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Summary

Microfluidic two-phase flows are increasingly being used in many mass transfer ap-
plications because of the numerous advantages of operating in the microscale such
as stability of the interface and low cost. Such two-phase flows have multiple appli-
cations in various fields such as medicine, metal extraction, chemistry, oil and gas,
and handling of industrial effluents. It is particularly important in both the transport
and extraction of substances from one fluid to another fluid. The main reasons for
this are the short diffusion distances and large surface-volume ratios when using
multiple chips in parallel.

Among the various flow regimes, parallel flow in the microscale is considered
to be advantageous for extraction applications, especially radioisotope transfer. In
this regime, the two fluids move parallel to each other in a microfluidic channel.
If the fluid-fluid interface remains stable throughout, efficient transfer is possible
without necessitating a step to separate the two fluids. This benefit offered by mi-
crofluidics is very important for radioisotopes with short half-lives, as the absence
of a separation step ensures that radioisotopes can be transferred efficiently in a
quick time, thereby maximizing their utility for different applications such as phar-
maceuticals.

However, stable parallel flow is hard to achieve as it is contingent on several
factors. In a microfluidic channel with two inlets, a rectangular main channel and
outlets, the ideal scenario for efficient mass transfer involves a stable fluid-fluid in-
terface to be located exactly in the middle of the rectangular channel, followed by
the two fluids flowing to their respective outlets without any fluid leaking to another
outlet. Considering the utility of such a regime, it is important to study the underly-
ing flow phenomena which govern the regime and leakage. This thesis, therefore,
focuses on using simulations and experiments to study parallel flow in microfluidic
channels, followed by an analysis of the mass transfer when using such a regime
for radioisotope extraction.

The flow phenomena are studied numerically using the Lattice Boltzmann Method
(LBM), specifically the Rothman-Keller (RK) model. The LBM is based on the numer-
ical modelling of the Boltzmann equation which is then related to the Navier-Stokes
equations for fluid mechanics. A probabilistic particle distribution function is tracked
across a discrete lattice mesh, and using such a mesh makes the model more ef-
ficient compared to other simulation techniques for fluid flow, while also resulting
in a localized approach. The LBM is extended for multiphase flows using the RK
model, where each fluid is allocated a separate particle distribution function. This
model provides greater flexibility and accuracy than other models while retaining

ix
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the simplicity of the LBM.

Before the relevant transport phenomena are studied, the validity of the model
for such flows needs to be established first. In microfluidics, low flow rates are
very common because high residence times enhance extraction efficiency. At such
flow rates, just like some simulation techniques, the RK model generates numerical
or spurious velocities which can have a significant influence on the results. These
spurious velocities are related to the implementation of the surface tension in the
RK model. Such an implementation approximates the pressure balance at the fluid-
fluid interface, which is fine as long as the Capillary number (ratio of inertial and
interfacial forces) is below 10−3. Below this value, however, spurious velocities are
generated. In this work, the RK model is modified for such flows at low Capillary
numbers by modifying the surface tension term. This modified RK model is used
for simulating multiphase flows in a Y-Y microfluidic channels and compared with
experiments and other simulation techniques. The modification certainly resulted in
an improvement, as the RK model was able to successfully capture most of the flow
regimes observed in the experiments. It proved particularly effective in capturing
leakage, which wasn’t the case with other simulation techniques.

Leakage was observed for all fluid flow rates in the experiments. One solution to
minimize leakage is to apply hydrophilic and hydrophobic coatings to the channels.
Though this method is effective, it is less flexible as different coatings might be
needed for different fluids. One key factor which influences leakage is the channel
geometry. This thesis focuses on developing modified geometries to minimize leak-
age while also understanding how the channel geometry plays a role in influencing
leakage. One possible option is to modify the outlet geometry to help guide the
fluids to their respective outlets. Adding a third outlet helps in this regard, as a third
outlet ensures that pure fluid is obtained in the remaining two outlets. However,
this results in a loss of fluid, so the third outlet was slightly modified by adding a
circular head. The modified RK model was used for simulating fluid flow in these
channels, and the model was validated using experiments. The modified triple out-
let design proved to be very successful in minimizing leakage for a wide range of
flow rates, and the amount of fluid lost to the third outlet can be reduced by altering
the dimensions of the circular head or the ratio of flow rates of the aqueous and
organic phases (𝜙).

An alternative to using the third outlet would be to add a circular reservoir in
such a way that the two outlets do not lie in a straight line, but are displaced from
each other at a distance equal to the radius of the reservoir. Such a design slows
the fluids down because of the enlarged area of the reservoir, but does not prevent
leakage entirely as the fluids slowly leak into the outlets. To prevent this leakage,
a circular pillar is added at the centre of the reservoir. The diameter of this circular
pillar is crucial to control leakage, with leakage being observed at smaller 𝜙 for
smaller diameters and larger 𝜙 for larger diameters. The pillar has an associated
capillary pressure, and it is this pressure which is responsible for preventing leakage.
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Instead of modifying the outlet, the entire channel geometry can be modified
as well. One such idea which has been used in extraction studies is the ‘step’ chan-
nel, which is basically an asymmetric channel where the two halves of the channel
have different depths. However, the impact such an asymmetry has on fluid be-
haviour has been less studied. A combination of experiments and simulations are
used to study such channels by developing flow maps based on the Capillary num-
ber. Parallel flow is observed at low Capillary numbers in contrast to a symmetric
channel, where parallel flow is observed at higher Capillary numbers. Additionally,
no leakage is observed at low Capillary numbers in step channels. Experiments
are performed on ‘step’ channels of varying widths and degrees of asymmetry to
obtain a broader understanding of how this asymmetry influences flow behaviour.
In all step channels, stable parallel flow without leakage at lower Capillary numbers
and at higher Capillary numbers, leakage was observed. Stable parallel flow was
observed at a broader range of Capillary numbers for step channels with higher
degrees of asymmetry. Volume-of-fluid simulations were also performed to com-
pare step and symmetric channels at low Capillary numbers and they revealed that
the surface tension helps in stabilizing parallel flow in a step channel while forming
slugs or droplets in a symmetric channel.

In the case of mass transfer for parallel flow, a common mechanism for extrac-
tion involves chemical reactions taking place close to the liquid-liquid interface. For
such a reaction mechanism, three dimensionless numbers are important - the Biot
number (reaction to diffusion forces), the Peclet number (convection to diffusion
forces) and the Damkohler number (reaction to convection forces). To understand
the influence of these dimensionless numbers, a finite difference code was devel-
oped to solve the convection-diffusion equations for mass transfer. The velocity
profile is obtained from the modified RK model. The finite difference code is vali-
dated using experimental data from two different sources.

For channels with smaller cross-sections, a high Biot and a lower Peclet number
are preferred for large extraction efficiencies. However, if the Damkohler number
remains constant, the extraction efficiency remains approximately the same. In the
case of channels with larger cross-sections, the Peclet number is very important as
the isotope needs time to diffuse to the interface before it is extracted. This implies
that the flow rates of the fluids have to be very small as the convective forces are
small. Thus, the step channel can be used for this purpose to ensure small flow
rates and large interfacial areas while maintaining stable parallel flow. Based on
the application and nature of the study, the channel geometry can be modified ac-
cordingly for stable parallel flow.

Overall, channel geometry is one of the most important factors determining the
transport phenomena in the microscale. Simulation techniques need to be further
modified to obtain a broader understanding of the transport phenomena in the mi-
croscale and to further characterize the role played by channel geometry.
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Samenvatting

Microfluïdische tweefasestroming wordt steeds vaker gebruikt in toepassingen waarin
stoftransport de hoofdrol speelt. Redenen hiervoor zijn de voordelen van het wer-
ken op microschaal, zoals de stabiliteit van het contactoppervlak tussen beide fasen
en de lage kosten. Dit type stroming wordt toegepast in bijvoorbeeld de genees-
kunde, metaalwinning, chemie, olie- en gaswining, en de verwerking van industriële
afvalstoffen, en is bijzonder belangrijk voor zowel het transport als de extractie van
stoffen van de ene vloeistof naar de andere. De voornaamste voordelen zijn de
korte diffusieafstanden en de grote oppervlak-volumeverhoudingen bij het gebruik
van meerdere parallel-geschakelde microchips.

Parallelle stroming op microschaal is vooral wenselijk tijdens de extractie van
radioisotopen. In dit stromingsregime bewegen de twee vloeistoffen parallel naast
elkaar in een microfluïdisch kanaal. Als het vloeistof-vloeistofcontactoppervlak in
het gehele kanaal stabiel blijft, is efficiënte overdracht mogelijk zonder dat er een
extra stap nodig is om de twee vloeistoffen te scheiden van elkaar. Dit voordeel is
met name wenselijk voor radio-isotopen met een korte halveringstijd, aangezien de
afwezigheid van een extra scheidingsstap zorgt voor een snelle extractie. Op deze
wijze wordt met name de bruikbaarheid van isotopen in geneeskundige toepassin-
gen gemaximaliseerd.

Stabiele parallelle stroming is echter moeilijk te bewerkstelligen, omdat het af-
hankelijk is van verschillende factoren. In het ideale geval zou zich een stabiel
contactoppervlak instellen dat zich precies in het midden bevindt van een microka-
naal, en zouden beide fasen perfect gescheiden worden van elkaar door elk in een
apart uitstroomkanaal te stromen. Gezien de bruikbaarheid van parallelle stroming
is het dus van belang om de onderliggende stromingsfenomenen te bestuderen die
het regime en scheiding van beide fasen bepalen. Dit proefschrift richt zich daarom
op het gebruik van simulaties en experimenten om parallelle stroming in microfluï-
dische kanalen te bestuderen, gevolgd door een analyse van stofoverdracht in het
geval van parallelle stroming voor de extractie van radioisotopen.

De stromingsverschijnselen worden numeriek bestudeerd met behulp van de
Lattice Boltzmann Methode (LBM), waarbij het Rothman-Keller (RK) model wordt
gebruikt. De LBM is de numerieke versie van de Boltzmann-vergelijking, en wordt
gebruikt om de Navier-Stokes-vergelijkingen voor vloeistofdynamica op te lossen.
In LBM wordt een deeltjesverdelingsfunctie beschouwd op een numeriek roos-
ter. Voor een aantal toepassingen kan LBM efficiënter zijn dan andere simulatie-
technieken voor het berekenen van stroming, bijvoorbeeld omdat de vergelijkingen
lokaal opgelost kunnen worden. De LBM kan wroden uitgebreid voor meerfase-

xiii
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stromen met behulp van het RK-model, waarbij elke vloeistof een aparte deeltjes-
verdelingsfunctie krijgt toegewezen. Dit model biedt meer flexibiliteit en nauwkeu-
righeid dan andere modellen, terwijl het de eenvoud van de LBM behoudt.

Voordat de relevante verschijnselen worden bestudeerd, moet de geldigheid van
het model voor dergelijke stromen eerst worden vastgesteld. In microfluïdische
stroming zijn lage stroomsnelheden heel gebruikelijk, omdat lange verblijftijden de
extractie-efficiëntie verhogen. Bij dergelijke stroomsnelheden genereert het RK-
model, net als sommige andere simulatie-technieken, artificiële (”spurious”) snel-
heden die een significante invloed op de resultaten kunnen hebben. Deze artificiële
snelheden zijn gerelateerd aan de implementatie van de oppervlaktespanning in het
RK-model. Een dergelijke implementatie benadert de drukbalans bij het contactop-
pervlak, wat goed is zolang het Capillaire getal (de verhouding van traagheidskrach-
ten en oppervlaktespanning) kleiner dan 10−3 blijft. Beneden deze waarde worden
artificiële snelheden gegenereerd. In dit onderzoek wordt het RK-model aangepast
voor een laag Capillair getal door de oppervlaktespanningsterm aan te passen. Dit
gewijzigde RK-model wordt gebruikt voor het simuleren van meerfase-stromen in
zogenaamde Y-Y microfluïdische kanalen, en wordt vergeleken met experimenten
en andere simulatie-technieken. De aanpassing van het model resulteerde in een
grotere overeenkomst met de stromingsregimes die in de experimenten werden
waargenomen. Het model bleek bovendien bijzonder effectief in het simleren van
lekkage (= een deel van één van de fasen stroomt via het uitstroomkanaal van de
andere fase mee naar buiten) aan het uiteinde van het microkanaal, wat niet het
geval was bij andere simulatie-technieken.

Lekkage vond tijdens de experimenten altijd plaats. Eén van de oplossingen om
lekkage te minimaliseren is het toepassen van hydrofiele en hydrofobe coatings op
de kanalen. Hoewel deze methode effectief kan zijn, is het minder flexibel inzetbaar
omdat verschillende coatings nodig kunnen zijn voor verschillende vloeistoffen. Een
andere belangrijke factor die lekkage beïnvloedt, is de kanaalgeometrie. Dit proef-
schrift richt zich op het ontwikkelen van gemodificeerde geometrieën om lekkage
te minimaliseren, en het begrijpen van de invloed van dergelijke modificaties op
eventuele lekkage. Het toevoegen van een derde uitlaat kan hierbij helpen, aange-
zien een derde uitlaat ervoor zorgt dat door de resterende twee uitstroomkanalen
alleen één enkele fase kan stromen. Dit resulteert echter in een verlies van pro-
duct. Om deze reden werd daarom de derde uitlaat gemodificeerd door een ronde
kop toe te voegen. Het gewijzigde RK-model werd gebruikt voor het simuleren van
vloeistofstroming in deze kanalen, en het model werd gevalideerd met behulp van
experimenten. Het gewijzigde ontwerp met drie uitlaten bleek zeer succesvol te zijn
in het minimaliseren van lekkage voor een groot bereik van volumedebieten. De
hoeveelheid vloeistof die in de derde uitlaat verloren gaat, kan bovendien worden
verminderd door de afmetingen van de ronde kop of de verhouding van volumede-
bieten van de water- en organische fasen (𝜙) te veranderen.

Een alternatief voor het gebruik van de derde uitlaat zou zijn om een rond re-
servoir toe te voegen, en wel op zo’n manier dat de twee uitstroomkanalen niet
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in een rechte lijn liggen, maar op een afstand van elkaar zijn geplaatst die gelijk
is aan de straal van het reservoir. Een dergelijk ontwerp vertraagt de vloeistoffen
vanwege het vergrote oppervlak van het reservoir, maar kan lekkage niet volledig
voorkomen omdat de vloeistoffen langzaam in de uitstroomkanalen lekken. Om
deze lekkage te voorkomen, wordt daarom een ronde pilaar in het midden van het
reservoir geplaatst. De pilaar bewerkstelligt een zekere capillaire druk die hiervoor
verantwoordelijk is. De diameter van deze ronde pilaar blijkt een sterke invloed te
hebben op lekkage: lekkage treedt op bij kleinere 𝜙 voor kleinere diameters en bij
grotere 𝜙 voor grotere diameters. Door de juiste combinatie te kiezen kan lekkage
voorkomen worden.

In plaats van de uitlaat te modificeren, kan ook de gehele kanaalgeometrie wor-
den aangepast. Eén van de mogelijkheden is het zogenaamde ’stap’-kanaal, wat
in wezen een asymmetrisch kanaal is waarbij de twee helften van het kanaal ver-
schillende dieptes hebben. De invloed van zo’n asymmetrie in de geometrie op
het vloeistofgedrag is tot nu toe nauwelijks bestudeerd. In dit onderzoek worden
daarom experimenten en simulaties gebruikt om flowcharts te ontwikkelen op basis
van het Capillaire getal 𝐶𝑎. Parallelle stroming werd waargenomen bij lage Capillaire
getallen, in tegenstelling tot een symmetrisch kanaal, waar juist parallelle stroming
wordt waargenomen bij een hoog Capillaire getal. Bovendien wordt er bij een laag
Capillaire getal in stapkanalen geen lekkage waargenomen. In dit onderzoek wer-
den verscheidene experimenten uitgevoerd waarbij verschillende kanaalbreedtes en
mate van asymmetrie gevarieerd om een beter begrip te verkrijgen hoe dergelijke
stap-kanalen het vloeistofgedrag beïnvloeden. In alle stapkanalen werd stabiele
parallelle stroming zonder lekkage waargenomen bij een laag Capillaire getal, en
bij een hoog Capillaire getal werd juist wel lekkage waargenomen. Voor kanalen
die meer asymmetrisch waren werd voor een groot bereik van het Capillaire getal
een stabiele, parallelle stroming waargenomen. Volume-of-fluid simulaties werden
uitgevoerd om stap- en symmetrische kanalen bij lage Capillaire nummers te ver-
gelijken. Deze berekeningen toonden aan dat de oppervlaktespanning helpt bij het
stabiliseren van parallelle stroming in een stapkanaal terwijl het druppels in een
symmetrisch kanaal vormt.

In het geval van extractie in parallelle stroming worden chemische reacties dicht
bij het contactoppervlak gebruikt om de extractie te bevorderen. Voor een dergelijk
reactiemechanisme zijn drie dimensieloze getallen belangrijk - het Biot-getal (reac-
tietijden versus diffusietijden), het Peclet-getal (convectie versus diffusie) en het
Damkohler-getal (reactietijdebn versus convectietijden). Om de invloed van deze
dimensieloze getallen te begrijpen, werd een Finite Difference schema ontwikkeld
om de convectie-diffusievergelijkingen voor massatransfer op te kunnen lossen. Het
snelheidsprofiel werd verkregen uit de stromingsberekeningen waarbij het gewij-
zigde RK-model werd gebruikt. Het Finite Difference schama werd gevalideerd met
behulp van experimentele gegevens uit twee verschillende bronnen uit de literatuur.

Voor kanalen met een kleiner doorstroomd oppervlak leveren een hogere Biot-
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getal en een lagere Peclet-getal een grotere extractie-efficiëntie. Echter, als het
Damkohler-getal constant blijft, blijft de extractie-efficiëntie ongeveer gelijk. In het
geval van kanalen met groter doorstroomd oppervlak is het Peclet-getal zeer be-
langrijk, aangezien het isotoop tijd nodig heeft om naar de interface te diffunderen
voordat het kan worden geëxtraheerd. Dit impliceert dat de stroomsnelheden van
de vloeistoffen zeer klein moeten zijn, aangezien de convectieve krachten klein zijn.
Daarom kan het stapkanaal voor dit doel worden gebruikt om kleine stroomsnel-
heden en grote interfaciale gebieden te bewerkstelligen, terwijl stabiele parallelle
stroming wordt behouden. Op basis van de toepassing en de aard van de studie
kan de kanaalgeometrie dienovereenkomstig worden aangepast voor stabiele pa-
rallelle stroming.

In het algemeen kan geconcludeerd worden dat de kanaalgeometrie één van de
belangrijkste factoren is die transportverschijnselene (impuls, stof) op microschaal
bepalen. Simulatietechnieken zullen verder moeten worden aangepast om een nog
beter begrip te kunnen verkrijgen van de deze verschijnselen en de invloed van de
geometrie op deze verschijnselen.
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Radioisotopes have become increasingly important in the past few decades be-
cause of their vast capabilities in medical applications [1], particularly in the diag-
nosis [2, 3], imaging [4, 5] and treatment of cancer and other diseases [6, 7]. They
are generated either in nuclear reactors, cyclotrons or accelerators [8]. In the case
of a reactor, radioisotopes are produced either as fission products [9] or from neu-
tron capture [10]. These radioisotopes generally have longer half-lives than those
generated in a cyclotron, where the radionuclides are generated by the bombard-
ment of accelerated protons on a material [11]. Linear electron accelerators offer
another alternative, though they are less used commercially [8].

For these applications, the radioisotopes have to be highly pure in accordance
with the medical standards [12]. Here, the purity is defined as the percentage of
radioactivity in a product/material resulting from the radioisotope [12]. However,
they are normally present in a mixture of oxides along with fission products gen-
erated from the nuclear reaction [13]. Pure radioisotopes are not easy to obtain
because of the presence of various chemical products in the nuclear fuel. Some
of these fission products are extremely reactive and react with the isotope to form
new compounds, such as transuranium radionuclides in Uranium fuels [13]. In or-
der to extract the maximum utility from a radioisotope, it is necessary to separate
them from the fuel to render them safe for medical application. Thus, the desired
radioisotope needs to be extracted from the product at high purity as impurities
reduce the efficacy of the drug or diagnosing technique [14].

Methods such as ion exchange chromatography [15, 16], electromagnetic iso-
tope separation [17, 18] and electrochemical separation [19, 20] are used to sep-
arate and purify the radioisotopes for external use. An important factor to keep
in mind is the short half-life of some of these radioisotopes, so a longer separa-
tion step can lead to a reduced quantity of isotopes available for use [21, 9]. This
needs to be considered along with the efficiency of the respective techniques. One
method which is gaining increased traction is Liquid-Liquid Extraction (LLE) [22, 14].

1.1. Liquid-Liquid Extraction
Liquid-Liquid Extraction (LLE) is the process of material transfer between two im-
miscible fluids accomplished by their mixing and subsequent separation [14]. This
is generally applied to a two-phase system consisting of a continuous phase, where
the solutes are dissolved, and a dispersed phase, where the solutes are transferred.
This transfer is governed by the composition of two phases, chemical affinity of the
solute for the dispersed phases and reaction kinetics [23], along with the nature of
the flow regime [24]. Additionally, changes to the fluids’ chemical properties such
as pH also influence the extraction process.

LLE has been used in a variety of applications in the chemical, food, nuclear,
petrochemical and pharmaceutical industries for separation [22, 25, 14]. It was first
applied for separating radionuclides in the 1940s industrially [26, 23]. This is tra-



1.2. Microfluidic LLE

1

3

ditionally carried out on a batch scale, where the multiphase mixture is agitated in
large-scale containers or columns followed by gravity-based separation of the two
phases. The dispersed phase containing the isotope is then selectively removed
and used for medical applications [27, 28]. Since the two liquids are immiscible,
vigorous agitation is necessary to provide a suitable contact area for mass transfer
to take place and prevent the chemicals from travelling long distances across the
liquid-liquid interface. However, this is not very favourable for isotope extraction
because large volumes of fluids are required, thus leading to a low surface-volume
ratio, which in turn increases the time required for successful mass transfer [29, 14].
The necessity of a separation step can be extremely detrimental when transferring
radioisotopes with short half-lives since the time required for an extra step might
lead to a significant decay in isotope concentration [14]. If the concentration of
the solute is low, batch extraction is very difficult as small concentrations of solutes
have to cover large distances to diffuse through the interface [30].

These limitations can be overcome by shifting the process to the microscale. This
involves the transfer of isotopes across the liquid-liquid interface in small channels
with transverse dimensions in micrometres. In addition to using far smaller liquid
volumes, this form of extraction largely increases the surface-to-volume ratio [29],
with some microfluidic devices showing an almost tenfold increase [31, 32]. This
also has the effect of decreasing the diffusion distances the isotope has to traverse
while also stabilizing the liquid-liquid interface. The microchannel can be modified
geometrically to enhance mass transfer and is amenable to automation, thus allow-
ing greater control over the transport phenomena [33, 34].

1.2. Microfluidic LLE
Microfluidics is the science of fluid behaviour in the small scale, where the trans-
verse lengths associated with fluid flow are usually in the order of a few hundred
micrometres [35]. Microfluidic multiphase flow finds applications in a wide range of
fields, be it in biology [36], pharmaceuticals [37], chemistry [38] and radioisotope
extraction [22] because of the aforementioned advantages.

In the microscale, both viscous and inertial forces compete with each other, and
the domination of one force over the other results in different flow patterns [39].
When multiphase microfluidics is considered, the interfacial forces acquire a special
importance. This interfacial force is governed by a property called surface tension,
which represents the cohesive forces between two liquids. The surface tension al-
lows the liquid interface to assume a position of minimum surface area under the
action of external forces [40]. Based on the interaction of inertial, viscous and in-
terfacial forces, the two liquids assume different configurations as shown in Figure
1.1. These interactions are represented using three dimensionless numbers - the
Reynolds, Capillary and Weber numbers.
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Figure 1.1: Flow setup showing LLE and separation in the microscale along with the different flow
regimes. [14].

𝑅𝑒 = Inertial Forces
Viscous Forces

= 𝑢𝐿
𝜈 (1.1)

𝐶𝑎 = Viscous Forces
Interfacial Forces

= 𝑢𝜇
𝜎 (1.2)

𝑊𝑒 = Inertial Forces
Interfacial Forces

= 𝜌𝑢2𝐿
𝜎 (1.3)

(1.4)

where 𝑢 is the fluid velocity, 𝐿 is the characteristic length of the fluid, 𝜌 is the
density of the fluid, 𝜇 is the dynamic viscosity, 𝜈 = 𝜇

𝜌 the kinematic viscosity and 𝜎
is the surface tension of the two fluids.

Similar to batch-wise LLE, the two fluids are mixed in a channel and then subse-
quently separated. Figure 1.1 shows four different flow regimes - parallel, annular,
slug and droplet flow. These flow patterns have been extensively studied for mi-
crochannels of various geometries and different fluids, along with the mass transfer
at such dimensions. The surface-to-volume ratio is the largest in slug flow, which
makes it particularly suited for mass transfer. Additionally, the circulation that takes
place inside the slugs in the form of Taylor vortices caused by the friction at the
wall increases the extraction efficiency [41]. The mass transfer can be enhanced
by adding an inert gas to the channel as a third phase which results in an increased
interfacial area [14]. This is why many studies have been devoted to slug flow
[42, 43, 44]. However, slug flow is not advantageous when extracting radioiso-
topes because it necessitates a separation step which usually involves membranes
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[28] or complex geometries to selectively trap droplets of one phase [45]. If the
radioisotopes have short half-lives, the separation step could significantly limit the
viable amount of radioisotope [25].

The short half-life of radioisotopes is the reason why microfluidic LLE is geared
towards parallel flow even though the mass transfer rate can be lower than slug
flow. Parallel flow extraction has been performed for radi2oactive Copper from an
acidic solution [25], Calcium isotope from ultrapure water [46], Cadmium (II) from
nitrate medium [47] and Uranium from acidic media [48]. Theoretically, parallel flow
should lead to the complete separation of the two phases in two outlet channels as
shown in Figure 1.2a. However, separation is highly contingent on factors such as
flow rates, channel width, wall wettability and physical properties such as viscosity
and density [24]. More often than not, patterns like that shown in Figure 1.2b
emerge, where one phase leaks into the outlet of the other. Leakage reduces
the purity of the radioisotope and might even necessitate a separation step, thus
rendering the advantages of parallel flow less useful. Therefore, it is imperative to
examine the factors governing the flow patterns in a microchannel and obtain an
understanding of the phenomena involved.

