
such as Higbie’s penetration theory could be more appropriated teserpristerfacial
transfer. In other words, the present work shows that the way ofhemglieg mass
transfer must take into account the degree of confinement of slug flows.

- Secondly, competitive consecutive reactions were considered én twrdanalyse the
impact of the interval length between the droplets on the schemetigg). In the
operating conditions simulated (low Hatta number), the selectieitded to increase
with a decrease of the unit cell length for a constant drogatgh. This is due to the
accumulation of the intermediate product C near the wall by diffusighis product
from the interface through the film. This observation should be vetdaty an
experimental study.

This last part also suggests that concentrations in reactahtatarmediates products are not
uniform in the microchannel which raises the problem of hot spatsat@n when working
with exothermic reactions. However, in our case (reactions occur in the continase$, phe
concentrated areas appear near the wall which is generaltgdiven where the temperature
control is optimal by heat exchange.



Notation

specific interfacial area, Tm>
concentration, kg.m

mean concentration, kg
time step, s

mass diffusion coefficient, fis*
enhancement factor

mass transfer coefficient, rit.s
kinetic rate constant;’gpart 3) or m.mol.s* (part 4)
length, m

distribution coefficient
reaction rate, kg.is*
selectivity

time, s

flow period, s

velocity vector, m3

velocity, m.§"

volume, mi

width, m

coordinate over the length, m
coordinate over the width, m
dimensionless coordinate over the width

<KX Xsg<CEA~"WMWT3ICrXAMUSOOL

Greek letters

o stagnant film thickness, m

% stoichiometric coefficient

@ volume fraction

@ mass transfer flux by interfacial area unit, kg.st
X dimensionless concentration

Subscripts

1 refers to reaction R1

2 refers to reaction R2

A refers to component A

B refers to component B

calc refers to calculated data

C channel or refers to component C

d dispersed phase or droplets

D refers to component D

] refers to chemical species (A, B, C or D)

simu refers to data obtained from simulations
ucC unit cell

Superscripts

0 at initial time
b bulk



[ interface
‘ refers to the frame of reference moving with the droplets
A refers to a transformed parameter
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List of figure captions

Fig. 1. lllustration of a two dimensional computational mesh. The thickrépeesents the
fictitious interface obtained with JADIM.

Fig. 2. lllustration of the streamlines in the flow configurationsuated to study the impact
of reaction on mass transfer. (@)= 154.4um, we = 50um, Uy = 0.062 m/slLg/wc = 3.1. (b)
Lg = 121.6um, we = 60um, Ug = 0.039 m/sLg/we = 2.0. (C)Lg = 84.8um, we = 120um, Uqy
=0.022 m/sLg/wc = 0.71. (d)Lg = 87um, we = 240um, Uy = 0.014 m/sl.g/wc = 0.36.

Fig. 3. Mean concentration profiles of A in the droplets, the continuous pimasat the
interface, estimated from the simulations without reactior.{ak = 3.1, (b)Lg/wc = 2.0, (c)
Ld/Wc =0.71, (d)Ld/Wc = 0.36.

Fig. 4. Mean concentration profiles of A in the droplets simulated aledlated (without
reaction). (al¢/wc = 3.1, (b)Lg/wc = 2.0, (c)Lg/we = 0.71, (d)Lg/we = 0.36.

Fig. 5. Mean concentration profiles of A in the droplets simulated aledlated,Ha = 0.1.
(a) Ld/Wc = 3.1, (b)Ld/WC =2.0, (C)Ld/Wc =0.71, (d)Ld/Wc = 0.36.

Fig. 6. Mean concentration profiles of A in the droplets simulated andlatdd,Ha = 1. (a)
Ld/Wc = 3.1, (b)Ld/Wc =2.0, (C)Ld/Wc =0.71, (d)Ld/Wc = 0.36.

Fig. 6. Mean concentration profiles of A in the droplets simulated andlatdd,Ha = 1. (a)
Ld/Wc = 3.1, (b)Ld/Wc =2.0, (C)Ld/Wc =0.71, (d)Ld/Wc = 0.36.

Fig. 7. Relative deviation between the simulated and calculatenl coeaentration profiles in
the droplets as a function of the degree of confinement of the flow.

Fig. 8. Flow configurations simulated to study the impact of massférans reaction
selectivity. (a)Lg = 100.8um, Uy = 0.15 m/s, w = 60 mm,Lyc = 300um. (b) Ly = 100.8um,
Ug = 0.15 m/s, w = 60 mm,Lyc = 600um.

Fig. 9. Concentration fields of the reactants (a) A and (b) B, angrtiteicts (c) C and (d) D
at a residence time of 8 nis,c = 300um, m = 500,K; = 50 n¥/(mols), K, = 5 nt/(mols).

Fig. 10. Evolution of the selectivity for both flow configurations= 500,K; = 50 n?/(mol
s),K = 5 nt/(mols).

Fig. 11. Concentration field of by-product D at a residence time of, & ggs= 300um, m =
500,K1 = 50 nf/(mols), K, = 50 nf/(mols).

Fig. 11. Concentration field of by-product D at a residence time of, & ggs= 300um, m =
500,K1 = 50 nf/(mols), K, = 50 nf/(mols).

Fig. 12. Evolution of the selectivity for both flow configuratioms, = 500, K; = 50
m>/(mol.s),K, = 50 n¥/(mol.s).

Fig. 13. Concentration fields of reactant (a) A and by-product (b) &rasidence time of 8
ms, Luc = 300pm, m =1, K; = 50 ni/(mols), K, = 5 n¥/(mols).

Fig. 14. Evolution of the selectivity for both flow configurations= 1, K; = 50 n¥/(mol s),
K, = 5 nt/(mol s).