(a) (b)

Figure 1.2: a) LLE using parallel flow with a stable interface at the middle of the channel [25] b)
Instance of aqueous phase leaking into the outlet of the organic phase from Jahromi et al. [46]

1.3. Flow Patterns and Flow Maps
1.3.1. Flow Patterns in Literature
Flow patterns have been extensively studied in microchannels of various geome-
tries such as Y-Y channels [49, 47, 24, 50], T-T channels [24, 50, 51, 52]and cross-
junction channels [53, 54, 55]. These channels are shown in Figure 1.3. The flow
patterns commonly observed in the literature are slug and parallel flow [56]. In the
case of slug flow, droplets of the dispersed phase form in the continuous phase, and
parallel flow is defined as the regime where the continuous and dispersed phases
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flow parallel to each other in a microchannel. Slug flow generally occurs when in-
terfacial forces are dominant, and parallel flow when inertial or viscous forces are
dominant. Both these regimes are illustrated in Figure 1.4.

Figure 1.3: Various channels used by Kashid et al. [24] - a) T channel with a square cross-section, b)
T- trapezoidal c) Y-rectangular d) Cross junction channel with concentric cross section

In addition to these, many flow patterns intermediate to slug and parallel flow
have been observed. These patterns vary for different geometries, wettabilities and
fluids. The nature of these intermediate regimes is governed by various factors -
fluid properties, channel geometry and affinity of the fluids to the channel mate-
rial (wettability). In some cases, the intermediate regimes include slugs of varying
lengths [49], parallel flow with deformed interface [24] or rivulet flow, where the
fluid interface is warped and one fluid wets the channel [57]. Generally, in these
intermediate regimes, parallel flow is observed for a certain length of the channel
after which the interface deforms to form droplets [56, 58].

(a) (b)

Figure 1.4: a) Slug Flow b) Parallel Flow

The factors determining the various patterns are studied and plotted in flow
maps which show the various regimes observed. One way of representing the flow
patterns is through the flow rates of the respective phases as was done by Darekar



1.3. Flow Patterns and Flow Maps

1

7

et al. [49] in their studies on a Y-shaped microchannel. They found that lower flow
rates lead to slug flow while high flow rates resulted in parallel flow. However, the
results from such maps cannot be extended to other fluids since the impact of the
other forces such as viscous and interfacial forces are neglected. Darekar et al.
themselves realized this, so they shifted to a more general approach to study the
flow phenomena in their paper.

1.3.2. Influence of Dimensionless Numbers
Dimensionless numbers are very useful in classifying flow regimes precisely because
they can indicate the impact of competing forces while providing a more universal
picture. In the case of the water-butanol mixture in Darekar et al., for example,
the Capillary number of the aqueous phase plays a very important role in the flow
pattern observed. Parallel flow is observed only after a certain value of the contin-
uous Capillary number is reached, regardless of the value of the dispersed phase
[49].

However, this does not paint the full picture of the flow phenomena observed
as inertial forces are not taken into account when merely the Capillary number is
used. Zhao et al. [59] showcased their flow maps through the Weber numbers
of the two fluids for a water-kerosene system in a T-T channel. Contrary to the
Capillary number flow map of Darekar et al., the Weber numbers of both the fluids
were found to be equally important here, with higher Weber numbers resulting in
parallel flow. Cao et al. [53] went a step further and conducted a dimensional
analysis to understand the dimensionless numbers which govern the flow transi-
tion. They performed experiments on a cross-junction channel for water-butanol
and water-toluene, and they developed the following relation to predict the flow
transition:

𝑐0𝑅𝑒𝑐1𝑐 𝑊𝑒𝑐2𝑐 = 𝑅𝑒𝑐3𝑑 𝑊𝑒
𝑐4
𝑑 (1.5)

where the subscripts 𝑐 and 𝑑 correspond to the continuous and dispersed phases
respectively, and 𝑐0, 𝑐1, 𝑐2, 𝑐3, 𝑐4 are constants whose values depend on whether the
flow pattern is in the annular-slug transition regime or the slug-droplet regime. They
observed that 3 different liquid mixtures satisfied this equation. However, Equation
1.5 does not indicate the effects of viscous forces, so it doesn’t give the full picture
even if it can be extended for different liquid-liquid combinations. To show the im-
pact and interaction of three forces, Dessimoz et al. [50] plotted flow maps for their
water-toluene system using the mean Capillary and Reynolds number. This allowed
good visualization of the flow phenomena involved while segregating the patterns
into regimes - parallel, transition and slug - effectively. From these papers, it can
be concluded that higher interfacial forces lead to slug flow, while higher inertial
forces lead to parallel flow, with the viscous forces contributing to both transition
and parallel flow regimes.
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1.3.3. Impact of Geometry
Dessimoz et al. [50] also studied the influence of geometry on the flow patterns
by classifying their regimes for both T-T and Y-Y microchannels. The geometry of
the channel was found to play a considerable role in the flow patterns, with the
propensity for parallel flow being much higher in the Y-Y as compared to the T-T
channel, where slug flow was more common. Kashid et al. [24] performed exper-
iments on a water-toluene mixture for three different channels- T-T, Y-Y and cross
junction microchannels with a concentric cross-section. In addition to this, they
worked with two cross-sections in the T-T channel - square and trapezoidal. The
cross-section was not found to have a prominent impact on the flow patterns. They
initially plotted their flow maps based on flow rates, and contrary to Dessimoz et al.
[50], the T-T and Y-Y channels gave similar flow patterns. The concentric channel,
however, showed a much greater tendency for slug flow.

Darekar et al. [49] varied the widths of their Y-Y channels and observed that
channels with smaller widths showed regime transitions at lower flower rates as
compared to channels with larger widths. In order to further understand the effect
of channel width, Kashid et al. [60] developed a new parameter based on the
hydraulic diameter of the channel (𝑑ℎ), the Reynolds number of the dispersed phase
and the volumetric flow fraction of the dispersed phase (𝜖𝑑) -𝑅𝑒𝐷𝑑𝑑ℎ/𝜖𝑑. To show
the effects of viscous and interfacial forces, they plotted this parameter against the
𝑅𝑒𝑐/𝐶𝑎𝑐 for three different channels. Here, the influence of geometry was more
clearly observed, with the T-T channel requiring a higher 𝑅𝑒𝑐/𝐶𝑎𝑐 for flow transition
as compared to the Y-Y channel. They even plotted the results of other papers -
Zhao et al. [59] and Salim et al. [52] in a similar manner, and observed that they
fit very well with the universal trend as shown in Figure 1.5a.

There’s much debate, however, on what combination of dimensionless numbers
is ideal for representing flow patterns. We already discussed how Cao et al. [62]
and Kashid et al. [24] came up with different combinations for their flow maps.
Asadi-Sanghadi et al. [61] studied the flow patterns in a Y-Y serpentine channel
and neither of these dimensionless number combinations proved to be the ideal fit
for their results. Instead, they came up with 5 different combinations, the result
from one of which is shown in Figure 1.5b.

1.3.4. Influence of Wettability
Another important parameter which determines the flow patterns is the affinity of
the liquid for the solid surface - their wettability. Among the two liquids, one might
show a greater affinity for the solid as compared to the other. Most papers neglect
this parameter when plotting their generalized flow maps, and this explains the
difficulty of coming up with a universal dimensionless number to predict flow phe-
nomena. In the paper of Darekar et al. [49], glass microchannels were used, which
showed greater affinity for water as compared to the organic fluid, i.e., the channel
is hydrophilic (”water-loving”). To test the influence of wettability, they coated the
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(a)

(b)

Figure 1.5: a) Flow Maps showing 𝑅𝑒𝑐/𝐶𝑎𝑐 as a function of 𝑅𝑒𝑑𝑑ℎ/𝜖𝑑 for different studies [24] b)
Flow patterns observed by Asadi-Sanghadi et al. [61] for various fluids using a combination of Ca and

We
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walls of the channel to make it more hydrophobic (”water-hating”). Here, water is
the dispersed phase as compared to the hydrophilic channel, where it’s the continu-
ous phase. Slug flow was observed to be more prominent in hydrophobic channels
as compared to the hydrophilic ones, with parallel flow being a lot less common.

1.3.5. Slug Flow and Leakage
While all the aforementioned papers have studied the flow maps, among the indi-
vidual regimes, only slug flow has been studied in great detail. Many papers have
studied slug formation [63, 64, 65, 66] in different geometries. Some papers have
looked into the length of each slug and the factors which influence it [58, 64, 67].
Generalized formulae for predicting the slug length have been developed, but sim-
ilar to the flow patterns [68, 64, 62], these are successful only in some cases.

In the case of parallel flow, there are papers like Li et al.. [69] and Guillot et
al.. [70] who observe the stability of parallel flow by examining the factors which
lead to deformed interfaces. Parallel flow in this case is closer to annular flow,
where the dispersed phase is flanked by the continuous phase on either side as
it flows parallel. Other papers focus on the flow phenomena that develop at the
outlet. Pohar et al.. [71] studied the interface positions in parallel flow and de-
veloped a correlation to predict when the interface will be exactly at the middle
for a particular set of flow rates. They found that the viscosity ratio was the main
parameter in preventing leakage, but as the results of Zheng Liu showed [58], this
correlation doesn’t give the full picture as Liu observed leakage for all his flow rates.

Aota et al.. [72] found that leakage was related to the balancing of the pressure
loss due to viscosity difference and Laplace pressure due to the interfacial tension.
No leakage was observed when these pressures were balanced. They also devel-
oped a design of asymmetric cross-section which ensured that the two pressures
were balanced for a broader range of flow rates, subsequently leading to stable
parallel flow without leakage [73]. This design was also used by Hibara et al.. [74]
and Smirnova et al.. [75]. Some setups used ridges [76] or guiding structures [77]
to minimize leakage. Alternatively, one can modify the wettability of the channel
through coatings, and this is among the most common methods to prevent leak-
age [78, 74, 34], though this limits the applicability to a particular set of fluids and
channel materials.

1.4. Mass Transfer
Two parameters which assume great importance in LLE papers are the volumetric
mass transfer coefficient and the extraction efficiency. The volumetric mass transfer
coefficient is defined as the rate of mass transfer per unit fluid volume [79]. The
extraction efficiency is the percentage of solute transferred to the extracting phase
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and is given by [46] :

𝐸𝐸 =
𝐶𝑜𝑟𝑔,𝑜𝑢𝑡 × 𝑄𝑜𝑟𝑔
𝐶𝑎𝑞,𝑖𝑛 × 𝑄𝑎𝑞

(1.6)

where 𝐶 refers to the concentration of the solute,𝑄 is the volumetric flow rate and
the subscripts 𝑜𝑟𝑔, 𝑜𝑢𝑡 and 𝑎𝑞, 𝑖𝑛 refer to the organic phase at the outlet and aque-
ous phase at the inlet respectively.

Both the geometry and flow regime have a considerable influence on mass trans-
fer, and many papers have studied the effects of these factors on extraction effi-
ciency. The extraction efficiency of vanillin was determined for two different channel
geometries by Fries et al.. [80] as shown in Figure 1.6a. In the T-T channel, ex-
periments were performed with slug flow while parallel flow was tested for the Y-Y
channel. Slug flow indeed showed 15 % greater extraction efficiency as mentioned
by Kashid et al.. [24] and Martini et al..[14] due to internal circulation, but parallel
flow showed an increased extraction efficiency comparable to slug flow when the
width of the channel was decreased. The values were observed to be comparable
to that of the T-T channel with a width of 300 𝜇m (Figure 1.6a).

The effect of geometry was expanded for T-T and cross-junction channels by
Zhao et al.. [81] using the Lattice Boltzmann Method (LBM). Though they only
considered slug flow, the influence of geometry can be clearly discerned from the
higher mass transfer rate in cross channels. Further, they modified the shape of
the T-T channel with a venturi-shaped junction after the T-inlets. The modified
structures led to the squeezing of the droplet near the venturi, while increasing the
mass transfer efficiency.

The absence of a separation step makes parallel flow particularly attractive,
which is why many LLE investigations of radioisotopes seek to optimize the mass
transfer rate for parallel flow and, at the same time, try to maintain the stability of
the interface. Y-Y channels are mainly used to accomplish this since they show a
greater tendency for parallel flow. Both Mariet et al.. [48] and Jahromi et al.. [46]
focused their attention on the flow inlet conditions for interface stability, and both
observed stable interfaces located at the middle of the Y-shaped channel. Jahromi
et al.. also extended their study to improve the extraction efficiency by adding
reagents such as calcium chloride and picric acid to aid in the extraction of calcium
isotope. They concluded that low concentrations of calcium chloride and relatively
high concentrations of picric acid led to the best extraction efficiencies of 50 %.

Farahani et al.. [47] studied the importance of geometry in the extraction of a
cadmium isotope in a Y-Y channel as shown in Figure 1.6b. They found that the
mass transfer coefficients improved with decreasing widths as observed in the lit-
erature, but they couldn’t achieve large residence times with small channel widths.
At residence times greater than 8 s, the extraction efficiency is slightly reduced for
small widths, indicating a possible back-extraction. The effect of channel length
on mass transfer was also studied, with longer channels improving the extraction
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efficiency.

(a) (b)

Figure 1.6: a) Extraction efficiency of vanillin as a function of residence time for slug (segmented)
and parallel (stratified) flow in channels of different widths [80] b)Extraction efficiency of Cadmium as

a function of residence time for three channel widths [82]

In addition to studying the effect of geometry on extraction efficiency, Goyal et
al.. [78] also developed an analytical model based on their results to predict the
optimal width and the maximum length of the channel for which the interface is still
stable for Cu-64 extraction. However, they applied hydrophobic surface coatings
to their channels to ensure a broader range of flow rates for stable parallel flow
without leakage.

Most of these aforementioned papers involve mass transfer across the entire
area occupied by the fluid in parallel flow. Depending on the isotope being trans-
ferred and the substance used for initiating the reaction (chelator) and subsequent
mass transfer, the mass transfer can be solely restricted to regions close to the
liquid-liquid interface. Such a system was studied both experimentally and numer-
ically by Ciceri et al.. [83] who investigated whether the mass transfer is diffusion-
limited or reaction-limited. They studied the extraction kinetics of cobalt ions in
a Y-Y channel with parallel flow and observed the mass transfer to be dependent
on both diffusion and reaction kinetics. A combination of a numerical model and
experiments was employed for this purpose. Similar studies have also focussed on
the role of reaction and diffusion in interfacial mass transfer for Uranium extraction
[84, 85]. Helle et al.. [84] also plotted the concentration profiles obtained from
simulations for this as shown in Figure 1.7.

1.5. Motivation, Approach and Outline
1.5.1. Motivation
The literature on microchannels and LLE is growing, especially because of the po-
tential applications. However, it is first important to obtain an overall understanding
of the flow phenomena and the multitude of factors which play a role in influencing
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Figure 1.7: Concentration profile of Uranium in a) Aqueous phase, which the Uranium isotope is
originally dissolved, and b) Organic phase, to which the Uranium isotope is transferred, for interfacial

mass transfer [84]

them. Though flow patterns in microchannels have been extensively studied, there
are still quite a few areas which can be delved into a bit deeper. Considering the
utility of microchannels in radioisotope transfer, it is imperative to obtain a clearer
understanding of the flow dynamics and mass transfer involved, especially on the
phenomena of parallel flow and leakage. To have a greater understanding of the
underlying flow phenomena, both experiments and numerical simulations are nec-
essary.

The Lattice Boltzmann Method (LBM) has been gaining ground in microfluidic
multiphase simulations [86, 87, 88] because of its high degree of localization, lack
of interface tracking and faster simulation times [89, 90]. This thesis, thus, employs
the LBM, specifically the Rothman-Keller (RK) model to study flow phenomena in a
Y-Y channel.

Many LBM papers study multiphase flows at relatively high Capillary numbers
ranging from 10−3 to 1 [91, 92, 86, 93], while some applications require lower
Capillary numbers [58, 49, 50] (Ca<10−3). The LBM, specifically the RK model, is
not free from problems at these Capillary numbers, with spurious velocities being
observed at the liquid-liquid interface. These spurious velocities result from the
implementation of the surface tension term [94, 95]. Therefore, it is essential to
study the capability of the RK model to capture flow phenomena at such Capillary
numbers and adapt the model where necessary.

When it comes to the phenomenon of leakage, there have been many papers on
interface position and stability, though a significant number of these have only com-
mented on leakage from the practical perspective of leakage avoidance [25, 48, 46].
Pohar et al.. [71], however, studied phase separation and leakage in greater detail,
and observed that the interface position is related to the viscosity ratio of the two
fluids. Aota et al.. [96] went further in this direction by theorizing that leakage
was related to the balancing of the viscous pressure loss and the Laplace pressure
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due to surface tension. They confirmed this theory with experiments. Liu [58],
however, observed leakage for all flow rates and his experiments could not validate
the relations proposed by Pohar et al.. [71] and Aota et al.. [58]. Additionally, he
couldn’t successfully capture leakage in simulations using the phase-field method.
His results underscore the necessity of studying leakage in greater detail both ex-
perimentally and numerically.

One factor which has a considerable influence on leakage is the channel geom-
etry. Lu et al.. [97] employed a third outlet in his T-channel and minimized leakage
for a large number of flow rates. They also created leakage maps and obtained a
range of flow rates for which stable parallel flow was observed. Another option to
minimize leakage is by using phaseguides - guiding structures in the channel geom-
etry which result in an abrupt change in capillary pressure [77, 98]. A problem with
such structures is that the liquids eventually leak into the outlets once the pressure
of the fluid exceeds the pressure associated with the geometry [98].

For this reason, modifying the outlet seems a better option. The triple outlet
proposed by Lu et al.. [99] is an effective solution to the problem of leakage, but it
does result in a loss of fluid. Recycling the fluids can be very beneficial in applica-
tions such as radiopharmaceuticals [100], so the loss associated with such a design
also needs to be studied and quantified. Additionally, the triple outlet constitutes
only one design, and a broader study of the influence of the outlet geometry on
leakage and the flow fields will help understand how the fluids interact with the
outlet geometry.

Instead of modifying only a part of the geometry, the whole geometry can be
modified to aid parallel flow. One such design is that used by Aota et al.. [73],
where a Y-Y channel is modified to have an asymmetric cross-section. The channel
is divided into two halves, with each half having a different height, giving the cross-
section the shape of a staircase step. This design has been shown to be effective in
pinning the liquid-liquid interface and minimizing leakage [73]. Though this design
has been used in multiple papers [101, 84, 102], no fundamental study exists, to
this author’s knowledge, where the influence of such a modification on the flow
patterns and leakage is thoroughly investigated.

Most of the papers dealing with LLE have not discussed the transport phenom-
ena in terms of dimensionless numbers, and this is especially the case for mass
transfer. While Fries et al.. [103] and Farahani et al.. [82] have looked at the
influence of various factors such as width, flow rate and flow regime on extrac-
tion efficiency, the absence of dimensionless numbers in their discussions makes it
difficult to understand the interplay of competing forces involved in the transport
phenomena.
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1.5.2. Research Questions
Based on the literature review, the following research questions were formulated:

1. How capable is the Lattice-Boltzmann method, specifically the Rothman-Keller
(RK) model, of capturing multiphase flow phenomena and flow patterns in a
microchannel at low Capillary numbers? What modifications are necessary to
improve its capability and how does the methodology compare to the phase-
field method and other techniques in simulating leakage?

2. How does the outlet geometry influence the flow profile and leakage in the
case of parallel flow? How can the outlet be modified to minimize leakage?

3. What role does an asymmetric cross-section play in influencing the flow phe-
nomena? Does modifying the entire geometry lead to a significant alteration
in the observed flow and leakage regimes, and if yes, what new flow regime
can be observed?

4. What dimensionless numbers can be used to describe interfacial mass trans-
fer in microchannels and how do these influence the extraction efficiency?

1.5.3. Outline
The thesis outline is as follows:

Chapter 2 outlines the theory behind multiphase flows, contact angles and the
numerical techniques used to study the transport phenomena.

Chapter 3 discusses the capability of the LBM model in capturing flow phenom-
ena in microchannels at low Capillary numbers. The flow map, slug lengths and
leakage regimes from the simulations are compared with Liu’s [58] experiments,
and a modification to the model is proposed to reduce the spurious velocities. The
capability of the model is further examined by comparing the results with two other
numerical techniques - Volume of Fluid (VOF) and phase-field.

The impact of the outlet geometry on leakage is studied in Chapter 4. Multiple
outlet geometries are proposed and their leakage regimes are studied using the Lat-
tice Boltzmann model discussed in Chapter 3. The effect of outlet dimensions on
leakage is considered in particular and velocity contours are plotted to understand
how the fluids respond to this change in outlet geometry. One of the proposed
designs is tested using experiments, thus further validating the Lattice Boltzmann
model as well.

Chapter 5 considers a geometry of asymmetric cross-section and discusses the
influence this geometry has on flow patterns and leakage. This geometry has been
used appreciably in literature for LLE applications, though it has been less studied
from a fluid mechanics perspective. The flow patterns are studied experimentally



1

16 1. Introduction

in this case as the Capillary numbers used are quite low (<10−5) and they are
compared with a channel of symmetric cross-section to understand how this design
influences fluid flow. VOF simulations are then employed to supplement these ex-
periments to study the flow profile and pressure plots.

The dimensionless numbers used for describing interfacial mass transfer are elu-
cidated in Chapter 6, along with the finite-difference model used to simulate the
mass transfer. Lattice-Boltzmann simulations are used to provide this model with
the velocity profile, and various flow and geometrical parameters are varied to un-
derstand the factors which influence extraction efficiency. This is further extended
by performing a kinetic study of the Gallium-isotope using both experiments and
the finite-difference model to shed light on the mass-transfer mechanism of Gallium.

Finally, conclusions and recommendations are provided in Chapter 7.
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In this chapter, the theory behind the transport phenomena observed in the
subsequent chapters will be discussed. First, a basic overview of the fluid mechanics
and multiphase flow will be provided, followed by an introduction to wetting and
contact angle hysteresis. We mentioned that the Lattice Boltzmann Method (LBM)
will be used to simulate flow phenomena in chapter 1, and the theory behind that
will also be laid out. Finally, the equations for mass transfer are provided along with
the underlying theory, followed by a description of the Finite Difference Method
(FDM).

2.1. Fluid Dynamics
A fluid (liquid or gas) is a substance that deforms or moves continuously under the
action of external forces, and fluid mechanics is the study of fluids at rest or motion
[1]. This section describes some of the concepts used in fluid mechanics.

2.1.1. Navier-Stokes Equation
The Navier-Stokes equation is used to describe fluid flow and behaviour by ex-
pressing the momentum balance. These equations are also coupled with the mass
conservation (continuity equation), and both these equations are given by [1]:

{
𝜕𝜌
𝜕𝑡 + ∇ ⋅ (𝜌𝐮) = 0𝜕𝜌𝐮
𝜕𝑡 + ∇ ⋅ (𝜌𝐮.∇𝐮) = −∇𝑝 + ∇ ⋅ 𝝉 + 𝜌𝐠

(2.1)

where 𝜌 refers to the density of the fluid, 𝑢 the characteristic fluid velocity, 𝑝 the
pressure, 𝝉 the shear stress and 𝐠 the body force term, which usually corresponds
to gravity. However, for the case of incompressible flow (density or volume doesn’t
change with pressure), the above equations simplify to the following form:

{∇ ⋅ 𝐮 = 0𝜌𝐷𝐮𝐷𝑡 = −∇𝑝 + 𝜇∇
2𝐮 + 𝜌𝐠 (2.2)

where 𝐷
𝐷𝑡 =

𝜕
𝜕𝑡+𝐮⋅∇ is the material derivative and 𝜇 is the shear viscosity of the fluid.

2.1.2. Contact Angle
Multiphase flow refers to the simultaneous flow of two or more phases [2]. These
phases can constitute the same fluid (like water and water vapour) or different flu-
ids. When one is dealing with multiphase flows enclosed by a solid boundary, there
are two forces to consider in addition to the inertial and viscous forces present in
single-phase flows. These are the cohesive forces, which are the forces between
liquid molecules (described by the interfacial tension discussed in Chapter 1), and
the adhesive forces, the forces between liquid and solid molecules [3].
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The interaction of these two forces has a considerable influence on the behaviour
of a fluid near a solid boundary, with the effects sometimes extending to the bulk
as well. This interaction is visualized as the angle made by the two interfaces –
liquid-liquid and liquid-solid interfaces. This angle is termed the contact angle, and
its value is indicative of how wettable the surface is [3].

As shown in Figure 2.1a, a smaller contact angle (𝜃𝑐) implies that the liquid has
a greater affinity for the surface and a contact angle of 0 ∘ implies that the liquid
spreads evenly on the surface. On the other hand, surfaces with a contact angle
greater than 90 ∘ are called non-wetting as the liquid tries to detach from the surface
[4] (Figure 2.1b. A contact angle of 90 ∘ corresponds to a neutrally wetting surface.

The formula for the contact angle in a homogeneous surface was developed by
Thomas Young in 1805 [5], based on the balance of the interfacial forces as shown
in Figure 2.1a. The formula is given by:

𝑐𝑜𝑠(𝜃𝑐) =
𝜎SG − 𝜎SL
𝜎LG

(2.3)

where 𝜃𝑐 is the contact angle, 𝜎 is the surface tension, and the subscripts S, L,
and G correspond to solid, liquid and gas respectively. Note that the gas phase can
be a liquid as well.

(a)

(b)

Figure 2.1: a) An example of a wetting surface. In such a surface, the droplet tries to spread over
the surface. b)An example of a non-wetting surface. The droplet tries to detach from the surface in

this case.

The above definition of the contact angle is valid only for a homogeneous and
chemically smooth surface. In reality, such surfaces are almost impossible to find.
The roughness of the surface introduces a range of contact angles instead of one
metastable value as defined by Equation 2.3 [6]. The angle defined by Young’s
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equation is called the equilibrium/static contact angle, i.e., the contact angle of the
surface, if it’s perfectly homogeneous [7].

Generally, the contact angle 𝜃 varies in the range denoted by 𝜃𝑟 < 𝜃 < 𝜃𝑎. 𝜃𝑟,
the receding contact angle, is defined as the angle with which the droplet recedes
with respect to the surface if some liquid is removed, and 𝜃𝑎, the advancing contact
angle, is defined as the angle by which the droplet advances if some liquid is added
to the droplet [8].

The advancing and receding angles depend on the physical and chemical prop-
erties of the surface and fluids, and history effects. The difference between these
two angles is called hysteresis. The presence of surface heterogeneities makes it
difficult for the fluid to maintain the same contact angle throughout, as some con-
figurations might lead to an increased interfacial area. To avoid this energy cost,
the contact angle on the surface keeps varying. In the presence of bulk fluid ve-
locity, contact line motion is also possible. Contact line motion only occurs when
the advancing angle is exceeded or the contact angle is below the receding angle.
This is because there is an energy cost associated with the contact line motion, and
it is thus resisted until the hysteresis limits are reached, after which it is no longer
energetically viable for the droplet to maintain its original configuration [8].

Figure 2.2: Illustration of contact angle hysteresis. A droplet is sliding on an inclined plane under the
action of gravitational forces. The droplet shape deforms, with the contact angle at the front being the
advancing contact angle (subscript ‘A’) and the contact angle at the rear being the receding contact

angle (subscript ‘R’).

Contact angle hysteresis is illustrated in Figure 2.2. The motion of a droplet
along an inclined plane is considered. Under the action of gravitational forces, the
droplet starts sliding downward. This can occur only if the droplet simultaneously
advances on the downhill side and recedes on the uphill side. The same applies
to droplet motion even in a horizontal plane, where the droplet moves along the
direction of bulk velocity. However, the droplet’s shape needs to be changed before
it can move for a hysteresis greater than zero [8]. Therefore, there is an activa-
tion energy necessary for motion and subsequent un-pinning of the contact line [8].

2.2. Computational Fluid Dynamics (CFD)
Computational Fluid Dynamics (CFD) refers to the simulation of the fluid flow field by
obtaining a numerical description of the fluid flow using approximations of the gov-
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erning Navier-Stokes equations (Equation 2.1) [9]. The choice of the CFD method
is contingent on several factors such as flow regime, number of phases and the
scale of the problem.

In the case of multiphase microfluidic flow, the fluids mostly flow in the laminar
regime, which is indicated by a lower value of Reynold’s number [10]. The com-
monly used techniques for simulating two-phase flow at the microscale include Level
Set [11, 12], Volume of Fluid (VOF) [13, 14] and phase field method [15, 16]. One
method which is increasingly gaining traction in the field of multiphase microfluidics
is the LBM, and that will be the focus of the next section.

2.3. Lattice Boltzmann Method (LBM)
The LBM is essentially an extension of the Cellular Automata (CA) technique in-
vented by John Von Neumann in the 1950s [17]. In order to understand the mech-
anisms leading to self-replication in biological organisms, Neumann devised a fully
discrete system made up of cells. All these cells have a characteristic internal state
which consists of a finite number of information bits [18]. The system evolves via
discrete steps in time and space by programming the fundamental “rules” deter-
mining the evolution of the system into each cell. The evolution of each cell is a
function of the states of the neighbouring cells. Though this system appears to
be simple, it has been used to successfully capture a range of phenomena such as
pattern formation, transport phenomena and laminar flow [18].

However, the deficiencies associated with its discrete nature naturally led to in-
accuracies when dealing with more complex problems. There are also issues related
to the flexibility of the parameters when describing a wider range of physical phe-
nomena [18]. Thus, it would be better to describe the problem using real-valued
states that correspond to probabilities rather than discrete deterministic states. Mc-
Namara and Zanetti [19] extended the Boolean framework of (CA) to describe real
values by calculating the probability of a cell having a given state. Though this im-
proved the applicability of the method, the neglect of many-body correlations and
interaction among the cells from different directions led to numerical instabilities
and didn’t provide the whole picture of the phenomenon. This was remedied by
Higuera et al [20], who set the foundations for LBM as it is known today.

The LBM is based on the numerical modelling of the Boltzmann equation [21].
Though the Boltzmann equation describes the dynamics of a gas in the mesoscale,
it can be easily related and extended to the macroscale, thereby broadening the
scope of the method to include heat and mass transfer, chemical kinetics, fluid me-
chanics and more.

The LBM tracks the variability of the probabilistic particle distribution function
𝑓(𝐱, 𝜺, 𝑡) across a discrete lattice mesh. Here, 𝐱, 𝜺, 𝑡 correspond to the position vec-
tor, microscopic velocity vector and time respectively. Since the method uses a
discrete lattice mesh, the simplicity of CA is retained while allowing more complex
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scenarios to be modelled.

2.3.1. LBM for single-phase flow
As mentioned in the previous section, the LBM can be numerically related to the
Navier-Stokes equation through the Boltzmann equation. There are numerous ad-
vantages in simulating fluid flow using the LBM, and many of them stem from the
inherent simplicity of the model through its usage of discrete lattice sites and the
Boltzmann equation. The Navier-Stokes equation need not be solved and this saves
a considerable amount of time and effort. This also has a strong physical basis be-
cause of the well-established Boltzmann equation [21, 18]. LBM was found to be
second-order accurate for the weakly compressible Navier-Stoke equation.

In traditional methods, the non-linear advection term 𝑢 ⋅ ∇𝑢 is difficult to dis-
cretize as these derivative approximations need to be determined non-linearly. In
LBM, however, the non-linearity is located in a local collision process within each
node, thereby ensuring that the particle description is local and within the node
themselves [21]. Therefore, its localised approach makes the LBM very amenable
to parallelization.

Even though the method uses a simple lattice mesh, it can be easily extended
to complex geometries and also conserves mass in such flows [22]. Moving bound-
aries can be implemented in a such manner that the mass is conserved [23]. The
mesoscale nature of LBM makes it very suitable for microfluidics [10, 24]. Thermal
fluctuations and aeroacoustics can also be simulated by LBM [21].

Since the LBM models the fluid in terms of particle distributions, the particle
motions need to be accordingly related to the macroscopic fluid motions. These
distribution functions at a particular node can be easily correlated to the fluid prop-
erties through the weighted sum of the Particle Distribution Functions (PDF) in each
direction:

𝜌(𝐱, 𝑡) =∑
𝑖
𝑓𝑖(𝐱, 𝑡)

𝜌𝐮(𝐱, 𝑡) =∑
𝑖
𝐞𝑖𝑓𝑖(𝐱, 𝑡)

(2.4)

Here, 𝑖 refers to the direction of the discrete PDF and 𝑒𝑖 is the discrete veloc-
ity along the 𝑖th direction. Discrete velocity models are specified as D𝑛Q𝑚, where
𝑛 is the dimension and 𝑚 represents the number of possible directions [21, 25].
Commonly used models include D2Q7, D2Q9, D3Q15 and D3Q15, all of which are
illustrated in Figure 2.3. For the D2Q9 model, the discrete velocities are given by:

[𝐞0 𝐞1 𝐞2 𝐞3 𝐞4 𝐞5 𝐞6 𝐞7 𝐞8] = 𝑐 [
0 1 0 −1 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1]
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Figure 2.3: Discrete velocity models [25] a) D2Q7 b)D2Q9 c) D3Q15 d) D3Q19

Here 𝑐 = Δ𝑥
Δ𝑡 is the lattice speed, where Δ𝑥 is defined as 1 lattice unit and Δ𝑡 is

the time step. The PDFs are streamed or propagated to the neighbouring nodes.
This is akin to the fluid flowing across the domain and this streaming step at each
time step is given by the following equation [21]:

𝑓𝑖(𝐱 + 𝐞𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓
′
𝑖 (𝐱, 𝑡) (2.5)

𝑓′𝑖 (𝐱, 𝑡) corresponds to the post-collision distribution function of the previous
iteration. The collision or relaxation step basically represents the gas particles col-
liding with each other, and this can be likened to any form of resistance to the
flow. The viscosity of the fluid manifests in this term in the form of relaxation time.
Generally, the collision step is derived from the Bhatnagar-Gross-Kook (BGK) ap-
proximation of the Boltzmann equation [26] :

𝑓𝑖(𝐱 + 𝐞𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓𝑖(𝐱, 𝑡) −
Δ𝑡
𝜏 (𝑓𝑖(𝐱, 𝑡) − 𝑓

𝑒𝑞
𝑖 (𝐱, 𝑡)) + 𝑆𝑖(𝐱, 𝑡) (2.6)
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where 𝑆𝑖(𝐱, 𝑡) is the source term added to the LBM equation, and this could be
used to implement forces such as gravity. 𝜏 is the relaxation time and is related to
the kinematic viscosity of the fluid by the following equation:

𝜈 = 𝑐2𝑠 (𝜏 − 0.5Δ𝑡) (2.7)

𝑐2𝑠 is the speed of sound and is linked to the lattice speed by 𝑐2𝑠 = 𝑐2/3. The equi-
librium distribution function is generally calculated as [21]:

𝑓𝑒𝑞𝑖 (𝐱, 𝑡) = 𝑤𝑖𝜌 [1 +
𝐞𝑖 ⋅ 𝐮
𝑐2𝑠

+ (𝐞𝑖 ⋅ 𝐮)
2

2𝑐4𝑠
− 𝐮2
2𝑐2𝑠

] (2.8)

𝑤𝑖 are the weights accorded to each direction, and for the D2Q9 model, the weights
are given by :

𝐰 = {
𝑤0 =

4
9

𝑤1−4 =
1
9

𝑤5−8 =
1
36

(2.9)

2.3.2. LBM for Multiphase Flow
The LBM has quickly developed into a very useful tool for simulating multiphase
flows. In addition to the advantages when simulating single-phase flows, many
multiphase LBM methods do not involve an explicit interface tracking step, thereby
significantly reducing the computational load [25]. Since this is a fairly new simula-
tion technique for multiphase flows, a wide range of models have been developed
for different cases and are still undergoing amendments today. All the deficiencies
associated with the multiphase LB models, such as the development of spurious
currents at the interface [27, 28] and problems when simulating fluids of high den-
sity/viscosity ratio [25], are slowly being corrected to expand the range of LBM.

As mentioned before, there are a variety of Lattice Boltzmann models to choose
from for multiphase flow. Among these, the most common are the Shan-Chen (SC)
model developed by Shan and Chen [29], the colour-gradient or Rothman-Keller
(RK) model developed by Gunstensen et al [30] and the free-energy model devel-
oped by Swift et al [31]. Modifications have been made to these basic models to
broaden their application.

In the SC model, a forcing term is incorporated into the Lattice Boltzmann equa-
tion, replacing the ideal gas equation in single-phase LBM with a non-ideal, non-
monotonic equation of state. It can be implemented in the form of a single compo-
nent, where both fluids are represented by a single PDF, or by multiple components,
where each fluid has its own PDF [25]. The forcing term in the model can be re-
lated to the surface tension of the fluids, and the adhesive forces between the solid
surface and the liquid.
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The SC model is the most intuitive of the options and the least time-consuming.
It also allows density ratios of O(10), which can go up to O(100) with modifications.
The surface tension depends on the density and viscosity ratios, though, and this
makes the model a lot less flexible. Additionally, the accuracy of the model is lim-
ited as spurious currents are generated at the interface [25, 27].

The RK model represents each fluid using different “colours”, where one com-
ponent is a red-coloured fluid and the other is a blue-coloured fluid. The collision
step in this case is modified to include a perturbation step, where the surface ten-
sion of the two fluids is applied. In addition to this, there is a redistribution step
which ensures that the two fluids remain immiscible. One major advantage of this
method is that surface tension and density ratios can be adjusted independently,
unlike the other multiphase LBM methods. This makes the RK model a lot more
flexible. The accuracy of the method is also very high, though it is very difficult
for it to be implemented for fluids with high density and viscosity ratios [32, 25],
although improvements are being made in this direction [33]. Spurious velocities
are also observed at low Capillary numbers [33, 34], similar to methods such as
Volume of Fluid [35].

To ensure thermodynamic consistency, Swift et al [31] incorporated the thermo-
dynamic free energy into the pressure tensor in the Navier-Stokes equation, thus
revising the equilibrium distribution function. A non-ideal equation of state is used
for the free-energy density which in turn is used to determine the pressure. This
model is similar to the phase-field method in its implementation of surface tension
[36] which improves the accuracy of the model as it tracks changes in the diffuse
interface through the order parameter. Higher density and viscosity ratios can also
be simulated. The issue of Gallilean invariance is present in this model, though
some papers have rectified that issue [37].

There are other models which are gaining ground, such as the one developed
by Inamuro et al [38], He et al [39] and Santos et al [40]. However, these mod-
els either involve the solving of the Poisson equation for pressure or tracking the
interface through a separate equation, thus overriding the advantages of LBM by
making it more computationally expensive.

For our case of liquid-liquid flow in a Y-shaped channel, the RK model is cho-
sen. Since we are dealing with liquids here, high density and viscosity ratios aren’t
necessary. Even if that is the case, modifications have been made to the equations
by Ba et al [41] and Leclaire et al [33]. Leclaire et al [42] compared the RK and
SC models for shear deformation of a droplet and terminal velocity of a rising bub-
ble, and observed that though both models captured the flow phenomena, the RK
model was more accurate. Additionally, the numerical parameters in the RK model
were easier to adjust, whereas the SC required a new set of parameters for each
case, and there is no direct method to determine the appropriate value of these
parameters.
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Though the problem associated with numerical parameters isn’t as pronounced
in the free-energy model as it is in the SC model, numerical parameters such as
mobility and chemical potential aren’t independent of fluid parameters, and these
introduce numerical dimensionless numbers. Komrakova et al [36] identified these
dimensionless numbers as the Peclet and Cahn numbers and studied the limits of
stability for droplet deformation and breakup in shear flow. Though they narrowed
down the ranges of these dimensionless numbers, the flexibility of the model is still
limited as some reference data is needed to confirm the choice of Cahn and Peclet
numbers. Additionally, the free-energy model is similar to the phase-field method,
and the phase-field method was found to be less successful by Zheng Liu [43] in
capturing leakage. Thus, the simplicity, flexibility and ease of application for liquid-
liquid flows makes the RK model an attractive choice.

2.3.3. RK Model for Two-Phase Flow
The RK model used in this paper is similar to the one used by Ba et al [44] and
Halliday et al [34]. The two immiscible fluids are represented as ”colours”, with each
of these fluids has its own distribution function represented by 𝑓𝑘𝑖 , where 𝑖 is the
lattice velocity direction and 𝑘 corresponds to the 𝑘th fluid. The total distribution
is the sum of these two distributions. The evolution of the distribution function is
given by :

𝑓𝑘𝑖 (𝐱 + 𝐞𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓𝑘𝑖 (𝐱, 𝑡) + Ω𝑘𝑖 (𝑓𝑘𝑖 (𝐱, 𝑡)), (2.10)

where 𝐱 and 𝑡 are the position and time, 𝐞𝑖 is the lattice velocity in the 𝑖th direction,
Δ𝑡 is the time step and Ω𝑘𝑖 is the collision operator. The collision operator consists
of three parts :

Ω𝑘𝑖 = (Ω𝑘𝑖 )(3)[(Ω𝑘𝑖 )(1) + (Ω𝑘𝑖 )(2)]. (2.11)

(Ω𝑘𝑖 )(1) is the standard single-phase collision operator, (Ω𝑘𝑖 )(2) is the Pertubation
Operator (PO) responsible for the interfacial tension and (Ω𝑘𝑖 )(3) is the redistribu-
tion operator which ensures that the two phases remain separated and the interface
is maintained.

The Bhatnagar-Gross-Krook (BGK) operator for single-phase collision is similar
to that described in Equation 2.12.

𝑓𝑘𝑖 (𝐱 + 𝐞𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓𝑘𝑖 (𝐱, 𝑡) −
Δ𝑡
𝜏 (𝑓

𝑘
𝑖 (𝐱, 𝑡) − 𝑓

𝑘,𝑒𝑞
𝑖 (𝐱, 𝑡)), (2.12)

The macroscopic parameters for the individual fluids can be obtained from the dis-
tribution functions:

𝜌𝑘 =∑
𝑖
𝑓𝑘𝑖

𝜌𝐮 =∑
𝑖
∑
𝑘
𝐞𝑖𝑓𝑘𝑖 ,

(2.13)
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where 𝜌 = ∑𝑘 𝜌𝑘 is the density of the fluid mixture and 𝐮 is the fluid velocity. We use
the modified equilibrium distribution function proposed by Ba et al [44] to account
for the error terms in the Chapman-Enskog expansion of the RK model [32].

𝑓𝑘,𝑒𝑞𝑖 (𝜌𝑘 , 𝐮) = 𝜌𝑘 (𝜙𝑘𝑖 +𝑤𝑖 [
𝐞𝑖 ⋅ 𝐮
𝑐2𝑠

{1 + 0.5 ((𝑐
𝑘
𝑠 )2
𝑐2𝑠

− 1)(𝐞
2
𝑖
𝑐2𝑠
− 4)} + (𝐞𝑖 ⋅ 𝐮)

2

2𝑐4𝑠
− 𝐮𝟐
2𝑐2𝑠

]) .

Here, 𝜙𝑘𝑖 is a parameter related to the density ratio of the fluid and is defined
as:

𝜙𝑘𝑖 = {
𝛼𝑘 , 𝑖 = 0
(1 − 𝛼𝑘)/5, 𝑖 = 1, 2, 3, 4
(1 − 𝛼𝑘)/20, 𝑖 = 5, 6, 7, 8.

(2.14)

𝛼𝑘 is a free parameter related to the speed of sound in each fluid by (𝑐𝑘𝑠 )2 =
3𝑐2
5 (1 − 𝛼

𝑘), and to the pressure in each phase through the equation of state,
𝑝𝑘 = 𝜌𝑘(𝑐𝑘𝑠 )2 [32]. The density ratio is therefore related to 𝛼 by :

𝜌R
𝜌B =

1 − 𝛼B
1 − 𝛼R . (2.15)

Since we are concerned with the two fluids of different viscosity, the relaxation
times at the diffuse interface should be defined accordingly. We adopt the following
scheme defined by Huang et al [32].

𝜏(𝐱) =
⎧⎪
⎨⎪⎩

𝜏R, 𝜌N > 𝛿
𝑠1 + 𝑠2𝜌N + 𝑠3(𝜌N)2, 𝛿 ≥ 𝜌N > 0
𝑡1 + 𝑡2𝜌N + 𝑠3(𝜌N)2, 0 ≥ 𝜌N ≥ −𝛿
𝜏B, 𝜌N < −𝛿,

(2.16)

where 𝑠1 = 𝑡1 = 2
𝜏B𝜏R
𝜏B+𝜏R , 𝑠2 = 2

𝜏R−𝑠1
𝛿 , 𝑠3 =

−𝑠2
𝛿 , 𝑡2 = 2

𝜏B+𝑠1
𝛿 , 𝑡3 =

−𝑡2
𝛿 . 𝛿 ≤ 1 is

a free and positive parameter that affects the interface thickness, and is normally
taken to be 0.98. 𝜌N is the phase field/colour function indicating how much each
fluid is located at a given node. It is defined as :

𝜌N(𝐱, 𝑡) = 𝜌R(𝐱, 𝑡) − 𝜌B(𝐱, 𝑡)
𝜌R(𝐱, 𝑡) + 𝜌B(𝐱, 𝑡) , −1 ≤ 𝜌N ≤ 1. (2.17)

The PO is similar to the one defined by Guo et al[45] and reads as follows:

(Ω𝑘𝑖 )(2) = 𝐴𝑘𝑤𝑖 (1 −
1
2𝜏𝑘 ) [

𝐞𝑖 − 𝐮
𝑐2𝑠

+ (𝐞𝑖 ⋅ 𝐮)𝐞𝑖𝑐2𝑠
] ⋅ 𝐅𝑠Δ𝑡 (2.18)

where 𝐴𝑘 is the fraction of the interfacial tension contributed by the fluid 𝑘, and
∑𝑘 𝐴𝑘 = 1. 𝐅𝑠 is the body force term which is used to implement the interfacial
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tension. Using the Continuum Surface Force (CSF) model of Brackbill et al [46],
this term can be expressed as :

𝐅𝑠 =
1
2𝜎𝐾∇𝜌

N. (2.19)

Here, 𝜎 is the surface tension coefficient which can be directly implemented
in the model, and 𝐾 is the local curvature of the interface 𝐾 = −∇S ⋅ 𝐧, with
∇S = (𝐈 − 𝐧𝐧) ⋅ ∇ being the surface gradient operator and 𝐧 the outward-pointing
unit normal vector of the interface which is given by:

𝐧 = ∇𝜌N
|∇𝜌N| (2.20)

The curvature of the interface in 2D is given by:

𝐾 = 𝑛𝑥𝑛𝑦 (
𝜕
𝜕𝑦𝑛𝑥 +

𝜕
𝜕𝑥𝑛𝑦) − 𝑛

2
𝑥
𝜕
𝜕𝑦𝑛𝑦 − 𝑛

2
𝑦
𝜕
𝜕𝑥𝑛𝑥 (2.21)

The local fluid velocity needs to be modified to accommodate the spatially vary-
ing body force [45].

𝜌𝐮 =∑
𝑖
∑
𝑘
𝐞𝑖𝑓𝑘𝑖 (𝐱, 𝑡) + 0.5𝐅𝑠Δ𝑡 (2.22)

Finally, we have the redistribution step, (Ω𝑘𝑖 )(3), which is applied to enhance
phase separation of the two fluids [47].

𝑓𝐑𝑖 =
𝜌R
𝜌 𝑓

′
𝑖 (𝐱, 𝑡) + 𝛽

𝜌R𝜌B
𝜌2 cos(𝜑𝑖)|𝐞𝑖|∑

𝑘
𝑓𝑘,𝑒𝑞𝑖 (𝜌𝑘 , 𝛼𝑘 , 𝐮 = 0)

𝑓𝐁𝑖 =
𝜌B
𝜌 𝑓

′
𝑖 (𝐱, 𝑡) − 𝛽

𝜌R𝜌B
𝜌2 cos(𝜑𝑖)|𝐞𝑖|∑

𝑘
𝑓𝑘,𝑒𝑞𝑖 (𝜌𝑘 , 𝛼𝑘 , 𝐮 = 0),

(2.23)

where 𝛽 is a numerical parameter which influences numerical stability and in-
terface thickness. A value of 0.7 is used for 𝛽, which is the most common value
mentioned in literature as it provides the best balance between accuracy, stability
and spurious velocities [41, 48]. 𝜑𝑖 is the angle between the phase field gradient
and the lattice direction, and it is given by:

cos(𝜑𝑖) =
𝐞𝑖 ⋅ ∇𝜌N
|𝐞𝑖||∇𝜌N|

(2.24)

The partial derivatives for the phase-field gradient and curvature are calculated
using a 9-point finite different stencil as evaluated for any variable 𝜓 by Liu et al
[49].

𝜕𝜓(𝐱)
𝜕𝑥𝛾

= 1
𝑐2𝑠
∑
𝑖
𝑤𝑖𝜓(𝐱 + 𝐞𝑖Δ𝑡)𝑒𝑖𝛾 . (2.25)
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2.3.4. Boundary Conditions
In a discrete lattice mesh, three kinds of nodes are possible as depicted in Figure
2.4 [21]. The fluid nodes refer to the bulk where the Lattice Boltzmann equation
is applied. At the solid nodes, no equation is solved. The boundary nodes provide
the link between the fluid and solid nodes, and these require some special steps to
apply the no-slip Boundary Condition (BC) or an inlet/outlet BC.

Figure 2.4: Various nodes in a lattice mesh [21]

At the boundary nodes, the PDF in some directions are unknown because there
is no streaming from the solid node to the fluid node. In the case of stationary
walls, the no-slip and no-penetration BCs are applied through the mid-way bounce-
back method [21, 22]. The populations striking a rigid wall are reflected back to
their original positions, thereby determining the unknown distribution functions in
those directions. This process is illustrated in Figure 2.5 for a population moving
along the positive x-axis towards a wall. The standard streaming step is replaced
by the following formula:

𝑓 ̄𝑖(𝐱𝑏 , 𝑡 + Δ𝑡) = 𝑓
′
𝑖 (𝐱𝑏 , 𝑡) (2.26)

where 𝑥𝑏 is the location of the boundary node, ̄𝑖 corresponds to the direction
opposite to 𝑖, and 𝑓′𝑖 is the post-collision distribution function before the streaming
step. From this equation, we can see that the populations are reflected back with
the same velocity but in the opposite direction. For straight and flat boundaries,
the bounceback method is second-order accurate.

However, this method presupposes the position of the wall to be located exactly
halfway between two nodes. This is not the case for inclined walls and curved
boundaries. For those cases, a staircasing technique is used to represent the non-
flat boundary [22]. Naturally, this reduces to accuracy of the method to first-order
for non-flat boundaries [21].

Numerous alternatives for non-flat boundaries have been proposed, such those
by Guo et al [45], Bouzidi et al [50], Rohde et al [51], Mei et al [52] and Chun and
Ladd [53]. However, few of these methods have been used for multiphase flow,
and these introduce deficiencies such as larger spurious velocities when dealing with
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Figure 2.5: Illustration of the midway bounceback method [21]

multiphase flow. Most multiphase papers dealing with curved or inclined bound-
aries have therefore only used the midway bounceback method [54, 55, 56, 57].

For velocity inlets, the method described by Ladd [23] is used, which is an ex-
tension of the bounceback method. This implies that the particles gain a given
amount of momentum after getting reflected. The PDFs are thus described near
the inlet boundary as follows:

𝑓 ̄𝑖(𝐱𝑏 , 𝑡 + Δ𝑡) = 𝑓
′
𝑖 (𝐱𝑏 , 𝑡) − 2𝑤𝑖𝜌w

𝐞𝑖 ⋅ 𝐮w
𝑐2𝑠

(2.27)

The subscript w indicates the inlet location, with 𝐮w being the inlet velocity. The
density 𝜌w is generally taken as the local density at the boundary node [21]. In the
case of the outlet BC, a pressure BC is normally used for single-phase flow. How-
ever, since the pressure is linked to density, this is difficult to apply for multiphase
flow. Huang et al [58] developed a method to apply the pressure BC based on the
wet node bounceback technique of Zou and He [59]. They applied this method
only for fluids of the same density, however, and large-amplitude oscillations are
observed at the outlet when a fluid of different density passes through it [60].

A better outlet BC for multiphase flows is the application of the fully developed
condition at the outlet. Lou et al [61] investigated the performances of three dif-
ferent outlet BCs - the Neumann, convective and extrapolation BC - in multiphase
flow for various cases such as a moving droplet in a long channel and the same
droplet in a channel with an obstacle. They observed that the convective BC gave
the best results in terms of accuracy and stability, and that’s what we have used
for our outlet BC. The formulation of the convective BC at 𝑥=N, with N being the
outlet location, is given by:

𝜕𝜒
𝜕𝑡 + 𝑈

𝜕𝜒
𝜕𝑥 = 0 (2.28)

𝜒 refers to any quantity such as 𝑓, and 𝑈 is the velocity normal to the bound-
ary whose value can be either the maximum velocity of the nodes closest to the
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boundary, the local velocity of the boundary node or the average velocity of (N-1)th
layer near the boundary. Lou et al [61] compared these three schemes as well, and
found that the averaging scheme gave the most accurate results, which is exactly
what we have used as well. In the mesoscale, this equation can be written for 𝑥=N
as:

𝑓𝑖(𝑁, 𝑡 + Δ𝑡) =
𝑓𝑖(𝑁, 𝑡) + 𝜆𝑓𝑖(𝑁 − 1, 𝑡 + Δ𝑡)

1 + 𝜆 /, (2.29)

with 𝜆 = 𝑈(𝑡 + Δ𝑡)Δ𝑡/Δ𝑥.

2.3.5. Contact Angle at an Inclined Plane
This subsection details the contact angle implementation at the boundary. Gener-
ally, the contact angle is applied by specifying a fictitious density at the boundary
that is related to the contact angle [62]. However, this method is not only inaccu-
rate, but it also induces spurious velocities [63]. A better approach was developed
by Liu et al [64] based on a geometric formulation proposed by Ding and Spelt [65].
The method was found to conserve mass and give accurate results. However, this
method is applicable only for flat boundaries.

A recent approach for applying contact angle in non-flat or inclined boundaries
was developed by Leclaire et al [28] and later modified by Xu et al [48] for greater
accuracy and stability. According to this approach, the lattice nodes are divided
into 4 categories (shown in Figure 2.6):

• 𝐶FB: the nodes which are located in the fluid domain and in contact with at
least one node in the solid domain

• 𝐶FL: the nodes which are located in the fluid domain and not in contact with
any node in the solid domain

• 𝐶SB: the nodes which are located in the solid domain and in contact with at
least one node in the fluid domain

• 𝐶SL: the nodes which are located in the solid domain and not in contact with
any node in the fluid domain

The color gradient ∇𝜌N for the points at 𝐶FB requires the phase field at 𝐶SB
according to the 9-point stencil in Equation 2.25. The contact angle is implemented
at 𝐶FB through the modification of the colour gradient. The colour gradient is
modified in such a way that the interface normal is at an angle 𝜃 as shown in
Figure 2.7. The value of the phase field at 𝐶SB is first obtained through a weighted
average of its nearest fluid node neighbours.

𝜌N𝑆𝐵 =
∑(𝑖∶𝐱+𝐞𝑖Δ𝑡 ∈𝐶FB) 𝑤𝑖𝜌

N(𝐱 + 𝐞𝑖Δ𝑡)
∑(𝑖∶𝐱+𝐞𝑖Δ𝑡 ∈𝐶FB) 𝑤𝑖

(2.30)
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Figure 2.6: Representation of the lattice nodes used in implementing the contact angle in a lattice
grid. The fluid is encased within a circular boundary in this case for the sake of representation. Red
circles point to the fluid nodes, with the filled nodes corresponding to 𝐶FL and the open circles
corresponding to 𝐶FB. The blue triangles represent the solid nodes, with the filled nodes

corresponding to 𝐶SB and open nodes corresponding to 𝐶SL.

The colour gradient at 𝐶FB can now be determined using Equation 2.25. Since
the phase field determined at 𝐶SB is an estimate, the colour gradient at 𝐶FB is also
an estimate. Thus, the normal at the interface is also an estimate. ∇𝜌N∗ (Figure
2.7). The predicted unit normal at the interface is given by:

𝐧∗ = ∇𝜌N∗

|∇𝜌N∗ | (2.31)

This predicted normal is compared to the two interface normals, 𝐧𝟏 and 𝐧𝟐. The
interface normals are determined from the normal perpendicular to the surface 𝐧𝐬
and contact angle. The surface normal is given by :

𝐧𝐬 =
∑𝑙 𝑤 (|𝑐𝑙|2) 𝑠(𝐱 + 𝑐𝑙Δ𝑡)𝑐𝑙
|∑𝑙 𝑤 (|𝑐𝑙|2) 𝑠(𝐱 + 𝑐𝑙Δ𝑡)𝑐𝑙|

, 𝐱 ∈ 𝐶FB (2.32)

where 𝑐𝑙 is the 𝑙th mescoscopic velocity associated with the isotropic discretiza-
tion, 𝑠(𝐱) is an indicator function that equals 1 for 𝐱 ∈ 𝐶S and 0 elsewhere, and
𝑤 (|𝑐𝑙|2) is the weight function associated with the discretization . An eight-order
discretization is used to minimize spurious velocities. The weights associated with
these discretizations are the same as those specified in Sbragaglia et al [66]. Two
interface normal vectors are possible for a given contact angle, and these can be
determined from the surface normal.

𝐧𝟏 = (𝑛𝑠,𝑥cos𝜃 − 𝑛𝑠,𝑦sin𝜃, 𝑛𝑠,𝑦cos𝜃 + 𝑛𝑠,𝑥sin𝜃)
𝐧𝟐 = (𝑛𝑠,𝑥cos𝜃 + 𝑛𝑠,𝑦sin𝜃, 𝑛𝑠,𝑦cos𝜃 − 𝑛𝑠,𝑥sin𝜃)

(2.33)
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Figure 2.7: Image of the wetting boundary condition. 𝐧𝐬 is the unit vector normal to the wall, 𝐧𝟏 and
𝐧𝟐 are the two interface normals, 𝐧∗ is the predicted normal and 𝜃 is the contact angle.

The appropriate unit normal vector is chosen by calculating the Euclidean dis-
tances 𝐷1 and 𝐷2 from the predicted normal, and then selecting the correct interface
normal.

𝐧 = {
𝐧𝟏, 𝐷1 < 𝐷2
𝐧𝟐, 𝐷1 > 𝐷2
𝐧𝐬, 𝐷1 = 𝐷2

(2.34)

The modified colour gradient is obtained by ∇𝜌N = |∇𝜌N∗| 𝐧. The results from
the RK model and the modifications made to it will be further discussed in Chapter 3.

2.4. Mass Transfer in Multiphase Flow
The transport of species in multiphase flow is governed by the Convection-Diffusion
Equation (CDE) [67, 68]. The conservative form of the CDE describing the concen-
tration of species 𝑖 is given by:

𝜕𝑐𝑖
𝜕𝑡⏟

Transient term

= ∇ ⋅ ( 𝐷∇𝑐𝑖⏟
Diffusive

− 𝐮𝑐𝑖⏟
Convective

) + 𝑆𝑖⏟
Source / Sink

(2.35)

where 𝑐𝑖 is the concentration of the species 𝑖, 𝐷 is the diffusion coefficient,
𝑢 is the velocity of the fluid and 𝑆𝑖 is the source/sink term which corresponds to
the generation/destruction of the species. Both the convective and diffusive terms
compete with one another, and a measure of the dominant phenomenon is given by
the Peclet number, which is the ratio of convective and diffusive mass transfer [69].

𝑃𝑒 = 𝑢𝐿
𝐷 (2.36)

where 𝐿 is the characteristic length of the flow. Like the Navier-Stokes equa-
tions, Equation 2.35 is solved based on the approximations and boundary conditions
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prescribed for a given problem. This thesis studies parallel flow, so the mass trans-
fer equations described in the following section will correspond to parallel flow as
well.

2.4.1. Mass Transfer for Parallel Flow

Figure 2.8: Mass transfer for parallel flow along the x direction. The interface is located at y=h. The
species is located in the aqueous phase and will be transferred to the organic phase.

Figure 2.8 illustrates the mass transfer case for 3D parallel flow. The species is
located in the aqueous phase and it will be extracted to the organic phase. To solve
Equation 2.35 for parallel flow, the following assumptions and approximations are
made:

1. Flow is laminar and fully developed.

2. Flow is steady.

3. The diffusion along the x direction can be neglected. This is because the 𝑃𝑒 is
of O (104), which indicates that convective transport dominates over diffusive
transport.

4. Convection along the y and z directions can be neglected, as the velocity along
the lateral directions is negligible in the case of parallel flow.

5. The interface is assumed to be straight even though it is curved in reality
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Based on the figure and these assumptions, Equation 2.35 can be simplified to
the following form:

𝐮𝜕𝑐𝜕𝑥 = 𝐷 (
𝜕2𝑐
𝜕𝑦2 +

𝜕2𝑐
𝜕𝑧2) (2.37)

In 2D, the equation is further simplified to:

𝐮𝜕𝑐𝜕𝑥 = 𝐷
𝜕2𝑐
𝜕𝑦2 (2.38)

The boundary conditions (BC) applied are no species penetration at the adia-
batic walls and an initial boundary condition at the inlet. The no-penetration BC
ensures that there is no diffusion across the wall and is given by:

𝜕𝑐
𝜕𝑦 = 0, at 𝑦 = 𝑦1 & 𝑦 = 𝑦2
𝜕𝑐
𝜕𝑧 = 0, at 𝑧 = 𝑧1 & 𝑧 = 𝑧2

(2.39)

At the inlet, the following boundary condition is applied:

𝑐 = 𝑐in, 𝑥 = 0, 𝑦1 ≤ 𝑦 ≤ ℎ, 𝑧1 ≤ 𝑧 ≤ 𝑧2
𝑐 = 0, 𝑥 = 0, ℎ ≤ 𝑦 ≤ 𝑦2, , 𝑧1 ≤ 𝑧 ≤ 𝑧2

(2.40)

For the problem to be fully bounded, a boundary condition at the interface needs
to be defined. If there’s no chemical reaction taking place at the interface, then
the discontinuity at the interface is resolved by using the distribution ratio. This is
nothing but a relative measure of the affinity of the species for the fluids. In this
case, the interfacial BC is given by [69]:

𝑐aq = 𝐾𝑐org

−𝐷aq
𝜕𝑐aq
𝜕𝑦 = −𝐷org

𝜕𝑐org
𝜕𝑦

(2.41)

where 𝐾 is the distribution ratio, and the subscripts ‘aq’ and ‘org’ correspond to
the aqueous and organic phases respectively. This condition is applied even when
there’s a chemical reaction taking place in one of the phases [67]. However, when
the chemical reaction takes place only at the interface and does not extend to the
individual phases, the interfacial BC has to be modified [70, 71]. The interfacial
reaction and boundary condition will be discussed in Chapter 6.

2.5. Finite Difference Method
Equations 2.37 and 2.38 are solved using the Finite Difference Method (FDM). FDM
is a numerical technique that solves differential or partial differential equations by
approximating derivatives using finite differences [72]. These finite differences are
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usually evaluated using Taylor’s series expansion at the point of consideration. The
physical space is first discretized into nodes in a grid. If we consider the simplest
1D case in a grid with the distance between each node being Δ𝑥, the forward finite
difference (FD) of the quantity 𝑓 at the node 𝑗 is given by [72]:

𝜕𝑓
𝜕𝑥𝑗

=
𝑓(𝑥𝑗+1) − 𝑓(𝑥𝑗)

Δ𝑥 (2.42)

where the subscripts denote the location where the quantity is being evaluated.
Similarly, the backward FD is given by:

𝜕𝑓
𝜕𝑥𝑗

=
𝑓(𝑥𝑗) − 𝑓(𝑥𝑗−1)

Δ𝑥 (2.43)

Both these approximations have truncation errors of order Δ𝑥, which implies that
the error scales linearly with the grid refinement. The central FD approximation has
a higher order of accuracy (Δ𝑥2), so it is more frequently used than the forward
and backward FDs [72].

𝜕𝑓
𝜕𝑥𝑗

=
𝑓(𝑥𝑗+1) − 𝑓(𝑥𝑗−1)

2Δ𝑥 (2.44)

For solving equations 2.38 and 2.37, the backward FD is applied along the x di-
rection and central FD is applied for all the other derivatives, similar to the method
used by Malengier et al [69]. Since the inlet condition is applied at 𝑥 = 0, it was
more convenient to apply backward FD along the x direction instead of defining a
ghost node for central FD. If we consider the 2D case, Equation 2.35 is discretized
as follows:

𝑢𝑖+1,𝑗
𝑐𝑖+1,𝑗 − 𝑐𝑖,𝑗

Δ𝑥 = 𝐷
𝑐𝑖+1,𝑗+1 − 2𝑐𝑖+1,𝑗 + 𝑐𝑖+1,𝑗−1

Δ𝑦2 (2.45)

Here, 𝑖 corresponds to the nodes along the x direction and 𝑗 corresponds to the
nodes along the y direction. This method is used in Chapter 6 and the validation
will be discussed in further detail in the same chapter.
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3
Rothman-Keller Simulations
of Flow Phenomena in a Y-Y
microfluidic channel at Low

Capillary Numbers

The common flow phenomena observed in microchannels were discussed in Chapter
1. To have a greater understanding of these flow phenomena, besides experimental
evidence, numerical simulations are necessary. Numerous numerical studies have
been conducted on microchannels to supplement the results obtained from the ex-
periments. Some of the methods used for simulation include Volume of Fluid (VOF)
[1], Level-Set (LS) [2], Phase-Field [3] and Lattice Boltzmann methods (LBM) [4].
Generally, these studies see if the overall flow map can be reproduced, with some
studying slug flow in more detail [5, 6, 7]. However, there are very few studies
which numerically simulate the phenomenon of leakage, and the phase-field simu-
lations of Liu [3] were unsuccessful in completely capturing the phenomenon.

Two key advantages of the LBM which accounts for its increased usage in multi-
phase simulations [4, 8, 9] are its high degree of localization and lack of interfacial
tracking[10]. Its localization makes it easily amenable to parallelization [11]. The
lattice mesh can be extended to complex geometries and the mesoscale nature of
LBM makes it very suitable for micro-fluidics [12]. Since the phase-field method
was unable to capture leakage successfully, the LBM is thus adopted for this study.
Specifically, the RK model is used, the reasons for which are already elucidated in
Chapter 2.

Multiphase channel flow simulations have been performed using the LBM for T
channels [13, 8] and cross junction channels [4, 14]. Most of these papers have
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considered mainly the case of droplet generation and development in a channel,
with few like the paper by Liu et al [4] showing parallel flow as a proof-of-concept,
but not exploring further. The geometries considered in LB simulations are gen-
erally rectangular, and the outlet section of the channels is rarely modelled. The
outlet sections of the channels are especially important when studying parallel flow,
as leakage of one fluid into the outlet of another should be avoided in extraction
applications. Some papers, like the one by Yu et al [15], modified the cross chan-
nel inlets to make it inclined, but they simulated only droplet flow and operated at
higher Capillary numbers.

Considering the use of Y-Y micro-channels in a large number of micro-fluidic
studies, especially those involving radioisotope extraction [16, 17, 18], it is impera-
tive to study the factors affecting the flow phenomena in a Y-Y channel numerically.
Most LBM papers study such flows at higher Capillary numbers ranging from 0.001
to 1 [19, 20, 4, 15], while many flows occur at lower Capillary numbers [3, 21, 22].
Thus, this chapter studies the capability of the LBM, specifically the RK model, to
simulate the flow phenomena, especially parallel flow and leakage, across a range
of low Capillary numbers. The implementation of surface tension will be looked into
to understand the workings of the model when dealing with such geometries and
Capillary numbers, and a solution is proposed to enhance the effectiveness of the
RK model at such Capillary numbers. VOF and Phase-Field method will be com-
pared with the RK model to examine the capabilities of the simulation methods in
each flow regime.

The R-K model was previously discussed in Chapter 2. In this chapter, the sur-
face tension implementation is modified to improve the model’s ability to capture
flow phenomena at low Capillary numbers. This modification, along with the VOF
model, will be discussed in the next section. Then, the utility of this model is dis-
cussed by comparing it with the experiments of Graaf et al [8]. Finally, the older RK
model, modified RK model, VOF and phase-field method are compared based on
their accuracy in reproducing the flow maps and individual flow regimes observed
in the experiments of Liu [3].

3.1. Methodology
3.1.1. RK model
The RK model used in this chapter is mostly the same as that discussed in Chap-
ter 2. The difference lies in the perturbation operator, especially in Equation 2.22,
where the velocity is modified. Here, we propose a different velocity modification
as follows:

𝜌𝐮 =∑
𝑖
∑
𝑘
𝐞𝑖𝑓𝑘𝑖 (𝐱, 𝑡) + 𝑚𝐅𝑠Δ𝑡, 𝑚 = {

1
2 ,Guo approach
0,Current approach (3.1)
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Guo et al [23] mentions that both the equilibrium (u∗) and local fluid veloci-
ties (u) need to be modified (Equation 2.22) for the model to correctly capture the
Navier-Stokes equations and accommodate for spatial and temporal variations of
the momentum with the CSF term (Equation 2.19). However, this modification,
along with the CSF term, introduces spurious currents [24]. These spurious veloc-
ities aren’t a problem at higher Capillary numbers but could significantly influence
the result for cases when surface tension forces are dominant. The CSF term has
been known to introduce spurious velocities not only for LBM, but also for Volume-
of-Fluid and Level-Set methods [25, 26].

To accommodate lower Capillary flows, we propose to neglect the velocity mod-
ification for u∗ and apply it only for u, i.e, 𝑚 = 0 for u∗ (Equation 3.1) This approach
was used by Ladd and Verberg [27] for their forcing term. Their forcing term was
shown to introduce additional terms in the momentum equation by Guo et al [23].
In summary, we apply Ladd and Verberg’s velocity modification to the forcing term
by Guo et al [23] described in Equation 2.18(Current approach, 𝑚 = 0) and com-
pare it with the standard approach proposed by Guo (Guo approach, 𝑚 = 0.5).

Barring this modification, the rest of the RK model is the same as in Chapter 2.

3.1.2. Volume of Fluid
Ansys FLUENT 2022 R2 is used to simulate VOF. The Navier-Stokes equations for
the individual fluids (Equations 2.1) are simulated in VOF [1]. The position of the
interface is tracked using the volume fraction continuity equation and the density
and viscosity of the two-phase mixture are described by:

𝜌 = 𝛼𝜌1 + (1 − 𝛼)𝜌2
𝜇 = 𝛼𝜇1 + (1 − 𝛼)𝜇2

(3.2)

where 𝜌 and 𝜇 are the density and viscosity of the mixture respectively, 𝛼 is the
volume fraction of liquid 1. To include the surface tension, a source term is added
to the Navier-Stokes equation based on the CSF model described by Brackbill et al
[28]. This is given by:

𝐹 = 2𝜎𝜌𝜅∇𝛼
𝜌1 + 𝜌2

(3.3)

where 𝜎 is the surface tension and 𝜅 is the curvature. Equation 3.3 has a sim-
ilar form to Equation 2.19, and this is expected as both are based on the CSF
model. As mentioned earlier, the CSF term is known to induce spurious currents in
VOF [25, 29]. The main reason for this is because the Laplace relation of surface
tension and pressure difference is not exactly satisfied [25]. For higher Capillary
numbers, this inaccuracy doesn’t have a big impact on the solution, but for low
Capillary numbers, large spurious velocities are developed. Besides, the same gra-
dient operator is used to calculate the smooth pressure term and the discontinuous
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surface tension term, which leads to an inaccurate estimation of gradients and cur-
vature [25]. One solution for this is to combine VOF with LS, as LS involves a
continuous function for implementing surface tension [30]. Instead of a volume
fraction equation, an equation for the Level-Set function is solved. This option is
available in FLUENT and the model is the same as that in the FLUENT theory guide
[31]. We run simulations with both methods for the Y-Y channel to understand the
impact of the forcing term on simulations of low Capillary number flows and leakage.

3.2. Code Validation
The model is first validated by running static contact angle simulations as described
in the paper of Xu et al [32]. Both the Guo and Current approaches are applied
(Equation 2.22), and the same results are obtained. To validate a more dynamic
case, the T-channel experiments of Graaf et al [8] are simulated in 2D and the
droplet diameters are compared for both approaches. The T-channel has two inlet
junctions perpendicular to each other and an outlet located along the inlet of the
continuous phase (Figure 3.1).

Figure 3.1: T channel setup for droplet simulations [8]

The width of the channel is 100 𝜇m. The densities of the continuous and dis-
persed phases are taken as 𝜌c = 1000kg/m3 and 𝜌d = 1000kg/m3. The densities
of the fluids used by Graaf et al [8] are very similar to each other, so they are made
equal in the simulation for convenience. The dynamic viscosities are the same as
those of the experiments, with 𝜇c = 1.95 × 10−3Pa s and 𝜇d = 6.71 × 10−3Pa s.
A contact angle of 45 ∘ with respect to the continuous phase is implemented and
the surface tension is 𝜎 = 5.0 × 10−3 N/m. The Capillary number of the dispersed
phase is kept constant at 𝐶𝑎d = 0.011 while the continuous phase 𝐶𝑎c is varied
from 0.0033 to 0.066.
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(a) (b) (c)

Figure 3.2: Droplet formation and development in a T channel at 𝐶𝑎c = 0.016. The red fluid is the
continuous phase and the blue fluid is the dispersed phase, with the diffuse interface represented by
the transitioning of colours from blue to red. The droplet develops in three stages - a)expansion,

b)necking c)detachment [8].

Figure 3.3: Comparison of droplet diameters obtained from the simulations using Guo (blue
diamonds) and Current (black squares) approaches with the experiments (red circles) of Graaf et al [8]

for varying 𝐶𝑎C at a constant 𝐶𝑎D

As shown in Figure 3.2, the droplet forms the expected shape and follows the
expected steps of expansion and necking during formation [8]. The droplet diam-
eters of the experiments and simulations are plotted in Figure 3.3. We observe
an interface thickness of around 3-4 lu, and this is the expected thickness for 𝛽
=0.7 [33]. Since the experiments are in 3D, Graaf et al [8] calculated an equivalent
spherical diameter from the volume of the droplets. Following their procedure, we,
therefore, calculate the equivalent circular diameter from the droplet area in our 2D
simulations. In order to make a valid comparison, the Strouhal numbers (𝑆𝑡) are
equalized in 2D and 3D as this number is a measure independent of the dimensions
and reflects the dynamics of droplet breakup. Hence,

𝑆𝑡2D = 𝑆𝑡3D

⟹ 𝑓2D𝐿
𝑈2D

= 𝑓3D𝐿
𝑈3D

(3.4)

where 𝑓 is the droplet frequency, 𝐿 is the characteristic length of the flow (hydraulic
diameter) and 𝑈 is the flow velocity. The characteristic lengths in 2D and 3D are the
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same as the width and height are equal. The fluids flow only along the 𝑥 direction
in the main channel, so the velocities are also equal in both dimensions. This implies

𝑓2D = 𝑓3D

⟹ 𝑄2D
𝐴 = 𝑄3D

𝑉
𝑄3D = 𝑄2D𝐿

(3.5)

where 𝑄 is the flow rate, 𝐴 is the area of the slug and 𝑉 is the volume of the slug.
Let 𝑑2D be the equivalent circular diameter of the 2D slug and 𝑑3D the equivalent
spherical diameter of the 3D slug. Therefore, a 3D diameter is calculated from the
2D results using the results from Equation 3.5 :

𝐴 = 𝜋
4𝑑

2
2D

𝑉3D =
𝜋
6𝑑

3
3D

⟹ 𝑑3D = (
3
2𝑑

2
2D𝐻)

1
2

(3.6)

From Figure 3.3, we can see that the droplet diameters closely match the ex-
periments for the Guo approach for a wide range of 𝐶𝑎 numbers, whereas the
current approach is accurate for low 𝐶𝑎 numbers (𝐶𝑎 < 0.016). Since the focus
of this chapter is flows at low 𝐶𝑎 (𝐶𝑎 < 10−3), the current approach is considered
sufficient for this study.

3.3. Numerical Setup
The simulations are conducted in 2D and compared to experimental studies on the
Y-Y channel by Liu [3]. Liu used a glass microchip manufactured by the Institute
of Micro-chemical Technology (IMT) as shown in Figure 3.4. The channel dimen-
sions and the corresponding lattice dimensions are shown in Table 5.2. Water and
toluene are the two fluids used for comparing parallel flow with Liu’s results. The
properties of these fluids are described in Table 5.1, along with the inlet velocities
(𝑢in) at 𝐶𝑎 = 10−4, as this would provide the reader with an idea of the velocity
magnitude when talking about spurious velocities. The advancing and receding an-
gles are unknown in the experiments and the implementation of the contact angle
as described in Section 2.3.5 also doesn’t allow for hysteresis, so hysteresis will not
be included in this study. This table also shows the values of 𝛼k (Equation 2.15)
and 𝛽, the parameter related to interface thickness in Equation 2.23. The chosen
relaxation time is close to the stability limit of 0.5 [11]. Such a low relaxation time is
chosen so that the computational load is smaller, as a larger relaxation time would
necessitate very large domains for the same Capillary numbers.

The flow is initialized in the simulation domain as shown in Figure 5.1.4. The
red fluid corresponds to the aqueous phase and the blue fluid is the organic phase.
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Figure 3.4: Y-Y microchannel used by Liu [3], with two inlets and outlets

Fully developed laminar flow is assumed at the inlet, so a shorter inlet length of
500 microns can be used. A channel length of 2 mm is used instead of the actual
length of 2 cm. This assumption was justified by running the simulations for both
channel lengths, 2 mm and 2 cm, with no difference in the results.

Figure 3.5: Flow Initialization in all simulations. The red fluid is the aqueous phase and the blue fluid
is the organic phase.

Table 3.1: Channel and domain dimensions in physical and lattice units

Material Length (cm
/ l.u)

Width (𝜇m
/ l.u)

Depth (𝜇m/
l.u)

Angle Between
Inlets (∘)

Borosilicate
glass

2 100 ± 0.2 40 ± 0.1 26

Lattice Mesh 2400 (240) 20 26

3.4. Results
We first simulate the flow map obtained by Zheng Liu [3] for a water-toluene mix-
ture. The Capillary numbers applied are in the range of 3 ×10−5 to 2 ×10−3. These
values are relatively low compared to those used in literature, the lowest Capillary
number used in the literature for the RK model being 10−3 by Wu et al [14] and
Liu et al [34], both of whom simulated fluid flow in a cross junction channel. Both
these papers compared their results with experiments, and in these experiments,
the lowest Capillary number was 10−3. The results, consisting of the flow pattern
and leakage, are compared for both VOF and RK models with the experiments and
phase-field simulations of Liu [3], who observed three regimes - slug, transition
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Table 3.2: Properties of the fluids used in the simulations

Fluid Viscosity
(mPa ⋅
s)

Density
(g/cm3)

Coefficient
of Inter-
facial
Tension
(mN/m)

Contact
Angle (∘)

Relaxation
Time (l.s)

𝛼 𝛽 𝑢in
(lu/lt) at
𝐶𝑎 =
10−4

Water 1.00 1.00 46.6 0.529 5/9 0.7 0.000409
n-

heptane
0.386 0.680 50.1 0.517 3/9 0.7 0.00108

Water 1.00 1.00 49.1 0.533 4/9 0.7
Toluene 0.583 0.867 36.1 0.522 3.25/9 0.7

and parallel flow.

The flow pattern map obtained from the experiments and simulations for water-
toluene mixtures is shown in Figure 5.5. The Current approach and VOF are able
to capture parallel and slug flow at the respective Capillary numbers, but not the
relatively narrow region of transition flow. The phase-field method, however, is
able to successfully capture all the flow regimes - slug, parallel and transition flow.
However, the benefits of the Current approach compared to the phase-field method
is made clear when simulating leakage, and this will be discussed in Section 3.4.2.

In the case of the Guo approach, it was difficult to observe grid-independent
results, especially when simulating parallel flow, but slug flow was successfully cap-
tured. Grid convergence could not be obtained for parallel flow at all the expected
Capillary numbers and this will be further discussed in Section 3.5.2. For this rea-
son, the regimes obtained from the Guo approach are not plotted in Figure 5.5.

3.4.1. Slug Length
In this subsection, we look at the capabilities of each technique to accurately capture
the slug length at various low Capillary numbers. We once again use the experi-
mental results of Liu [3], but this time for water-heptane instead of water-toluene
as no data on the slug length is available for the water-toluene system. The flow
map of water-heptane is not presented in Figure 5.5 for clarity, as the same findings
were also observed here. The slug lengths of all the techniques (VOF, Phase-Field,
Guo and Current approaches) are compared with the experiments in Figure 3.7.

The slug lengths remain more or less constant in the case of the Guo approach
and VOF with varying Capillary numbers. The current approach, on the other hand,
shows the right trend of slug lengths decreasing with increasing Capillary num-
ber, but the lengths differ from the experiments by around 30 %. The phase-field
method is the only technique which is able to both capture the right trend and show
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Figure 3.6: Flow patterns of water-toluene mixtures for various Capillary numbers - simulations
(Current approach- green symbols, VOF - blue symbols and Phase-field [3] - red symbols). The dashed

lines indicate the patterns found in the experiments.

accurate slug lengths, with the maximum error observed being around 10 %.

3.4.2. Leakage
The outlet section of the Y-Y channel is now modelled in the case of parallel flow
because we want to observe the phenomenon of leakage, where one fluid leaks
into the outlet of the other [3]. Perfect flow separation and stability are important
when we consider the transfer of species from one fluid to another [17], so it is
imperative that simulation techniques (Current approach, VOF and Phase Field) are
able to capture this phenomenon accurately. The Guo approach is not considered
here as we couldn’t obtain grid-independent results for parallel flow. The simula-
tions are compared with the experiments of Liu [3].

Three different leakage regimes are observed when using the Current approach
- leakage to the toluene outlet, leakage to the water outlet and leakage to both
outlets. These regimes are shown in Figure 3.8. Only two leakage regimes are
observed in the experiments, however, leakage to the toluene outlet and leakage
to the water outlet, and the experimental regimes are shown in Figure 3.9.

Liu did not discuss the nature of the leakage regime near the outlet, i.e., whether
the fluid leaks in the form of droplets or parallel flow, so we restrict our discussions
regarding the nature of the leakage regime to the simulations. In the case of
leakage to the toluene outlet, the flow of water in the LBM simulations is always
parallel. In the case of leakage to the water outlet, leakage occurs either in the
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Figure 3.7: Slug lengths obtained using VOF (diamonds), Phase-Field (right triangles, [3]), Guo
(squares) and Current approaches (closed circles), and from the experiments (open circles, [3]). The
characteristic length is the width of the channel. The velocity of water is the same as that of Heptane.

(a) (b) (c)

Figure 3.8: Leakage regimes observed in LBM simulations of Water (red)-toluene (blue) mixture. a)
Leakage to toluene outlet, b) Leakage to water outlet, c) Leakage to both outlets. The Capillary

number of toluene is fixed at 2 ×10−3 and the flow rate of water is varied to obtain different regimes
Flow rate ratio is 1, 0.6 and 0.8 for a),b) and c) respectively.

form of droplets of toluene or as parallel flow. Droplets are observed in the case of
leakage to both outlets.

The leakage regimes are plotted in Figure 3.10, where the Capillary number of
toluene and the ratio of flow rates have been varied. The figure shows that, while
increasing the flow rate ratio, the leakage regime goes from leakage to the wa-
ter outlet in the shape of droplets, to leakage to the water outlet as parallel flow,
to leakage to both outlets and finally to leakage to the toluene outlet as parallel flow.



3.4. Results

3

67

(a) (b)

Figure 3.9: Leakage regimes as observed in the experiments [3] for Water (dark)-toluene (light)
mixture. a) Leakage to toluene outlet b) Leakage to water outlet

When comparing the results of the current approach with the experimental re-
sults of Liu [3] in Figure 3.10, the same trend is roughly visible, i.e. leakage to the
water outlet at low flow rate ratios and leakage to the toluene outlet at high ratios.
The numerical simulations, however, show a transition regime with leakage to both
outlets at flow rate ratios between 0.8-1, whereas the experiments don’t.

Figure 3.10: Comparison of leakage regimes of LBM simulations (current approach, black symbols)
with experiments (regions above and below the horizontal line). The vertical axis corresponds to the
ratio of the aqueous to the organic flow rate. A flow rate ratio of 0.66 (black horizontal line) points to

the region where leakage switches from the water outlet to the toluene outlet [3].

In the case of VOF and VOF-LS, we observe droplets being generated near the
intersection for all Capillary numbers (Figure 3.11). Though leakage is observed,
these results do not match the experiments of Liu. The phase-field simulations of
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Liu were also unable to capture leakage correctly, with the results showing either
no leakage at all or leakage similar to that observed in VOF.

Figure 3.11: Parallel flow for water-toluene mixture simulated using VOF and VOF-LS. The red fluid is
water and the blue fluid is toluene.

The Current approach, thus, produces the most accurate results when it comes
to leakage compared to both VOF and phase-field. A possible explanation for the
results observed using the Current approach can be gleaned from the findings of
Latva-Kokko and Rohtman [35]. They observed that the implementation of the RK
model generates an artificial slip velocity, leading to a dynamic contact angle even
though it wasn’t specified. The role played by dynamic contact angles in leakage
is less known, though it must be mentioned that Liu observed leakage, albeit inac-
curately, in his simulations when he included an expression for a non-equilibrium
dynamic contact angle, and no leakage when this expression was not included [3].
Even when we consider the Guo approach at Capillary numbers larger than 2 ×10−3,
leakage was accurately captured for most flow rate ratios, except for 0.8-1 where
no leakage was obtained.

Obviously, more study is needed to see how dynamic contact angle and slip are
related to leakage. However, this section clearly shows the ability of the Current
approach to capture leakage.

3.5. Discussion
To understand the reasons for the results shown in Section 5.2, we dive a little
deeper into the numerical aspects of each technique in this section, with a partic-
ular emphasis on spurious velocities. The current and Guo approaches, VOF and
VOF-LS are looked into in the following subsections. The deficiencies of the phase
field method are discussed in detail by Liu [3], so we won’t be discussing them here.

3.5.1. Spurious Velocities
Current vs Guo
Figure 3.12 shows the capability of the Guo and Current approaches in capturing
parallel flow in the microchannel. At a Toluene Capillary number of 10−3, the flow
is parallel when using the Current approach (Figure 3.12c) which is the expected
experimental result, whereas slug flow is obtained when applying the Guo approach
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(Figure 3.12a). A possible explanation for this difference can be found in the mag-
nitude of the spurious velocities, which are created by the CSF term. Figure 3.13
shows the contours of the 𝑢x/𝑢max (𝑢max being the maximum expected fluid veloc-
ity at the centre of the main channel) for both cases at Ca=10−3. While the Current
approach shows the correct velocity profile and maximum velocity (Figure 3.13b),
Figure 3.13a points to larger velocities at the interface when using the Guo ap-
proach (𝑢x/𝑢max=1.4), especially near the intersection of both inlets. These large
spurious velocities are in line with the results of Xu et al [32], where the largest
velocities were observed at the contact points of the fluid-fluid and fluid-solid inter-
faces, especially at corners.

(a)

(b)

(c)

Figure 3.12: Flow pattern of Water (red)-Toluene (blue) system observed for the a) Guo approach,
𝐶𝑎 = 10−3, b) Guo approach, 𝐶𝑎 = 2 × 10−3 and c) Current approach, 𝐶𝑎 = 10−3.

The spurious velocities can be more prominently visualized at a lower Capillary
number of 10−4, as shown in Figures 3.14 and 3.15. At this range, we can see
from Figure 3.14b that the velocities at the interface using the Current approach
are only a little larger than the maximum fluid velocity (the ratio is around 1.2). On
the other hand, the spurious velocities observed in the Guo approach are nearly an
order of magnitude larger than the expected fluid 𝑢max (Figure 3.15b).

At a Capillary number of 10−3, the maximum fluid velocity is lesser than the
interfacial velocities in the Guo approach, so these spurious velocities compete with
the expected flow phenomena. If we operate at a higher Capillary number, where
the fluid velocity is larger than the spurious velocities, we should obtain parallel
flow. At a Capillary number of 2×10−3, the maximum fluid velocity is larger than
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(a)

(b)

Figure 3.13: Normalized ux contour for the a) Guo and b) Current approaches at a Capillary number
of 10−3.

the interfacial velocity of around 0.04, and, as seen in Figure 3.12b, parallel flow is
indeed obtained.

To conclude, in LBM, the Current approach is more practical in predicting paral-
lel flow in microchannel than the Guo approach at low Capillary numbers (Ca<10−3).

VOF
Since the VOF method uses the CSF term for implementing surface tension, one
would expect similar problems as observed for the Guo approach. If we look at the
𝑢x contours at 𝐶𝑎 = 10−4, we can see that the spurious velocities are very high
for VOF (Figure 3.16b), and lower for VOF-LS (Figure 3.16c). The velocities are
observed to be the largest at the intersection, with the spurious velocities being an
order of magnitude larger for VOF and nearly 6 times larger for VOF-LS.

Note that though the VOF-LS approach does reduce the spurious velocities
present in VOF, it still requires more modifications to operate at very low Capillary
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(a)

(b)

Figure 3.14: Slug flow for a Capillary number of 10−4 using the Current approach, with the same
velocities for both fluids. a) Density contour, b) Normalized 𝑢x contour. The red fluid is water and the
blue fluid is toluene, with the diffuse interface represented by the transitioning of colours from blue to

red.

numbers. In summary, looking at Figures 3.13a, 3.16b and 3.16c, we can clearly
see that the CSF term introduces large interfacial velocities regardless of whether
we use VOF or LBM. This could be a possible reason why we observe constant slug
lengths for VOF and the Guo approach in Figure 3.7, and why we observe the ex-
pected trend once we reduce the spurious velocities using the Current approach.

3.5.2. Grid Convergence
One way of checking for grid independence is by plotting the slug lengths across
different grid resolutions and observing the point of convergence [3, 5, 8], i.e.,
when the slug length remains constant with further refinement. It has been found
that both the VOF and RK models show converged slug lengths at a mesh size of 8
𝜇m.

A more strict criterion for grid convergence is proposed here, which is based on
the ability of the scheme to capture parallel flow. Figure 3.17 shows the results for
VOF as well as the RK approaches. This figure covers 𝐶𝑎 numbers where parallel
flow is to be expected (see Figure 5.5).

In Figure 3.17, we can see that the Current approach converges the quickest.
Even for large mesh sizes, parallel flow is predicted for most 𝐶𝑎 numbers. In the
case of VOF and the Guo approach, however, the presence of large spurious veloci-
ties considerably influences the flow regime as indicated by Figure 3.12a, favouring
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(a)

(b)

Figure 3.15: Slug flow for a Capillary number of 10−4 using the Guo approach, with the same
velocities for both fluids. a) Density contour, b) Normalized 𝑢x contour. The red fluid is water and the

blue fluid is toluene.

(a)

(b)

(c)

Figure 3.16: Slug flow for a Capillary number of 10−4 using VOF and VOF-LS, with the same
velocities for both fluids. a) Density contour of VOF and VOF-LS, b) Normalized 𝑢x contour using VOF
c) Normalized 𝑢x contour using VOF-LS. The red fluid is water and the blue fluid is toluene, with the

diffuse interface represented by the transitioning of colours from blue to red.

slug instead of parallel flow. The Guo approach doesn’t converge even at a reso-
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Figure 3.17: Grid convergence for the Current (circles) and Guo approaches (asterisks), and VOF
(crosses). The vertical axis corresponds to the Capillary number of Toluene at which parallel flow is
first observed in the simulation and the horizontal axis is the mesh size. Slug flow is observed for all

the Capillary numbers below the respective lines and parallel flow is above the lines.

lution as low as 0.8 𝜇m, hence finer domains are required for convergence. Both
the VOF and VOF-LS models show slug flow in coarse grids, and capture parallel
flow at a mesh size of 5 𝜇𝑚(Figure 3.11) after grid refinement, despite the large
spurious velocities.

In conclusion, the Current approach predicts the transition from parallel flow to
slug flow at relatively coarse meshes, which is favourable in terms of calculation
time.

3.5.3. Comparison of the Simulation Techniques
The capabilities of the different approaches in capturing the flow phenomena at
relatively low 𝐶𝑎 numbers in a Y-Y channel are summarized in Table 3.3.

We can clearly see that no technique is able to successfully and accurately cap-
ture all the flow phenomena, but overall, the Phase-Field and Current approaches
are the most successful. The current approach is a better option when simulat-
ing parallel flow and leakage, while the phase-field approach is a good choice for
capturing slug lengths and the overall flow map. It must be mentioned that con-
siderable care has to be exercised in choosing the numerical parameters in the
Phase-Field method, especially the numerical Peclet and Cahn numbers. Different
Peclet numbers lead to changes in the observed simulation results when it comes to
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Table 3.3: Table comparing the capabilities of simulation techniques in capturing flow phenomena at
low Capillary numbers. Based on the simulation results, each technique is accorded a value for each
category. X corresponds to not capturing the phenomenon at all, 0 to qualitatively capturing the overall
phenomenon but unable to capture the finer details (E.g VOF showing constant slug lengths with
varying Capillary numbers and not the expected trend), + to successfully capturing the finer details,
although inaccurately (E.g inaccurate leakage regimes) and ++ to accurately capturing all the details.

Technique Slug
Flow

Transition
Flow

Parallel
Flow

Leakage Grid Con-
vergence

Flexibility

Current + X ++ ++ ++ ++
Guo 0 X 0 ++ X ++
Phase
Field

++ ++ ++ 0 ++ 0

VOF 0 X ++ + + ++

slug lengths and leakage [3], and this limits the flexibility of the Phase-Field method.
The current approach, on the other hand, doesn’t have as stringent a requirement
on the value of its numerical parameters, thus providing an added advantage when
simulating multiphase flows at low Capillary numbers.

3.6. Conclusion
This chapter examines the RK-LBM model’s capability and accuracy in simulating
flow regimes in a complex geometry - a Y-Y channel - under convective conditions
and at low Capillary numbers. The approach proposed by Xu et al [32] was used
for implementing the contact angle. The forcing term proposed by Guo [23] was
modified to reduce the magnitude of the spurious velocities and extend the appli-
cation of the RK model to lower Capillary numbers.

The current approach is clearly an improvement over the existing Guo approach
at low Capillary numbers, showing quick grid convergence and successfully captur-
ing leakage. Additionally, it also shows the expected trend of slug lengths decreas-
ing with Capillary number as opposed to VOF and the Guo approach. More accurate
slug lengths are observed in the phase-field method, but the Phase-Field method
isn’t able to capture leakage accurately. Thus, the current approach is a viable
option at lower Capillary numbers especially when it comes to simulating parallel
flow and leakage.

More studies are needed to come up with better solutions to capture interme-
diate phenomena such as transition and deformed interface flows. Modifications
to the CSF term have been done in Volume-of-Fluid methods [36, 29], but these
modifications have not been applied to complex cases such as micro-channel flows.
Future models would have to work along the lines of accurate determination of the
curvature (Equation 2.21) for improved results.
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4
Influence of the Outlet
Geometry on Leakage

Sections 1.3.5 and 1.5 elucidated the different methods which can be applied to the
channel geometry to eliminate leakage. Some studies have dedicated their efforts
towards phaseguides [1, 2] and the use of external coatings to minimize leakage
[3, 4]. A phaseguide is basically an obstacle in a microfluidic channel where a
change in geometry results in a change in capillary pressure applied to the fluids.
Generally, such modifications are located inside the main channel. Modifications in
the main channel affect the surface area available for mass transfer and extraction.
Coatings, on the other hand, are very limited in their flexibility as different coat-
ings are required for different fluids and channel materials. An alternative option
to both of these would be to modify the channel outlet alone to prevent leakage.
This has the advantage of not affecting the surface area for mass transfer while
offering greater flexibility. Thus, this chapter focuses on the influence of the outlet
geometry on fluid behaviour and leakage.

One modification to the outlet which has proven to be successful was the ad-
dition of a third outlet to a T-T microfluidic channel used by Lu et al [5]. Though
this design is very effective, a problem with the third outlet, as mentioned in Sec-
tion 1.5, is the loss of fluid. It could be very beneficial for applications involving
radioisotopes to recycle fluids [6], and this is especially so for radioisotopes with
short half-lives and rarer elements. Thus, a broader study of this design should also
aim to chronicle the percentage of fluid lost.

In this chapter, different outlet modifications are proposed and their leakage
regimes are subsequently observed. Additionally, the flow profiles are also plotted
to obtain a broader understanding of fluid behaviour at the outlet. The RK model
is first validated by comparing simulations with experiments done using the triple
outlet. Next, the triple outlet design proposed by Lu et al [7] is studied, with the
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third outlet being slightly modified to minimize loss and leakage. Both the loss of
fluid and leakage are considered.

We then shift our attention to newly proposed designs that do not involve fluid
loss at the outlet. In these designs, an additional reservoir is included at the out-
let to minimize leakage, and this is further modified to incorporate the principle of
phaseguides proposed by Vulto et al [1].

4.1. Code Validation for Modified Outlet
Chapter 3 established that the modified RK model simulates leakage and parallel
flow better than other simulation techniques (Table 3.3). Thus, we will be using the
modified RK model for our leakage simulations in these new designs. All the simu-
lations are performed in 2D. To further validate the RK model, we run experiments
for Water-Novec (HydroFluoroEther, HFE, 3M™ Novec™ 7500 Engineered Fluid) in
a modified triple outlet design. The experimental methodology and the validation
results are described in the next subsections.

4.1.1. PDMS Microfluidic Chip Fabrication
Microfluidic chips could be fabricated using different materials. As it is important
to modify the geometry of the chips, polydimethylsiloxane (PDMS) is used because
the chips can be easily manufactured. PDMS is an organosilicon polymer that stays
in liquid form upon mixing the elastomers with the curing agent. As a result, the
mixture can be poured into a petri dish with a patterned mould master, where it
takes the shape of the pattern printed on the mould master. The petri dish can be
set in an oven to speed up the hardening process.

The mould master is first fabricated using the soft lithography technique. On
top of a cleaned 4 inch silicon wafer, a negative photoresist (SU8-2050, micro resist
technology GmbH) at 2000 rpm is spin-coated for 30 s to obtain a layer of 50 µm
thickness. The wafer was then baked at 100∘C for 15 min and loaded onto a Laser-
Writer (Heidelberg, 1 µm laser beam at 365 nm). The pattern was then written on
the wafer. Afterwards, the wafer was soft-baked at 100∘C for 5 min. The wafer
was then developed using Propylene glycol methyl ether acetate (> 99.5%, Merck
Sigma) for 10 min, and post-baked at 200∘C for 30 min.

The PDMS microfluidic chip was fabricated by mixing the elastomer (Sylgard 184
Elastomer Kit, Dow Corning Comp.) and the curing agent with a mass ratio of 10:1.
The mixture was then degassed, poured over the patterned master mould on a
petri dish, and cured at 70∘C for 10 h. The hardened PDMS chips were gently re-
moved from the mould master and cut to size. The inlets and outlets were punched
using a 1.5 mm biopsy puncher, before being cleaned using ethanol. On the other
hand, a glass slide was spin-coated with 20 µm PDMS (2000 rpm for 2 min, Laurell
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WS-650-23B). Both the chips and the coated glass slides were bonded together
using oxygen plasma treatment (Harrick PDC-002) at 0.2-0.4 mbar for 140 s. The
preparation of the mould master and fabrication of the chips was done by Albert
Santoso, while the chips were cut from the mould master by the author himself.

4.1.2. Flow Setup
To conduct the flow experiments, we used two syringe pumps (Pump 11 Pico Plus
Elite). On each of the syringe pumps, a 10 mL syringe (Beckton-Dickinson, Discardit
II) was mounted. One of the syringes contained demineralized water with 10 mg/L
brilliant blue dye while the other syringe contained an immiscible fluorinated oil
(HydroFluoroEther, HFE, 3M™ Novec™ 7500 Engineered Fluid). The syringes were
connected with PEEK tubes (0.5 mm ID, 1.59 mm OD, 300 mm in length) to the
inlets of the microfluidic chips. The outlets were connected to other PEEK tubes,
leading to a disposal container.

4.1.3. Fluid Properties
Water-Novec mixtures are used in the experiments and the experimental results are
also validated using the simulations. After validation, Water-toluene mixtures are
used in the simulations with the same properties as described in Chapter 3. The
channel for water-toluene also has the same wettability as that was used in the Y-Y
channel simulations. The fluid properties are described in Table 5.1.

Table 4.1: Properties of the fluids used in the simulations

Fluid Viscosity
(mPa ⋅ s)

Density
(g/cm3)

Coefficient of
Interfacial Tension

(mN/m)

Contact
Angle (∘)

Water 1.00 1.00 49.1
Toluene 0.583 0.867 36.1

Novec™ 7500 1.24 1.614 43.8 39.7

4.1.4. Numerical Validation
The purpose of the experiments is to provide further validation of the modified RK
model in capturing leakage. The PDMS chip described in Section 4.1.1 is used here
and the properties of the Water-Novec mixture are described in Table 5.1. The
dimensions of the T-T channel are the same as that mentioned in Section 4.2, with
𝐷1 = 70𝜇m, 𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m and the channel depth being 40 𝜇m.

Figure 4.1a shows the experimental result when 𝜙=0.6. 𝜙 is defined as

𝜙 =
𝑄aq
𝑄org

=
𝑢aq
𝑢org

(4.1)
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where 𝑄 and 𝑢 correspond to the flow rate and velocity respectively, with the
subscripts aq and org corresponding to the aqueous and organic phases respec-
tively. The simulation result is also shown for comparison (Figure 4.1b), and it can
be clearly seen that the simulation successfully captures the experimental flow and
leakage regime. Further, Table 4.2 shows the range of 𝜙 that shows stable par-
allel flow for the Water-Novec mixture in this channel. The simulations appear to
differ slightly from the experiments here, but this could arise from the fluctuations
observed in syringe pumps [8, 9]. Regardless, the modified RK model has been
sufficiently validated as a reliable tool for capturing leakage.

(a) (b)

Figure 4.1: a) Experimental result showing stable parallel flow for the Water-Novec mixture in a
PDMS T-T channel with the modified triple outlet design at 𝜙=0.6. 𝐷1 = 70𝜇m, 𝐷2 = 140𝜇m and
𝐷3 = 100𝜇m. b)Simulations for the same flow configuration using the modified RK model. The blue

fluid is Novec and the red fluid is water

Table 4.2: Comparison of experiments and simulations regarding the range of 𝜙 showing stable
parallel flow in the PDMS chip for a Water-Novec mixture

Method Range of 𝜙
Experiments 0.5-1.9
Simulations 0.5-2.1

4.2. Channel Designs
T-T channels are adopted for this study instead of Y-Y channels. The reason for this
is that Lu et al’s [5] used a T-T channel in their triple outlet design (Figure 4.2a), so
using a T-T channel will be easier for comparison. However, the results observed
in the chapter can easily be extended to a Y-Y channel as a T-T channel is nothing
but a Y-Y channel with an angle of 180 ∘ between the inlets.

The T-T channel has the same dimensions for all the designs, with a width of
100 𝜇m and a length of 1 cm. Four different designs are employed in this chapter
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and each of them is described in the following subsections.

4.2.1. Modified Triple Outlet Design
The triple outlet design used in this chapter is a slight modification of the design
proposed by Lu et al [5]. Here, a circular head is added at the start of the third
outlet as shown in Figure 4.2b. This circular head is added to minimize the loss of
fluid and also to study the influence of the geometry of the third outlet on leakage.
In the case of Lu et al, the third outlet has the same dimensions and shape as the
other two outlets (Figure 4.2a). The dimensions of the third outlet in the modified
design are governed by three measures - 𝐷1, 𝐷2, 𝐷3. There are, thus, three differ-
ent parameters to control as opposed to a simple rectangular outlet, where the only
parameter of importance is the width of the outlet. Therefore, this design may offer
more flexibility to control loss and leakage.

(a) (b)

Figure 4.2: a) The triple outlet design used by Lu et al [5] b) Modified triple outlet design used in this
chapter

As discussed in many papers [10, 11], leakage is governed by the balance of
the pressure loss due to viscosity and the Laplace pressure. Both the viscous pres-
sure and capillary pressure experienced by the non-wetting fluid, which in our case,
is the organic phase, is inversely proportional to the hydraulic diameter [10, 12].
While the hydraulic diameter can be difficult to estimate for the third outlet as
there is variability in the outlet geometry, the loss of organic fluid to the third outlet
should generally decrease with a decrease in either 𝐷1, 𝐷2 or 𝐷3 as the non-wetting
fluid experiences a higher capillary pressure at the third outlet, which means that
it will have less preference for entering the third outlet. This is the main rationale
for adding a circular head to the third outlet and the simulations are run to test that.

4.2.2. Circular Head Design
In this design, a closed semi-circular head is added in the space between the two
outlets as shown in Figure 4.3. The idea behind this design is to minimize leakage
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by pinning the three-phase point on the circular head.

Figure 4.3: A T-T channel with a semi-circular head located between the outlets

4.2.3. Displaced Outlets with Circular Reservoir
Here, the outlets no longer lie in a straight line as in other designs, but the upper
outlet is displaced from the lower outlet by a certain distance. This distance is given
by the radius of the circular reservoir which connects the two outlets (Figure 4.4).
The larger area of the circular reservoir should result in a significant slowdown in
the fluid velocity, and this could help to prevent the leakage of the non-wetting fluid
to the upper outlet. Because of the slow down in fluid velocity, the non-wetting
fluid would ideally remain inside the circular reservoir as it would not have sufficient
momentum to leak to the upper outlet.

Figure 4.4: T-T channel with the upper outlet displaced horizontally from the lower outlet at a
distance of the radius of the circular reservoir

However, there is a possibility for the non-wetting fluid to gradually accumulate
in the reservoir and then leak into the upper outlet. To improve the design, there
must be a means to pin the non-wetting fluid inside the reservoir. One technique
which has been used in microchannels is the implementation of phaseguides. A
phaseguide is defined as a change in geometry that spans the complete length
of the liquid-liquid interface [1, 2]. This abrupt change in geometry results in an
abrupt change in capillary pressure. An example of such a phaseguide is a small
rectangular pillar located in the main rectangular channel. This property of the
phaseguide ensures that the liquid is pinned, even though it is only temporary in
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many cases [2]. Generally, phaseguides are located in the main channel as their
application in previous studies has generally been restricted to controlling the filling
of fluids in the channel rather than avoiding leakage altogether [1, 2].

Garbarino et al [2] studied the phenomena of pinning and filling in a channel
with a ridge located inside the main channel to control the flow. They observed that
the phaseguide geometry has an associated capillary pressure, which they termed
burst pressure. Once the fluid pressure exceeds this burst pressure, it will flow
over the ridge and into the outlet. The non-wetting fluid will especially experience
a higher capillary pressure on this phase guide. Their experiments showed that the
non-wetting fluid remains completely pinned if the burst pressure is too large for
the fluid to overcome.

To extend the application of these phaseguides even further, we incorporate
them in the outlet of the channel. The goal here is to not just control leakage,
but to stop it altogether. Therefore, we combine the idea of a phaseguide with
the circular reservoir. Since the circular reservoir slows down the velocity of the
fluids significantly, a phaseguide located inside the reservoir will serve to stall fluid
motion altogether, as the non-wetting will not have the sufficient momentum to
overcome the burst pressure associated with the phaseguide when they are inside
the reservoir.

To accomplish this, we propose the inclusion of pillars inside the circular reser-
voir. These pillars can be small obstacles blocking fluid flow, like the circular and
rectangular pillar shown in Figure 4.5a. Alternatively, a large pillar can be placed
at the centre of the circular reservoir, thereby altering the flow path. This can take
the form of the pillar shown in Figure 4.5b, where a large circular pillar concentric
to the reservoir is located.

Garbarino et al [2] observed that this burst pressure is contingent on the phaseguide
geometry and channel wettability. Though their ridges were located along the depth
of the channel, the principle of an abrupt change in geometry pinning the fluids can
be extended to our 2D case as well. In the case of the concentric pillar, the burst
pressure inside the circular reservoir can be approximated as:

𝑃burst =
4𝜎cos𝜃

(O.D− I.D) , (4.2)

where 𝑃burst is the burst pressure experienced by the non-wetting fluid in the
reservoir, 𝜎 is the interfacial tension, 𝜃 is the contact angle, O.D is the diameter
of the reservoir and I.D is the diameter of the pillar. From equation 4.2, we can
see that a larger pillar diameter leads to a larger 𝑃burst, which subsequently makes
it more difficult for the non-wetting fluid to leak to the upper outlet. Naturally,
this expression isn’t entirely accurate, as the burst pressure will keep varying in
the circular reservoir because the interface normals (fluid-fluid and fluid-solid) vary
locally in a circular geometry. This expression, however, gives an idea of how the
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(a)

(b)

Figure 4.5: T channel with circular reservoir and a) Two pillars b) Concentric pillar

diameter of the pillar influences the pressure experienced by the non-wetting fluid.

4.3. Results
4.3.1. Modified Triple Outlet Design
The simulations are performed for water-toluene and the leakage regimes are ob-
served. One of the measures (Figure 4.2b) is varied while the other two are fixed,
and 𝜙 is varied for that particular geometrical configuration. 𝜙 is varied by varying
the water flow rate while the flow rate of toluene is fixed.

Figure 4.6a shows the flow and leakage regime for a particular geometric config-
uration, where no leakage occurs as the water and toluene are perfectly separated.
This illustrates the proof-of-concept, with the excess of both fluids being pushed to
the third outlet as pure fluid is obtained in the top and bottom outlets. The velocity
at the third outlet changes with the change in outlet dimensions.

First, 𝐷1 is varied while 𝐷2 and 𝐷3 are fixed. Table 4.3 shows the range of 𝜙
for which stable parallel flow is observed without leakage to the upper or lower
outlet. The broadest range of 𝜙 for which leakage is not observed is obtained for
𝐷1 = 70𝜇m, and a smaller range of 𝜙 is obtained for the other values. The desired
range of 𝜙 depends on the nature of the application and a lower loss of organic
fluid at the outlet is generally preferred. Based on the application, the measures
can be varied accordingly.

The percentage of toluene lost to the third outlet is also calculated for various 𝐷1
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(a) (b)

Figure 4.6: a) Simulations of a T-T channel with 𝐷1 = 50𝜇m, 𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m. The
Capillary number of toluene is 10−3 and 𝜙=1. The blue fluid is toluene and the red fluid is water.

b)Velocity magnitude contour for the same simulation with the units in lattice unit/lattice time (lu/lt).

Table 4.3: Range of 𝜙 showing stable parallel flow and loss of fluid when 𝐷1 is varied

𝐷1
(𝜇m)

𝐷2
(𝜇m)

𝐷3
(𝜇m)

Range of 𝜙 % Loss when 𝜙=1

50 140 100 0.5-1.35 6.94
70 140 100 0.45-2.2 37.75
90 140 100 0.5-2.1 47.39

when 𝜙 = 1. This value is determined from the average velocity of toluene at the
bottom and third outlet, and the area occupied by toluene in the respective outlets.
The loss of toluene is considered important as extraction applications generally in-
volve the transfer of solutes from an aqueous to an organic fluid [13, 14, 15]. The
formula for the loss of toluene is given by:

%𝐿𝑜𝑠𝑠 = 𝑢3,𝑜ℎ1
(𝑢3,𝑜ℎ1 + 𝑢1,𝑜𝐻)

(4.3)

where 𝑢 corresponds to the average toluene velocity, the subscripts 𝑜 corre-
spond to the outlet, with 1 being the lower outlet and 3 being the outlet with the
circular head, 𝐻 is the width of the main channel/outlet/inlet and ℎ1 is the total
surface occupied by toluene in the third outlet, which in the 2D case, is nothing but
the width of the toluene in the third outlet. For an outlet of given length 𝐿, ℎ1 is
given by:

ℎ1 =
Total surface occupied by Toluene in the third Outlet

𝐿 (4.4)

From Table 4.3, it can be seen that a smaller 𝐷1, as expected, leads to a smaller
loss of fluid.

Figures 4.6a and 4.6b clearly show why a small 𝐷1 leads to a smaller loss of
fluid while showing a reduced range of 𝜙 for which stable parallel flow is observed.
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(a) (b)

Figure 4.7: a) Simulations of a T-T channel with 𝐷1 = 70𝜇m, 𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m. The
Capillary number of toluene is 10−3 and 𝜙=1. The blue fluid is toluene and the red fluid is water.

b)Velocity magnitude contour for the same simulation in lu/lt.

(a) (b)

Figure 4.8: a) Simulations of a T-T channel with 𝐷1 = 90𝜇m, 𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m. The
Capillary number of toluene is 10−3 and 𝜙=1. The blue fluid is toluene and the red fluid is water.

b)Velocity magnitude contour for the same simulation in lu/lt.

The velocity at the third outlet (Figure 4.6b) is nearly an order of magnitude lower
compared to the other two outlets, which shows that the liquids have a preference
for the other two outlets. From equation 4.3, we can see that a smaller velocity
at the third outlet results in a smaller loss of fluid. This confirms our hypothesis
discussed in Section 4.2.1. However, a smaller 𝐷1 also reduces the range of 𝜙 for
which stable parallel flow is observed. As 𝐷1 → 0 the outlet geometry approaches
a standard T-T channel, where leakage is commonly observed and stable parallel
flow is hard to achieve.

When 𝐷1 is relatively high, however, a parallel or wavy interface, is observed
at the third outlet (Figure 4.7a) or toluene occupies the entire outlet (Figure 4.8a).
The velocity at the third outlet increases with an increase in 𝐷1 (Figures 4.7b and
4.8b), and this results in a parallel or wavy regime being observed at the third out-
let. A larger velocity, however, also increases the loss of toluene as Table 4.3 shows.
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The influence of 𝐷2 on leakage and loss of fluid is studied next. From Table 4.4,
we can see that 𝐷2 has a minimal effect on leakage and stable parallel flow. This
is because, at 𝜙 > 2.2, droplets and slugs are observed in the main channel, not
parallel flow. The overall flow regime (slug or parallel flow) observed is unrelated
to the outlet geometry, and is an inlet phenomenon, as droplet flow is observed for
a simple T-T channel at this 𝜙 without a third outlet. The loss, increases with an
increase in 𝐷2, confirming our expectations as discussed in Section 4.3. This can
be seen when we compare the velocity contours in Figures 4.7b and 4.9b, where a
larger velocity is observed in the third outlet for a larger 𝐷2.

Table 4.4: Range of 𝜙 showing stable parallel flow and loss of fluid when 𝐷2 is varied

𝐷1
(𝜇m)

𝐷2
(𝜇m)

𝐷3
(𝜇m)

Range of 𝜙 % Loss when 𝜙=1 (%)

70 120 100 0.45-2.1 30.89
70 140 100 0.45-2.2 37.75
70 160 100 0.45-2.2 43.56
70 180 100 0.45-2.2 55.27

(a) (b)

Figure 4.9: a) Simulations of a T-T channel with 𝐷1 = 70𝜇m, 𝐷2 = 160𝜇m and 𝐷3 = 100𝜇m. The
Capillary number of toluene is 10−3 and 𝜙=1. The blue fluid is toluene and the red fluid is water.

b)Velocity magnitude contour for the same simulation in lu/lt.

Finally, 𝐷3 is varied while the other two diameters are fixed. A larger 𝐷3 shows
a broader range of flow rates where stable parallel flow is observed (Table 4.5).
However, this also comes with a greater loss of fluid, similar to the trends observed
for 𝐷1 and 𝐷2.

Tables 4.3,4.4 and 4.5 show the loss of toluene only at 𝜙=1. Now, the 𝜙 is
varied while 𝐷1 = 70𝜇m, 𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m are kept constant. The
Capillary number of toluene is fixed at 10−3 while the flow rate of water is varied.
These results are plotted in Figure 4.10, where it can be seen that a larger 𝜙 re-
duces the amount of organic fluid lost to the third outlet, with the percentage lost
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Table 4.5: Range of 𝜙 showing stable parallel flow and loss of fluid when 𝐷3 is varied

𝐷1
(𝜇m)

𝐷2
(𝜇m)

𝐷3
(𝜇m)

Range of 𝜙 % Loss when 𝜙=1 (%)

70 140 60 0.7-1.05 6.74
70 140 80 0.6-1.45 25.23
70 140 100 0.45-2.1 37.75
70 140 120 0.4-2.2 54.45

being as low as 2 % when 𝜙= 2.1. At larger 𝜙, water occupies the bulk of the
third outlet as the water velocity is much larger (Figures 4.11a and 4.11b), thereby
reducing the amount of toluene lost to the third outlet. Toluene only occupies the
third outlet in the form of droplets at such 𝜙, and the frequency of droplets reduces
with an increase in 𝜙.

Figure 4.10: % loss of toluene as a function of 𝜙. The Capillary number of toluene is fixed and is
10−3 as the velocity of water is varied. The red squares correspond to parallel flow or complete filling
of toluene in the third outlet and the blue circles point to toluene as droplets in the third outlet.

Finally, this modified design is compared to the standard triple outlet design
proposed by Lu et al [5]. Here, the third outlet has the same width as the rest of
the outlets. The simulated result for this design at 𝜙=1 is shown in Figure 4.12a.
The velocity of toluene in the third outlet is even larger than the velocity in the lower
outlet (Figure 4.12b), thus leading to a greater loss of fluid (60.39 %) compared
to any of our designs, even the ones with high 𝐷1, 𝐷2 and 𝐷3. The range of 𝜙 for
which no leakage is observed, however, is quite broad (0.45-2.1). Thus, adding the
circular head reduces loss but does not increase the range of 𝜙.

To summarize, adding a third outlet clearly minimizes leakage, though it comes
at the cost of losing some fluid to the third outlet. A circular head is added to the
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(a) (b)

Figure 4.11: a) Simulations of a T-T channel with 𝐷1 = 70𝜇m, 𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m. The
Capillary number of toluene is 10−3 and 𝜙=1. The blue fluid is toluene and the red fluid is water.

b)Velocity magnitude contour for the same simulation in lu/lt.

(a) (b)

Figure 4.12: a) Simulations of a T-T channel with a third outlet similar to the design shown in Figure
4.2a [5]. The Capillary number of toluene is 10−3 and 𝜙=1. The blue fluid is toluene and the red fluid

is water. b)Velocity magnitude contour for the same simulation in lu/lt.

third outlet to minimize that loss. Smaller diameters result in lower loss and range
of 𝜙 for which no leakage is observed, while larger diameters broaden the range
of 𝜙 while increasing the amount of toluene lost to the third outlet. The choice
of diameters naturally depends on the application, though a choice of 𝐷1 = 70𝜇m,
𝐷2 = 140𝜇m and 𝐷3 = 100𝜇m is a very good option as it allows for a broad range
of 𝜙 and loss can be minimized by operating at a large 𝜙.

4.3.2. Circular Head Design
Similar to the previous section, the Capillary number of toluene is fixed at 10−3 and
the leakage regimes are observed. Figure 4.13a shows the flow and leakage regime
when 𝜙 =1. Leakage is observed for this 𝜙 and it appears that organic fluid has not
entered into the circular head. To understand the fluid behaviour at the outlet bet-
ter, the velocity magnitude is plotted in Figure 4.13b. This figure clearly shows that
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the velocity inside the circular head is negligible compared to the rest of the channel.

(a) (b)

Figure 4.13: a)Leakage in a T-T channel with a circular head at the outlet. The Capillary number of
toluene is 2 × 10−3 and 𝜙 =1. The blue fluid is toluene and the red fluid is water. b) Velocity

magnitude for the same simulation with the units in lattice unit/lattice time (lu/lt).

As the circular reservoir is fully closed and doesn’t have an outlet, the fluid ve-
locities are significantly reduced. This design is similar to that shown in Figure 4.2b
except that 𝐷3 = 0. Table 4.5 shows that the range of 𝜙 considerably decreases
with a decrease in 𝐷3. So at 𝐷3 = 0, toluene doesn’t even enter the circular head,
and this is the case even if the diameter of the circular head is changed.

4.3.3. Displaced Outlets with Circular Reservoir
The problem associated with the previous design is circumvented by connecting a
circular reservoir to the two outlets, thereby ensuring that the two liquids will enter
and accumulate in the circular reservoir (Figure 4.14a). The enlarged area of the
reservoir ensures that the fluids slow down while in the reservoir (Figure 4.14b).

However, toluene gradually accumulates inside the reservoir until it finally ac-
quires enough momentum to eventually leak into the other outlet as shown in Figure
4.14c. This is especially the case when toluene has a larger or comparable velocity
to water (𝜙<1). Figure 4.14c shows significant velocities at the centre of the reser-
voir, and this eventually results in toluene leaking to the upper outlet. Thus, for a
large range of 𝜙, the leakage is controlled but never fully stopped.

Though the above paragraph describes the dominant trend, stable parallel flow
is observed for a small range of 𝜙 (1.2-1.3). When the water velocity is larger
than that of toluene, toluene doesn’t have the required inertial forces to push the
water upwards. However, at 𝜙>1.3, water leaks to the lower outlet. This will be
discussed in greater detail in Section 4.3.5.
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(a) (b)

(c) (d)

Figure 4.14: a)Gradual accumulation of toluene in the circular reservoir at t= 6.5 ms. The Capillary
number of toluene is 10−3 and 𝜙 =1. The blue fluid is toluene and the red fluid is water. b) Velocity
magnitude in lu/lt for the same simulation at t=6 ms. c) Leakage observed at t=17.1 ms. d) Velocity

magnitude at t=17.1 ms

4.3.4. Circular Reservoir with Two Pillars
We first focus on the design shown in Figure 4.5a. Here, a circular pillar with a
diameter of around 60 𝜇m is located at the entrance of the reservoir and a rect-
angular pillar is located near the upper outlet. Figures 4.16a and 4.16b show the
functioning of these two pillars. The velocity contour shows a significant drop in
velocity in the circular reservoir, the velocity being larger than the one seen in Fig-
ure 4.14b. The circular pillar forces the two fluids to go around it which reduces
the flow velocity, after which the rectangular pillar works to further hinder toluene
from reaching the upper outlet.

However, like the results generally observed with phaseguides, toluene eventu-
ally leaks into the upper outlet when 𝜙<1 as shown in Figures 4.15a and 4.15b,
though this process takes a lot longer than that observed for the circular reservoir
without pillars. For 𝜙 >1, the toluene doesn’t flow upwards, though water grad-
ually leaks to the bottom outlet at higher 𝜙. Stable parallel flow is observed for
𝜙=0.9-1.2 (Figure 4.16a), and the larger range points to a larger burst pressure
applied on the fluids by the pillars.
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(a) (b)

Figure 4.15: Stages of accumulation leakage in a circular reservoir with two pillars at a)t= 7 ms and
b)t =20 ms. The blue fluid is toluene and the red fluid is water, with the Capillary number of toluene

being 10−3 and 𝜙 = 0.6.

(a) (b)

Figure 4.16: a)Stable parallel flow in the T-T channel at 𝜙=1.2 when the circular reservoir contains
two pillars. The blue fluid is toluene and the red fluid is water, with the Capillary number of toluene
being 10−3. b) Velocity magnitude for the same simulation with the units in lattice unit/lattice time

(lu/lt).

4.3.5. Circular reservoir with Concentric Pillar
The inclusion of pillars clearly improves the effectiveness of the circular reservoir
by significantly reducing the fluid velocity and hindering fluid flow. However, the
range of 𝜙 for which no leakage is observed is small, and when 𝜙<1, toluene is still
able to flow upwards along the circular reservoir. To effectively hinder this motion
at 𝜙<1, a circular pillar concentric to the reservoir is used as shown in Figure 4.5b.
The idea behind this design is that toluene will have a larger distance to cover be-
fore it reaches the upper outlet.

Figures 4.17a and 4.17b demonstrate the utility of the concentric pillar in pin-
ning the water-toluene interface. The flow velocity is large near the entrance of the
outlet, and it is close to negligible on the other side of the concentric pillar. Toluene
does not have sufficient velocity to overcome the burst pressure imposed by the
pillar, and this pins the fluid.
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(a) (b)

Figure 4.17: a)Stable parallel flow in the circular reservoir (600 𝜇m diameter) with a concentric pillar
(300 𝜇m diameter). The Capillary number of toluene is 10−3 and 𝜙 =0.6. The blue fluid is toluene and
the red fluid is water. b) Velocity magnitude for the same simulation with the units in lattice unit/lattice

time (lu/lt).

Influence of the Pillar Diameter
The diameter (I.D) of the concentric pillar and the diameter (O.D) of the reservoir
influence leakage and flow stability as variations in the geometry alter the burst
pressure [2]. First, the O.D is fixed at 600 𝜇m as the I.D is varied. The case with-
out any concentric pillar discussed in the previous section is also considered here,
as the I.D can be taken to be 0 in this particular case. As usual, the range of 𝜙 for
which stable parallel flow is studied and the results are tabulated in Table 4.6 along
with the burst pressure calculated using Equation 4.2.

Table 4.6: Range of 𝜙 for which stable parallel flow is observed as the I.D of the concentric pillar is
varied. The O.D is fixed at 600 𝜇m and the Capillary number of toluene is 10−3.

I.D (𝜇m) Range of 𝜙 𝑃burst (Pa)
0 1.2-1.3 -
100 1-1.3 198.43
200 0.55-1.2 248.04
300 0.45-1.1 310.71
400 0.4-0.95 496.08
500 - 992.16

A clear trend can be discerned from Table 4.6. In the case of smaller I.Ds, no
leakage is observed for higher 𝜙 and, lower 𝜙 for larger I.Ds. The range of 𝜙 in-
creases until an I.D of 200 𝜇m, after which it is more or less constant until an I.D
of 500 𝜇m. As discussed earlier in Section 4.2.3, the burst pressure is larger for
large I.Ds. This means that toluene has to overcome a larger pressure if it has to
leak into the upper outlet, and this explains why no leakage is observed even for
low 𝜙 at larger I.Ds. However, this does not explain why no leakage is observed
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at smaller I.Ds for high 𝜙. To understand the reasons for this trend, a qualitative
pressure balance analysis is performed at the circular pillar.

Since the pillar has a circular geometry, the velocity keeps varying inside the
reservoir, and thus the pressure also keeps varying. It is, thus, very difficult to
apply an accurate pressure balance at every point to predict the range of 𝜙 analyti-
cally. Instead, we qualitatively apply a pressure balance at the outlet to understand
which parameters have an influence on leakage.

Figure 4.18: Illustration of pinning in a T-T channel with a circular reservoir and concentric pillar at
the outlet, along with the 6 points used for a pressure analysis. The blue fluid is the organic phase and

the red fluid is the aqueous phase.

Consider the illustration shown in Figure 4.18 of pinning in such a channel. Here,
the organic fluid is pinned in the reservoir. To obtain an understanding of the forces
involved, we use a combination of the Bernoulli theorem and Young-Laplace equa-
tion at points 1,2,3 and 4. Points 1 and 2 are located at the upper and lower outlets,
while points 3 and 4 are located inside the reservoir on either side of the interface.
Applying the Bernoulli principle at points 1 and 3 in the aqueous phase, we get:

𝑝1 +
1
2𝜌𝑢

2
1 = 𝑝3 (4.5)

where p is the pressure, 𝜌 is the density and 𝑢 is the velocity, with the subscripts
corresponding to the points shown in Figure 4.18. The velocity at points 3 and 4 is
taken to be 0 as the interface does not travel further in the reservoir. Similarly, for
the organic phase at points 2 and 4, we get:

𝑝2 +
1
2𝜌𝑢

2
2 = 𝑝4 (4.6)

The density of the aqueous and organic phases are assumed to be equal for
simplification. From Table 5.1, we can also see that the densities of water and
toluene are similar. Points 3 and 4 are very close to the fluid interface. Thus,
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according to the Young-Laplace equation, we get [16]:

𝑝4 − 𝑝3 =
4𝜎cos𝜃
𝛿 (4.7)

where 𝛿 is (O.D-I.D). The Laplace pressure in this case is nothing but the burst
pressure. Combining Equations 4.5,4.6 and applying in it Equation 4.7, we get:

𝑝2 − 𝑝1 =
1
2𝜌(𝑢

2
1 − 𝑢22) +

4𝜎cos𝜃
𝛿 (4.8)

The Laplace pressure in the rectangular channel is given by :

𝑝Lap,rect =
2𝜎cos𝜃
𝑑 (4.9)

where 𝑑 is the depth of the channel. Since our simulations are in 2D, there is
no depth in our channel. The curvature across the width of the channel is zero.
Therefore, in our 2D case, the pressure of the individual fluids are equal across the
entire channel except inside the reservoir. Therefore, 𝑝1 = 𝑝2. Equation 4.8, thus,
further simplifies to:

1
2𝜌(𝑢

2
2 − 𝑢21) =

4𝜎cos𝜃
𝛿 (4.10)

The velocities at the outlet can be considered equal to the inlet velocities if no
leakage takes place. Therefore, they can be related to 𝜙 in the same manner.

𝜙 =
𝑢aq
𝑢org

= 𝑢1
𝑢2

(4.11)

where the subscripts aq and org correspond to the velocities at the aqueous and
organic inlets respectively. Rearranging Equation 4.10 in terms of 𝜙, we get:

𝜌𝑢21(
1
𝜙2 − 1) =

4𝜎cos𝜃
𝛿 (4.12)

Rewriting the above equation in terms of the aqueous Weber number inside the
reservoir - 𝑊𝑒1 =

𝜌𝑢21𝛿
𝜎 - we get:

𝜙2 = 1
1 + 4cos𝜃

𝑊𝑒21

(4.13)

If we include the laplace pressure in our analysis for the 3D case, the above
relation is modified to the following form:

𝜙2 = 1

1 − 4cos𝜃(2𝑑𝛿−1)
𝑊𝑒𝑑

(4.14)
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where𝑊𝑒𝑑 =
𝜌𝑢21𝑑
𝜎 is the Weber number of the aqueous phase across the depth

of the channel.

Clearly, both expressions are a major approximation of the actual pressure bal-
ances. From Equation 4.10, we can see that Equations 4.13 and 4.14 are valid only
when 𝑢2 > 𝑢1, otherwise we obtain an imaginary 𝜙. However, Table 4.6 shows
stable parallel flow in pillars with smaller IDs for 𝜙 > 1. Using the Bernoulli equa-
tion, as we have done in our analysis, completely neglects the viscous pressure
drop, which can be significant at the entrance of the reservoir where the interface
is curved as shown in Figure 4.17a. Including the viscous pressure to drop to Equa-
tion 4.10 allows for 𝜙 to be greater than 1. This pressure balance thus takes the
following form [17]:

𝑝2 − 𝑝1 =
1
2𝜌(𝑢

2
1 − 𝑢22) +

4𝜎cos𝜃
𝛿 + 2𝑓𝜌(𝑢

2
1 − 𝑢22)𝐿
𝛿 (4.15)

where 𝑓 is the friction factor, which is unknown for the reservoir, 𝐿 is the length
of the reservoir (O.D). Even if the friction factor is known, the above expression
is still not entirely accurately because the burst pressure inside the reservoir is not
constant as the interface normals keep changing across the reservoir. Equation
4.13, however, is formulated to qualitatively understand the influence of the I.D
on leakage and despite all the approximations, this equation can explain some of
the results observed in Table 4.6. Φ and 𝛿 are inversely related in this expression,
which means that for a larger I.D, i.e., smaller 𝛿, a smaller 𝜙 is sufficient to balance
the pressures. Conversely, for a smaller I.D, a larger 𝜙 is required to balance the
pressures. Even though the range of 𝜙 can’t be predicted, Equation 4.13 provides
the trend between I.D and leakage.

In addition to Equation 4.13, the flow regimes and velocity contours are looked
into for I.Ds of 200 and 400 𝜇m . The idea is to observe the influence of the I.D
at higher and lower 𝜙 and explain the results from Table 4.6 better by visualizing
the flow phenomena. We first consider the contour plots at 𝜙=1. Figures 4.19a
and 4.19b show the regime and velocity contour for a concentric pillar with I.D=
200 𝜇m. Similar to Figure 4.17b, the velocity contour shows that the larger ve-
locities are concentrated in the region between the entrance of the outlet and the
concentric pillar, while the velocities on the other side of the pillar are much smaller.

On the other hand, the velocity contour for a concentric pillar with a larger I.D of
400 𝜇m at 𝜙=1 shows significant velocities on the right side of the concentric pillar
as well (Figure 4.20b). Consequently, leakage is observed in the toluene outlet as
shown in Figure 4.20a. These results observed in Figures 4.19a and 4.20a cannot
be explained by the burst pressure alone, which is why the qualitative expression
in Equation 4.14 helps in making sense of these results. At this I.D, the pressures
are not balanced which is why larger velocities are observed inside the reservoir.

Now we consider the case of a lower 𝜙 of 0.45. Figures 4.21a and 4.21b show
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(a) (b)

Figure 4.19: a)Stable parallel flow in the circular reservoir (600 𝜇m diameter) with a concentric pillar
(200 𝜇m diameter). The Capillary number of toluene is 10−3 and 𝜙 =1. The blue fluid is toluene and
the red fluid is water. b) Velocity magnitude for the same simulation with the units in lattice unit/lattice

time (lu/lt).

(a) (b)

Figure 4.20: a)Leakage in the circular reservoir design (600 𝜇m diameter) with a concentric pillar of
400 𝜇m diameter. The Capillary number of toluene is 10−3 and 𝜙 =1. The blue fluid is toluene and the
red fluid is water. b) Velocity magnitude for the same simulation with the units in lattice unit/lattice

time (lu/lt).

the flow regime and profile for an I.D of 200𝜇m. Leakage is observed here as
toluene has circumnavigated the entire I.D of the pillar. The velocity contour shows
that the velocity at the bottom outlet is considerably larger than the rest at the outlet
and reservoir. The velocity at the upper outlet, though still larger than the veloc-
ities inside the reservoir, is much lower than the water velocity at the water inlet.
Clearly, the lower burst pressure results in the leakage of toluene.

In contrast, the velocity near the upper outlet of the concentric pillar is much
larger when the ID is 400 𝜇m (Figure 4.22b). Stable parallel flow is consequently
observed at this 𝜙 as shown in Figure 4.22a as the burst pressure associated with
the pillar is too high.

Finally, we look at the contour plots for an I.D of 500 𝜇m where stable parallel
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(a) (b)

Figure 4.21: a)Leakage in the circular reservoir design (600 𝜇m diameter) with a concentric pillar of
200 𝜇m diameter. The Capillary number of toluene is 10−3 and 𝜙 =0.45. The blue fluid is toluene and
the red fluid is water. b) Velocity magnitude for the same simulation with the units in lattice unit/lattice

time (lu/lt).

(a) (b)

Figure 4.22: a)Stable parallel flow in the circular reservoir design (600 𝜇m diameter) with a
concentric pillar of 400 𝜇m diameter. The Capillary number of toluene is 10−3 and 𝜙 =0.45. The blue
fluid is toluene and the red fluid is water. b) Velocity magnitude for the same simulation with the units

in lattice unit/lattice time (lu/lt).

flow is not observed. At an I.D of 500 𝜇m, 𝑃burst is the largest, but the area oc-
cupied by toluene is very small as (O.D-I.D) is small. Figure 4.23a shows toluene
breaking into droplets once it reaches the outlet because of the small area. The ve-
locity is at its largest at the entrance of the outlet (Figure 4.23b), where the toluene
is sheared to form droplets because of the large burst pressure. This is observed
for all 𝜙.

4.3.6. Influence of Dimensionless numbers
The influence of the dimensionless numbers - Capillary, Weber and Reynolds - is
studied in this section. From Equation 4.13, it appears that the Weber number is
the most important dimensionless number that describes the leakage at the out-
lets, with the 𝜙 expected to decrease with an increase in Weber number. To test if
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(a) (b)

Figure 4.23: a)Droplets were observed in the toluene outlet in the circular reservoir design (600 𝜇m
diameter) with a concentric pillar of 500 𝜇m diameter. The Capillary number of toluene is 10−3 and 𝜙
=1. The blue fluid is toluene and the red fluid is water. b) Velocity magnitude for the same simulation

with the units in lattice unit/lattice time (lu/lt).

this is indeed the case, we vary the flow parameters individually and observe their
influence on leakage.

First, the fluid inlet velocity is varied. From Equation 1.4, we can see that
changing the velocity influences all the dimensionless numbers. All the previous
simulations were conducted at a Toluene Capillary number of 10−3. Now, the range
of 𝜙 is studied for different toluene velocities in Table 4.7.

Table 4.7: Range of 𝜙 for which stable parallel flow is observed as the velocity of toluene is varied.
The O.D is fixed at 600 𝜇m and the I.D is 300 𝜇m.

Toluene
Velocity(m/s)

𝐶𝑎org 𝑊𝑒org 𝑅𝑒org Range of 𝜙

0.062 10−3 9.2 × 10−3 9.2 0.45-1.1
0.093 1.5 × 10−3 2.07 × 10−2 13.8 0.55-0.9
0.124 2 × 10−3 3.68× 10−2 18.4 0.65-0.75

Leakage is observed for a smaller range of 𝜙 at larger velocities. Larger veloc-
ities imply that 𝑊𝑒1 is larger and the dynamic pressure is larger (Equations 4.14
and 4.8), and this reduces the average 𝜙 for which stable parallel flow is observed.
Consequently, the range of 𝜙 for which stable parallel flow is observed is also lim-
ited, as can be seen in Table 4.7.

To visualize the influence of velocity better, we plot contour plots for two different
toluene velocities at 𝜙 = 0.45 and 𝜙 = 1. Figure 4.24a shows the leakage of
toluene to the water outlet at 𝜙 = 0.45 and a toluene velocity of 0.124 m/s. The
velocities of the fluids are large enough to break the toluene-water interface near
the concentric pillar (Figure 4.24b), ultimately resulting in the leakage of the broken
toluene fragment. At 𝜙=1, the water velocity is large enough to leak into the lower
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outlet from the corner as shown in Figures 4.25a and 4.25b. Even though the
velocity on the right side of the concentric pillar is small for both 𝜙 compared to the
outlet velocities, the larger overall fluid velocities result in leakage.

(a) (b)

Figure 4.24: a)Leakage to the upper outlet in the circular reservoir design (600 𝜇m diameter) with a
concentric pillar of 300 𝜇m diameter. The Capillary number of toluene is 2 × 10−3 and 𝜙 =0.45, with a

toluene velocity of 0.124 m/s. The blue fluid is toluene and the red fluid is water. b) Velocity
magnitude for the same simulation with the units in lattice unit/lattice time (lu/lt).

(a) (b)

Figure 4.25: a)Leakage to the lower outlet in the circular reservoir design (600 𝜇m diameter) with a
concentric pillar of 300 𝜇m diameter. The Capillary number of toluene is 2 × 10−3 and 𝜙 =1, with a

toluene velocity of 0.124 m/s. The blue fluid is toluene and the red fluid is water. b) Velocity
magnitude for the same simulation with the units in lattice unit/lattice time (lu/lt).

Now the viscosity of both fluids is varied such that the viscosity ratio is the same
as that described in Table 5.1. The velocity of toluene is once again fixed at 0.062
m/s, as 𝜙 is varied by changing the water velocity. Changing the viscosity changes
both the Reynolds and Capillary numbers, but not the Weber number, so the im-
pact on 𝜙 should be minimal (Equation 4.13). The range of 𝜙 where no leakage is
observed for different fluid viscosities is tabulated in Table 4.8.

Table 4.8 shows that viscosity has little impact on leakage, which points to the
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Table 4.8: Range of 𝜙 for which stable parallel flow is observed as the viscosities of toluene and
water are varied. The viscosity ratio is the same as that in Table 5.1. The O.D is fixed at 600 𝜇m and

the I.D is 300 𝜇m.

Toluene
Viscosity
(mPas)

𝐶𝑎org 𝑊𝑒org 𝑅𝑒org Range of 𝜙

0.583 10−3 9.2 × 10−3 9.2 0.45-1.1
0.875 1.5 × 10−3 9.2 × 10−3 6.13 0.5-1.2
1.17 2 × 10−3 9.2× 10−2 4.6 0.5-1.2

importance of the Weber number. To further check if this is indeed the case, we
vary the density and tabulate the range of 𝜙 for which no leakage is obtained in
Table 4.9.

Table 4.9: Range of 𝜙 for which stable parallel flow is observed as the densities of toluene and water
are varied. The density ratio is the same as that in Table 5.1. The O.D is fixed at 600 𝜇m and the I.D is

300 𝜇m.

Toluene
Density
(kg/m3)

𝐶𝑎org 𝑊𝑒org 𝑅𝑒org Range of 𝜙

867 10−3 9.2 × 10−3 9.2 0.45-1.1
1300.5 10−3 1.38 × 10−2 13.8 0.5-0.95
1734 10−3 1.84× 10−2 18.4 0.6-0.85

Changing the density changes the Reynolds and Weber number, but not the
Capillary number. Consequently, a change in the range of 𝜙 is seen. The results
from Tables 4.7, 4.8 and 4.9 show the importance of the Weber number in such a
design. Generally, an increase in Weber number leads to more leakage. By chang-
ing the Weber number, we can accordingly control the leakage according to our
desired application.

In the case of the RK model, the pressure is coupled with the density [18, 19],
so a pressure plot is not very useful to understand the flow phenomena. Therefore,
to understand the pressure balances better, it will be useful to study this setup
experimentally to develop pressure plots.

4.4. Conclusion
The influence of outlet geometry on leakage is studied in this chapter. Four differ-
ent designs are proposed, each involving the modification of the outlet geometry
in a T-T channel. The principle behind each of the designs is to either include an
additional outlet as proposed by Lu et al [5] or to incorporate a phaseguide (Vulto
et al [1]) at the outlet.
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The triple outlet design successfully ensures pure fluid at the upper and lower
outlets, but there is a loss of fluid to the third outlet. To minimize the loss, the
triple outlet design is slightly modified by including a circular head at the start of
the outlet. The influence of these diameters on leakage and loss was subsequently
studied and validated experimentally. Generally, smaller diameters are preferred
for reducing the loss of toluene, and larger diameters for a broader range of 𝜙 at
which stable parallel flow is observed. Alternatively, the loss can also be minimized
by operating at a large 𝜙.

When it comes to the reservoir designs, the displaced outlet design with a con-
centric pillar proved to be the most successful in stemming leakage. However, the
effectiveness of the design is governed by several factors, such as the diameter
of the pillar and the Weber number of the fluids. Stable parallel flow is generally
observed for lower 𝜙 at higher I.D and higher 𝜙 at lower I.D. At higher Weber num-
bers, the effectiveness of the design is much reduced, as the fluids have enough
momentum to overcome the burst pressure of the pillar and leak into the upper or
lower outlets.
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5
Influence of a ‘Step’ on the

Liquid-Liquid Flow Patterns
and Flow Phenomena in a
Microfluidic Y-Y channel

In Chapter 4, we looked at the influence of the outlet on leakage and observed that
leakage can be effectively minimized once the outlet geometry is accordingly mod-
ified. An alternative to this option is to modify the overall geometry of the channel,
and a design that has been used in literature for LLE purposes is an asymmetric mi-
crochannel with different depths for the two fluids[1, 2, 3]. We call this design the
‘step’ design as the presence of a shallow and deep part resembles a step (Figure
5.1b). This channel has been found to be particularly effective in obtaining stable,
parallel flow [4].

Flow patterns have been extensively studied in microchannels of various ge-
ometries such as Y-shaped channel [5, 6, 7, 8], T-shaped channel [7, 8, 9, 10] and
cross-junction channel [11, 12, 13]. Generally, these studies observed the effect of
the dimensionless numbers mentioned in Equation 1.4 on the flow regimes. Some
papers, like those of Kashid et al [7] and Asadi-Sanghandi et al [14], tried devel-
oping generalized flow maps to describe flow regimes for all possible fluids and
geometries.

However, all these studies have been conducted on channels of symmetric cross-
section (standard design). Papers which have studied the influence of channel
geometry have limited their research to channel dimensions and inlet geometry
[7, 8]. To this author’s knowledge, no studies have been conducted on this geo-
metric modification’s effect on the flow patterns, let alone flow maps. The influence
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of dimensionless numbers on the various flow regimes has not been documented in
flow maps. Considering the utility of the step channel in multiple LLE applications
[1, 2, 3], it is imperative to understand the effect such a modification might have
on the flow phenomena. Studying the flow patterns for such a step channel and
comparing it to a channel with a symmetric cross section will, therefore, not only
expand the application of such microfluidic channels in LLE, but also enhance our
understanding of the influence of channel geometry on fluid flow. This is especially
important when we consider the use of such channels in radioisotope extraction
studies.

Therefore, this chapter focuses on understanding the nature of the flow phe-
nomena in such a step design and, the influence of channel dimensions and geom-
etry on two-phase flow. The flow patterns obtained from this design will be com-
pared experimentally with the corresponding results obtained from the commonly
used channel with a symmetric cross-section. Further, the effect of the channel
dimensions and the extent of asymmetry on the flow phenomena in a Step channel
will also be studied. Finally, to visualize the impact of this geometric modification
on flow phenomena, Volume-of-Fluid (VOF) simulations will be performed on both
Step and Standard Designs to compare the flow fields and pressure plots.

5.1. Methods and Materials
5.1.1. PDMS Microfluidic Chip Fabrication
The chips are fabricated similarly to the procedure described in Chapter 4. As it is
important to modify the geometry of the chips, polydimethylsiloxane (PDMS) is used
because the chips can be easily manufactured. PDMS is an organosilicon polymer
that stays in liquid form upon mixing the elastomers with the curing agent. As a
result, the mixture can be poured into a petri dish with a patterned mould master,
where it takes the shape of the pattern printed on the mould master. The petri dish
can be set in an oven to speed up the hardening process.

To fabricate microfluidic chips, we first fabricated the mould master using the
soft lithography technique. On top of a cleaned 4 inch silicon wafer, we spin-coated
a negative photoresist (SU8-2050, micro resist technology GmbH) at 2000 rpm for
30 s to obtain a layer of 50 µm thickness. The wafer was then baked at 100∘C
for 15 min and loaded onto LaserWriter (Heidelberg, 1 µm laser beam at 365 nm).
In the LaserWriter, we converted a bottom pattern (Y-Y shape, width from 250 -
1000 µm, Figure 5.1a), designed using Autocad 2019 (Autodesk). The pattern was
then written on the wafer. Afterwards, the wafer was soft-baked at 100∘C for 5 min.

To deposit another layer, we spin-coated another negative photoresist. To ob-
tain an additional 25 µm and 50 µm we used SU8-2025 and SU8-2050 accordingly,
with similar spin-coating parameters. After the second spin-coating, the wafer was
baked at 100∘C for 15 min and reloaded onto the LaserWriter where a top pattern
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(half-channel, refer to Figure 5.1b) was converted, aligned, and written. The wafer
was soft-baked again at 100∘C for 5 min. Thereafter, the wafer was developed
using Propylene glycol methyl ether acetate (> 99.5%, Merck Sigma) for 10 min,
and post-baked at 200∘C for 30 min.

The PDMS microfluidic chips were fabricated by mixing the elastomer (Sylgard
184 Elastomer Kit, Dow Corning Comp.) and the curing agent with a mass ratio of
10:1. The mixture was then degassed, poured over the patterned master mould on
a petri dish, and cured at 70∘C for 10 h. The hardened PDMS chips were gently re-
moved from the mould master and cut to size. The inlets and outlets were punched
using a 1.5 mm biopsy puncher, before being cleaned using ethanol. On the other
hand, a glass slide was spin-coated with 20 µm PDMS (2000 rpm for 2 min, Laurell
WS-650-23B). Both the chips and the coated glass slides were bonded together
using oxygen plasma treatment (Harrick PDC-002) at 0.2-0.4 mbar for 140 s. The
preparation of the mould master and fabrication of the chips was done by Albert
Santoso, while the chips were cut from the mould master by the author himself.

5.1.2. Fluid properties and Flow Setup
To conduct the flow experiments, we used two syringe pumps (Pump 11 Pico Plus
Elite). On each of the syringe pumps, a 10 mL syringe (Beckton-Dickinson, Discardit
II) was mounted. One of the syringes contained demineralized water with 10 mg/L
brilliant blue dye while the other syringe contained an immiscible fluorinated oil
(HydroFluoroEther, HFE, 3M™ Novec™ 7500 Engineered Fluid). The syringes were
connected with PEEK tubes (0.5 mm ID, 1.59 mm OD, 300 mm in length) to the
inlets of the microfluidic chips. The outlets were connected to other PEEK tubes,
leading to a disposal container.

The fluid properties are given in Table 5.1. The contact angle corresponds to
the angle made by the Novec-Water interface on the PDMS chip, and in our case,
PDMS was observed to be hydrophobic.

Table 5.1: Fluid Properties

Fluid Density
(kg/m3)

Viscosity
(mPas)

Surface
Tension
(mN/m)

Contact
Angle (∘)

Water 997 1.01 43.8 -
HFE/Novec™ 7500 1614 1.24 - 39.7

5.1.3. Channel Geometry and Dimensions
Each of the channels in the experiments has a Y-Y geometry as shown in Figure
5.1a. In the case of the standard design, the depth remains uniform throughout,
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whereas, in the step design, half of the channel has one depth and the other half
has another depth as shown in Figure 5.1b.

(a) (b)

Figure 5.1: Channel geometry. a) Y-Y, with two inlets and outlets b)Step design with two depths for
each half of the channel

Five different channels are used here - one standard and four step channels.
Two geometrical dimensions are varied in the case of the step channel - the width
(𝑊) and the step ratio 𝜆 = 𝐻1

𝐻2
. The dimensions of the channels are described in

Table 5.2.

Table 5.2: Channel dimensions used throughout this work. The height of the shallower section is
fixed at 50 𝜇m as the height of the deeper section is varied.

Number Length
(cm)

𝑊 (𝜇m) 𝐻1 (𝜇m) 𝜆

1 (Standard) 1.2 500 50 1
2 1.2 500 100 2
3 1.2 250 100 2
4 1.2 1000 100 2
5 1.2 500 75 1.5

5.1.4. Flow Initialization
Since the flow phenomena in the microscale are very sensitive to air bubbles, care
must be taken to ensure proper initialization [15]. In the case of the standard chan-
nel, initializing with parallel flow will make it harder to achieve slug flow at lower
flow rates. To ensure repeatable results for all the flow regimes and to prevent air
bubbles from entering, we initialize the experiments by filling the channel with the
more wettable fluid, in this case, Novec, at a high flow rate of 100-150 𝜇L/min.
In case any air bubbles enter, they are flushed out first before allowing water to
enter. Then, the flow rates of Novec and water are adjusted to the desired Capillary
number and then the experiments are performed.

For the step channel, the initialization procedure is different. Here, the fluid
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Figure 5.2: A mixed regime is observed in a step channel when initialized at a high flow rate. The
dyed fluid is water (the regions corresponding to the letter W within the interface) and the colourless

fluid is Novec.

with lower viscosity has to occupy the shallower channel, otherwise, viscous insta-
bilities occur which make it difficult to obtain reproducible flow maps. Large flow
rate ratios are then necessary to obtain stable parallel flow [3]. As the channel has
an asymmetric cross-section, any air bubbles or liquid droplets can hinder the flow
and cause some instabilities, making it difficult to obtain stable parallel flow.

Therefore, we initialize in such a way that water occupies the shallow section
and Novec the deep section, and then vary the flow rates to create a flow map.
Initializing at a high flow rate will lead to water wetting the entire channel, both the
shallow and deep parts. Repeatable and reproducible results cannot be obtained
once this happens. The problems associated with high flow rate initialization can
be seen in Figure 5.2. Water occupies the entire channel at first, but because it
is the non-wetting fluid, Novec occupies the regions near the channel walls. This
leads to a mixed regime where both fluids occupy both sections regardless of the
flow rate. Thus, no repeatable flow map can be obtained.

To ensure repeatable results, we first introduce water into the shallow section
at a low flow rate(1-10 𝜇L/min) and then introduce Novec into the deeper section
at a similar flow rate. Once we observe stable parallel flow, we then proceed to
vary the flow rates according to the desired regimes.

5.1.5. VOF Simulations
VOF simulations are run on Ansys Fluent and the equations are described in Chapter
3.
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5.2. Experimental Results
The experiments are performed on five different channels as discussed in Table
5.2. First, we focus on the differences between the step and standard channel for
the same dimensions. The observed flow regimes are elucidated and compared for
both channels, followed by the flow maps showing the differences in flow regimes.
A similar procedure is followed for the other step channels with variable geometric
dimensions, and finally, a generalized flow map is proposed for all the regimes in
the step design.

5.2.1. Step vs Standard
Flow Regimes
In this section, we characterize the experimentally observed flow regimes in both
the standard and step channels of width 500 𝜇m. The regimes are classified based
on their behaviour across the entire channel - inlet, main channel and outlet. This is
slightly different from other papers which only consider the inlet and main channel
[16, 14, 8]. Including the outlet provides a rounded description of all the flow phe-
nomena occurring in the channel, and it’s especially useful when we consider LLE
applications where leakage plays a significant role. For the standard channel, the
following regimes are observed for various Capillary numbers and shown in Figure
5.3:

1. Slug Flow: This flow regime generally occurs at low Capillary numbers (𝐶𝑎 =
10−6 − 10−5), where interfacial forces are dominant [14, 16]. In this regime,
the dispersed phase occupies the entire channel and obstructs the flow of the
continuous phase. Eventually, the pressure of the continuous phase builds
up and leads to the shearing of the dispersed phase in the form of slugs as
shown in Figure 5.3a [17].

2. Parallel Breakup Flow: Here, the two fluids flow alongside each other in the
main channel (Figure 5.1a), but the inertial forces are not strong enough to
maintain this configuration for the rest of the channel [18] (Figure 5.3b ). This
regime occurs at Ca number larger than those for slug flow (𝐶𝑎 of O(10−5),
where the flow rates of the two fluids are roughly comparable, although it is
observed in some cases that the flow rate of the continuous phase is consid-
erably larger than the dispersed phase. The inertial forces of the continuous
phase seem to play a larger role in this regime, and this was also observed to
be the case in the T-channel experiments of Zhao et al [19].

3. Parallel Flow with Leakage and Pinching: This regime generally occurs at Ca
number larger than that observed in Parallel Breakup Flow at comparable flow
(𝐶𝑎 = 10−5−8×10−4). The exceptions to the rule are when the dispersed flow
rates are much lower than the continuous flow rates. The two phases flow
alongside each other for the whole length of the channel, but the continuous
phase “pinches” the dispersed phase at the entrance of the main channel as
shown in Figure 5.3c, i.e, the dispersed phase is pushed slightly upwards by
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the continuous phase, after which the dispersed phase restores the original
interface position. The interface position keeps varying near the inlet, which
is why this phenomenon is classified separately. At the end of the rectangular
channel, either the continuous or dispersed phase leaks into the outlet of the
other as in Figure 5.3d.

4. Wavy Parallel Flow: In this case, the two phases move alongside each other
but the interface is not straight as in the previous two cases but wavy and
unstable as the position of the interface changes with time (Figure 5.3e).
This regime occurs at Ca number larger than Parallel Flow with Pinching but
smaller than Parallel Flow with Leakage (𝐶𝑎 of O(10−3)). It is only observed
for a small range of Ca number, with the flow rates of the two phases being
comparable.

5. Parallel Flow with Leakage: This is similar to the previous regime, except
that it occurs at a higher Ca number (𝐶𝑎 > 10−3) without any pinching.
The position of the interface remains more or less the same throughout the
channel as the inertial forces are now large enough to sustain this regime
[16, 19, 18, 14]. The flow rates of the two phases are comparable here and
leakage is observed here as well.

(a) (b) (c)

(d) (e)

Figure 5.3: Flow regimes observed in a standard channel for a Novec-Water mixture. The colourless
fluid is Novec and the dyed fluid is water (the regions corresponding to the letter W within the

interface). a) Slug Flow, b) Parallel Breakup Flow, c) Parallel Flow with Leakage and Pinching, d) Wavy
Parallel Flow, e) Parallel Flow with Leakage.

When it comes to the step channel, the flow regimes have not been previously
classified in the literature to the author’s knowledge. Thus, the results presented
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in this research might be useful for further studies on step channels. The observed
flow regimes in the step channel are shown in Figure 5.4 and classified as follows:

1. Stable Parallel Flow: As shown in Figure 5.4a, the two fluids move alongside
each other in parallel, but unlike the standard design, the interface is located
exactly in the middle of the channel without any leakage, and this is the
key reason why this kind of channel is employed in radioisotope extraction
[3, 20]. Surprisingly, this regime is observed at low Ca numbers in contrast
to the standard channel (𝐶𝑎 < 5 × 10−5).

2. Parallel Flow with Leakage and Pinching: Similar phenomenon to that de-
scribed for the standard channel. This phenomenon is observed for large Ca
numbers at comparable flow rates. (Figure 5.4b, 𝐶𝑎 > 10−4)

3. Parallel Flow with Leakage: This regime isn’t observed frequently, and thus
it’s difficult to describe a trend for this regime (Figure 5.4c).

4. Parallel Breakup Flow: As with the standard channel, parallel flow breaks
down to form droplets, but these droplets only occupy the shallow section
and do not penetrate the deeper section (Figure 5.4d). This regime generally
occurs for larger continuous phase Ca numbers (𝐶𝑎n) and dispersed phase
Ca numbers (𝐶𝑎w) as compared to stable parallel flow (𝐶𝑎n/𝐶𝑎w ≈ 10).

5. Complete Wetting: When the flow rate of the continuous or dispersed phase is
much larger compared to the other fluid (O(100) larger), one fluid completely
wets the channel, and the other fluid only pinches the interface from time to
time (Figure 5.4e).

Flow Maps
From the flow regimes discussed in the above section, we can clearly spot some
differences between the regimes observed in the standard and step channels. To
visualize these differences, we plot all the flow regimes on flow maps for the two
channels based on the Capillary number in Figure 5.5.

The clearest indication of the influence of geometry can be seen in the onset of
parallel flow for either of the channels. At low Ca numbers where interfacial forces
are dominant, stable parallel flow occurs in the step channel, whereas slug or paral-
lel breakup flow is observed in the standard channel at the same Capillary number.
Additionally, no leakage is also observed in the step channel, which points to the
role of geometry and interfacial forces in stabilizing parallel flow. Slug flow is also
never observed in the step channel for this width. At higher Ca numbers, the step
channel gives similar results to the standard channel with parallel flow and leakage
being the dominant regime, although pinching is more common in the step channel.
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(a) (b) (c)

(d) (e)

Figure 5.4: Flow regimes observed in a step channel for an Novec-Water mixture. The colourless fluid
is Novec and the dyed fluid is water (the regions corresponding to the letter W within the interface).
Water is located in the top and shallower section. a) Parallel Flow, b) Parallel Flow with Leakage and

Pinching c) Parallel Flow with Leakage d) Parallel Breakup Flow e) Complete Wetting

5.2.2. Influence of Geometric Dimensions in the Step Channel
To further understand the behaviour of fluids in a step design, we work with step
channels with different dimensions. Many studies have been conducted on the ef-
fect of aspect ratio (channel width to depth) on the formation of droplets and the
subsequent transition from droplet/slug flow to other regimes in standard channels[21,
22, 23, 24]. The aspect ratio (Ψ) was found to affect the development of droplets,
droplet frequency and onset of jetting or parallel flow. Some papers have also
looked into the effect of the hydraulic diameter on the overall flow map [16, 5]. All
these studies have been conducted only on channels with symmetric cross-sections
(𝜆=1).

A clearer comprehension of fluid behaviour in the step design is only possible
when we look into the impact of Ψ and the degree of asymmetry (𝜆) on the flow
patterns. 𝜆 = 1 corresponds to the standard channel, and we have already ob-
served the differences in Figure 5.5 when the channel is more asymmetric (𝜆>1).
Therefore, we study the effect of 𝜓 on the flow map for the step channel by varying
the width along with 𝜆 - a parameter unique to this step channel.

Flow Regimes
In addition to the regimes that can be found in channels #1 and #2 (Table 5.2),
the following regimes are observed in channels #3, #4 and #5 (Figure 5.6):
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(a)

(b)

Figure 5.5: Flow map for a) Standard channel #1, b) Step channel #2

1. Unstable Parallel Flow: This regime starts with fluids flowing alongside each
other, but the interface position is never stable, and the dispersed phase even
detaches sometimes, after which it forms a wavy parallel flow-like pattern as
shown in Figure 5.6a. Channel #4 shows this regime which normally occurs
when the flow rate of the continuous phase is much larger than the dispersed
phase (𝐶𝑎n/𝐶𝑎w ≈ 10).

2. Parallel Breakup Flow with Pinching: The pinching phenomenon accompanies
the parallel breakup flow regime described in Section 5.2.1. This occurs in
Channel #3 at a high Ca number (O(10−3))with the flow rates of the contin-
uous and dispersed phases being similar.

3. Slug/Droplet Flow: Like the regime observed in the standard channel in Sec-
tion 5.2.1, the dispersed phase detaches in the form of slugs/droplets. The
key difference observed in a step channel is that the slug only occupies half



5.2. Experimental Results

5

119

the width of the entire channel and never penetrates the deep channel as
shown in Figure 5.6b. This regime occurs in Channels #3 and #5 at lower
𝐶𝑎w and much larger 𝐶𝑎n (𝐶𝑎n/𝐶𝑎w ≈ 20, 𝐶𝑎 = 10−6 − 10−5).

4. Intermittently Stable Parallel Flow: As the name suggests, the flow regime
alternates between stable parallel flow with complete separation and pinching
with leakage at the outlet as shown in Figure 5.6c. This regime occurs only
in channel #5 at low Ca numbers (O(10−5)) with similar flow rates.

5. Wavy Parallel Flow: Similar to the regime described for the standard channel
in Section 5.2.1, the interface is wavy and its position keeps shifting (Figure
5.6d). The regime is only observed in channel #5 for a few values of the Ca
number (𝐶𝑎 = 3 × 10−4 − 10−3).

(a) (b)

(c) (d)

Figure 5.6: Flow regimes observed in a step channel for a Novec-Water mixture. The colourless fluid
is Novec and the dyed fluid is water (the regions corresponding to the letter W within the interface). a)

Unstable Parallel Flow, b) Slug Flow c) Intermittently Stable Parallel Flow d) Wavy Parallel Flow

Flow Maps
The flow regimes for channels #3, #4 and #5 are visualized using flow maps based
on the Capillary number of both phases in Figure 5.7. As hinted by the regimes
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discussed in the previous section, the width and 𝜆 clearly impact the nature of flow
phenomena. In addition to the new regimes, the width also seems to have an
influence on leakage, with the channel#4 flow map showing stable parallel flow for
a broader range of Ca numbers as compared to channels #2 and #3 (Figures 5.7a,
5.7b, 5.7c). Neither channels #2 nor #3 show any slug or droplet flow, but channel
#4 does.

In the case of channel #5, the reduction in 𝜆 results in a flow map that is much
more scattered than the other step channel flow maps. Channel #5 still favours
parallel flow because of its asymmetric nature as can be seen in Figure 5.7c, but
leakage and slug flow are also more commonly observed compared to other step
channels. Thus, it is imperative to have a considerable height difference for stable
parallel flow across a broad range of Ca numbers.

5.2.3. Generalized Flow Maps
In order to visualize the influence of the step channel dimensions more clearly, we
plot the regions where stable parallel flow is observed for all the channels in Figure
5.8. For the purpose of comparison, we also include the region where non-wavy
parallel flow with leakage is observed in the standard channel just to visualize the
stark contrast between the step and standard channel in terms of parallel flow. The
figure shows a general pattern of stable parallel flow in step channels at low Ca
numbers, which is in stark contrast to the results observed in standard channels.
Aspect ratio and 𝜆 govern the range of 𝐶𝑎 at which stable parallel flow is observed.

channels #2 and #3 show the broadest range of stable parallel flow . Stable
parallel flow is observed even for higher Ca numbers in channel #3, whereas chan-
nel #2 shows stable parallel flow for lower 𝐶𝑎n than that observed in channel #3.
Decreasing the aspect ratio reduces leakage at higher Ca numbers, but the reduced
width also results in more pinching at some lower 𝐶𝑎n in channel #3.

A larger channel width in the case of channel #4 significantly reduces the region
where stable parallel flow is observed. This might be related to the fact that the
interfacial forces have to act over an increased surface area. Channel #5 shows the
smallest region where stable parallel flow is observed, whereas the region for Chan-
nel #2 is much larger. This points to the role of 𝜆 on stable parallel flow, where the
regimes were observed to be more scattered in Channel #5 as shown in Figure 5.7c

To obtain an overall picture of the flow regimes and regions observed in the
step channel, we plot a generalized flow map similar to the one described by Asadi-
Sanghadi et al [14] for all the step channels. Many papers have dedicated efforts to
plotting such maps with numerous dimensionless number combinations [7, 11, 25],
but Asadi-Sanghadi et al found that their combination (Ca0.31We0.07) was applicable
for a broader range of fluids when it comes to generalized flow maps. We plot the
flow regimes of all the step channels using their combination in Figure 5.9a.
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(a)

(b)

(c)

Figure 5.7: Flow map for a) Channel #3, b) Channel #4 c) Channel #5
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Figure 5.8: Stable Parallel Flow regions for all step channels along with the region of ‘Parallel Flow
with Leakage’ for the standard channel

Based on the data, we propose to divide the generalized flow map into three re-
gions: parallel, droplet/wetting, and transition. The parallel region includes all pos-
sible configurations of parallel flow - leakage or no leakage. The droplet/wetting re-
gion includes both the complete wetting and slug/droplet regimes. Parallel breakup
flow and wavy parallel flow - the intermediate regimes - form a part of the transi-
tion regimes. There are some outliers in the flow map which do not fall into their
respective regions, but broadly, this is a good division of the regions observed in
the step channels.

From Figure 5.9a, we can see that the dominant region corresponds to parallel
flow. At lower Ca0.31We0.07, stable parallel flow is observed and leakage is observed
at higher Ca0.31We0.07 with or without pinching. A lower Ca and We number cor-
respond to a greater influence of interfacial tension, and the prominence of stable
parallel flow at low Ca0.31We0.07 reflects that.

When the Ca0.31We0.07 of both fluids are high, we move towards the transition
region in the flow map. Higher Ca numbers correspond to larger viscous forces and
higher We numbers correspond to larger inertial forces. The boundary separating
the parallel and transition regions might indicate the greater importance of inertial
forces, especially at higher Ca0.31n We0.07n . Figures 5.5b, 5.7a,5.7b and 5.7c all show
transition regimes at higher 𝐶𝑎n, which is in contrast to a standard channel (Figure
5.5), where transition regimes are observed intermediate to parallel and slug flow.
More studies are needed on these transition regimes in step channels to see if the
step induces more instabilities at higher Ca0.31We0.07, leading to the breaking of
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(a) (b)

Figure 5.9: Generalized flow map for the step channels using the dimensionless number combination
from Asadi-Saghandi et al [14]. The map is divided into Parallel, Droplet/Wetting and Transition

regions.

the interface.

When the Ca0.31n We0.07n is at least 10 times larger than that of the dispersed
phase and the Ca0.31w We0.07w smaller than 10−2, droplets are observed, or one fluid
completely wets the main channel. Droplets appear to be generated by a combina-
tion of interfacial forces (surface tension, wettability) and larger viscous forces of
the continuous phase.

5.3. VOF Simulations
The experiments showed that fluids in a step channel behave differently than in a
standard channel, with the step design favouring stable parallel flow and parallel
flow in general as opposed to the standard design. To further understand how the
channel design influences flow phenomena, we conduct VOF simulations to be able
to visualize fluid behaviour in such channels better. To this author’s knowledge,
such simulations have not been performed in step channels before.

We compare slug flow in a standard channel with stable parallel flow in a step
channel in order to shed some light on the role of interfacial tension in obtaining
stable parallel flow in the step channel. Next, we turn our attention to how the
fluids behave at a higher Ca number (10−3) in a step channel and compare those
flow profiles to the one observed at a low Ca number (10−5).

VOF is chosen because we can obtain pressure plots from it, unlike the RK model
where the pressure is coupled with the density. One problem associated with VOF
is the large spurious velocities that are generated at low Ca numbers (Ca<10−3)
[26] as discussed in Chapter 3. The flow maps in Figures 5.5a and 5.5b clearly
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show many possible flow regimes at lower Capillary numbers. Therefore, we first
check whether VOF is able to capture stable parallel flow in a step channel before
we compare the regimes in a step and standard channel.

5.3.1. Comparison with Experiments
First, we run simulations on Channel #2 at (𝐶𝑎n, 𝐶𝑎w) = (1.5 × 10−5, 3 × 10−5),
where stable parallel flow is expected (Figure 5.5b). Novec is always located in the
deeper section of the channel, similar to the experiments. The subscripts 𝑛 and 𝑤
correspond to Novec and water respectively. A reduced length of 2 mm is used in
the simulations for the main channel to save computational time. A reduced length
has been used in many simulations involving Y-Y and T-T channels as it was found
to have little impact on the simulation results [27, 28, 29, 30]. This was found to
be true even in our simulations of the step channel, where the same flow regimes
were obtained at lengths of 1.2 cm and 2 mm. Grid convergence was obtained at
5 𝜇m, similar to the value obtained in Chapter 3. The properties of the fluids are
the same as that described in Table 5.1.

(a) (b)

Figure 5.10: VOF simulations for Water-Novec mixture in channel 2 at
𝐶𝑎n = 1.5 × 10−5 , 𝐶𝑎w = 3×10−5 with a a) Hydrophobic surface.b) Hydrophilic surface. The blue fluid
is Novec and the red fluid is water, with Novec being located in the deeper section at the bottom half of

the channel.

At (𝐶𝑎n, 𝐶𝑎w) = (1.5 × 10−5, 3 × 10−5), however, droplets are surprisingly seen
instead of stable parallel flow as in the experiments (Figure 5.10a), even though
parallel flow is observed at such Capillary numbers, similar to the regime shown in
Figure 5.5b).

When a hydrophilic channel is used, though, stable parallel flow is observed
as shown in Figure 5.10b. The Capillary numbers and flow rates are the same
as those used in the hydrophobic channel. Unfortunately, no experimental data
is available for a hydrophilic channel, so this simulation result can’t be confirmed.
Nevertheless, since we wish to study the fluid behaviour in step channels, we apply
the hydrophilic channel and compare the results at a low Capillary number with
those observed in a standard hydrophilic channel. This study helps to characterize
the flow development in both channels and observe how the variations in pressure
influence the flow regime’s nature.
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5.3.2. Standard vs Step
In this section, we compare a standard and step channel at low Capillary numbers.
From Figures 5.5a and 5.5b, we can see that two different regimes of slug and
stable parallel flow are obtained in the standard and step channels respectively at
low Ca numbers. VOF simulations are performed to study this contrast in greater
detail through velocity contours and pressure plots.

As can be seen from Figure 5.5, the Ca numbers for parallel flow in a step chan-
nel are very low, resulting in large spurious velocities. In addition to the problem
of spurious velocities, there is also the problem of long simulation times because
of the low flow rates. Therefore, we work with a channel of a similar geometry
but with smaller dimensions for both the step and standard designs as described
in Table 5.3. Water occupies the shallower section and Novec occupies the deeper
section, with the velocities of both fluids being equal.

Table 5.3: Channel Dimensions. The depth of the shallow channel is fixed at 20 𝜇m.

Type Length
(mm)

Width (𝜇m) Depth of Deeper
Channel (𝜇m/ l.u)

𝜆

Standard 1 200 20 1
Step 1 200 40 2

In Section 5.1.4, we mentioned that the standard channel was initialized with
the continuous phase occupying the entire domain and the dispersed phase intro-
duced into one inlet. The simulations here are initialized similarly, with Novec being
introduced from the deeper (bottom) inlet and water occupying the entire domain.
Since we wish to compare the flow development in both the step and standard
channels, the step channel is also initialized similarly. This initialization was found
to have no impact on the simulated flow regime.

First, we discuss the simulation results for a standard channel. According to
Figure 5.5a, slug flow is observed at Capillary numbers ranging from 10−6 − 10−5.
However, even at such low Ca numbers, VOF could not capture slug flow in a
standard channel. Instead, the dispersed phase fills the main channel and assumes
a shape similar to blocking in slug flow [17] (Figure 5.12e), but is later pushed to
form the regime shown in Figure 5.11a, where the dispersed phase splits to form
two droplets at the outlet junction.

The dispersed phase in both channels follows the filling and blocking stages de-
scribed in Lei et al [17] (Figure 5.12), but doesn’t detach to form a slug. Such a
result was also observed in the VOF simulations Jahromi et al [28], where the width
of their main channel was twice the width of their inlets, similar to the channel
used in our simulations. To see if the channel length is an issue, we ran simula-
tions for a longer length of 2 mm and no slugs were observed even then. In the
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(a)

(b)

(c)

(d)

Figure 5.11: Flow regimes obtained for the standard channel and step channel described in Table 5.3
from VOF simulations at 𝐶𝑎w = 8 × 10−5. a) Phase contour for the standard channel, the blue fluid is
Novec and the red fluid is water at 𝑧=10 𝜇m. b) Velocity contour with large velocity regions removed
from the contour for clarity c) Phase contour for the step channel 𝑧=10 𝜇m, with the deeper section
located at the bottom half of the channel. d) Velocity contour for the step channel. The white spaces

correspond to the spurious velocities.
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experiments (Figure 5.5a), slugs of lengths around 500 𝜇m are observed, and our
channel lengths are chosen to be longer than that. Besides, Jahromi et al [28] did
not observe slugs even for a channel with a length of 2 cm.

The regime shown in Figure 5.11a in a standard channel is compared with stable
parallel flow in a step channel at (𝐶𝑎w, 𝐶𝑎n) = (8 × 10−5, 9.9 × 10−5) as shown in
Figure 5.4a. The inlet velocity of Novec is kept the same as that of water for both
channels. First, we visualize the flow field through the velocity contours for both
the channels in Figures 5.11b and 5.11d. The contours are plotted on the XY plane
at z= 10 𝜇m. As the spurious velocities at these Capillary numbers are quite high,
we set an upper limit to the maximum velocity when we plot the velocity contours
for the purposes of clarity. This is why white spaces are observed in Figures 5.11b
and 5.11d.

The velocities in the main channel are similar to those at the inlets in the case
of the step design. Even though the prescribed velocities at both the channel inlets
are equal, the velocity at the top inlet is larger than that at the bottom inlet. This
is related to the reduced area at the top half of the channel, which correspondingly
results in a larger velocity. As for the standard channel, the velocities in the main
channel are similar to the inlet velocities.

To further understand how the geometry influences the flow phenomena, we
plot the flow development in both channels along with the variations in pressure as
the flow develops. The various stages of flow development for each channel are
shown in Figures 5.12 and 5.13. We measure the pressures of the aqueous and
organic phases at two nodes located near the channel intersections (Figure 5.1a)
on either side of the interface respectively. The evolution of pressure across the
time period is plotted for both channels in Figure 5.14.

(a) t= 0 ms (b) t= 30 ms (c) t= 75 ms

(d) t= 130 ms (e) t= 150 ms

Figure 5.12: Flow development in a standard channel at 𝐶𝑎w = 8×10−5. The blue fluid is Novec and
the red fluid is water.

In the case of the standard channel, we can see that the aqueous (continuous)
pressure keeps increasing over time, though the degree of increase varies. The
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(a) t= 0 ms (b) t= 23 ms (c) t= 150 ms

Figure 5.13: Flow development in a step channel at 𝐶𝑎w = 8 × 10−5. The blue fluid is Novec and the
red fluid is water, with the deeper section located at the bottom half of the channel. The velocities of

the two fluids are equal.

aqueous pressure gradually increases as the organic (dispersed) phase enters and
fills the main channel (Figure 5.12b), after which a steep increase is observed as
the organic phase blocks the flow of the aqueous phase (Figures 5.12c, 5.12d). A
steep increase in the aqueous pressure was also observed in the blocking phase
in the results of Lei et al [17], after which the aqueous pressure drops due to the
shearing of the organic phase by the aqueous phase to form a slug. Slug formation,
however, is not observed in our case, so we still observe an increase in pressure,
though the slope is less steep. The interface is deformed to form a more convex
shape (Figure 5.12e) as the aqueous phase pushes the organic phase towards the
outlet.

The Novec pressure decreases until the period where the aqueous pressure
sharply increases (Figure 5.12c), after which it roughly remains constant, similar
to the expected trend for the blocking stage [17]. If a slug was formed, a slight
increase in the organic pressure would be observed.

(a) (b)

Figure 5.14: Evolution of the pressure in the a)Aqueous phase b)Organic phase in both the channels.
The letters in the plot correspond to the times shown in Figures 5.12 and 5.13.

In the case of the step channel, Novec enters the deeper section (Figure 5.13a)
and moves parallelly to water. Parallel flow is constantly maintained as Novec pro-
gresses through the channel without any changes in the position of the interface
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(Figures 5.13b, 5.13c). This is reflected in the pressure plot, with the aqueous and
organic pressure remaining constant with time after the initial increase once Novec
enters the main channel. The pressure is lower in magnitude than in the standard
channel due to reasons related to the different flow regimes. In the case of parallel
flow, both the aqueous and organic phases occupy half the channel area, whereas,
for slug flow, both phases occupy the entire channel area. The larger pressure for
slug flow is related to the increased area.

A constant pressure corresponds to a stable interface, as fluctuations in the fluid
pressure result in the waviness of the interface. As discussed during the experi-
mental results, the interfacial tension aids in stabilizing parallel flow at such low
Capillary numbers. Since the inertial and viscous forces are very small, the inter-
facial tension guides the fluids into their respective channels. A strong interfacial
force ensures that the fluid interface remains unperturbed for the entire duration
of the flow in a step channel as the Laplace pressure balances the pressure drop
due to viscous forces [31].

To summarize, the pressure development in a standard and step channel corre-
sponds to the contrasting regimes observed at low Ca numbers. While the pressure
keeps varying in a standard channel to correspond to slug formation, constant pres-
sure in the step channel corresponds to stable parallel flow.

5.3.3. Leakage at higher Capillary numbers
In this section, we focus on understanding the fluid behaviour in a step channel at
higher Ca numbers. At these Ca numbers, interfacial forces don’t play as important
a role in the flow phenomena, so studying this region will shed some light on how
inertial and viscous forces behave in a step channel. We simulate fluid flow in the
same step channel described in Table 5.3 at (𝐶𝑎w, 𝐶𝑎n) = (3×10−3, 1.86×10−3).
The flow velocities at this Ca number are larger than the spurious velocities, so the
flow profile can be more clearly visualized. Novec flows at a velocity half that of
water. The flow regime obtained from this simulation is plotted in Figure 5.15a.

At such a high Ca number, we obtain parallel flow with leakage to the organic
outlet, as in Figure 5.5b. Pinching is also observed near the intersection, similar to
the regimes observed in the experiments at high Ca numbers (Figure 5.5b). The
velocity contour for this regime is plotted in Figure 5.15b at z=10𝜇m. Immediately,
we can visualize a stark contrast between the velocities at the inlet and the main
channel. Even though the velocity of water is twice that of Novec, the fluids in the
deeper section have a higher velocity than those in the shallower section once they
enter the main channel. To check if this is indeed the case, we plot the velocity
contours along the Y-Z plane at a point near the channel intersection (x=400𝜇m,
Figure 5.16b) and at a point in the middle of the channel (x= 800 𝜇m, Figure 5.16c).

At the intersection (Figure 5.1a), we can see that the water velocity is higher
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(a)

(b)

Figure 5.15: a) Flow regime obtained at 𝐶𝑎w = 3× 10−3 at z=10𝜇m. The blue fluid is Novec and the
red fluid is water, with the velocity of Novec being half of that of water. Novec is located in the deeper

section at the bottom half of the channel b) Velocity contour

than that of Novec’s, which corresponds to the larger inlet water velocity. However,
in the middle of the channel, the largest velocities are observed in the deeper chan-
nel, particularly at the region near the step. This transfer of velocity is necessary
for water to enter the deeper channel. This was not the case for stable parallel flow
in Figure 5.11d, so this change in velocity profile is clearly related to leakage, as
the Novec now occupies less area in the bottom section compared to the inlet. The
water enters the deeper section with a larger velocity from the top (Figure 5.16a),
and this is reflected in the velocity contour.

Though VOF was unable to capture the accurate flow phenomena as observed in
the experiments for the Water-Novec mixture in a PDMS step channel, they clearly
show how the inclusion of the step leads to changes in fluid behaviour, thereby
influencing the flow phenomena. To further understand the intricacies of fluid be-
haviour in a step design, experimental techniques like micro-Particle Image Ve-
locimetry (micro-PIV) can be used to study the flow profile better.
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(a) (b) (c)

Figure 5.16: a) Cross-sectional view of leakage in a step channel at 𝐶𝑎w = 3 × 10−3 at x= 800 𝜇m.
The blue fluid is Novec and the red fluid is water, with the Novec velocity being half of the water
velocity. Novec is located in the deeper section at the bottom half of the channel b) Cross-sectional
velocity contour at the channel intersection at x=400𝜇m c) Cross-sectional velocity contour in the

middle of the channel at x= 800 𝜇m

5.4. Conclusion
In this chapter, the step channel previously used in mass transfer applications has
been studied in detail. This step channel is marked by a difference in depth across
its two halves, i.e., one section is shallow and the other is deep. To understand
the influence such a design might have on the flow phenomena, experiments were
conducted on both the step channel and a standard channel - channel with uniform
depth - and the various flow regimes were compared and plotted. It was found that
the stable parallel flow was obtained at low Capillary numbers in the step channel,
whereas slug and parallel breakup flow was obtained in the standard channel for
the same set of Capillary numbers. Additionally, the interface was located exactly
in the middle of the step channel with no leakage, and this could not be observed
in the standard channel.

The step channel was further studied experimentally by varying the channel di-
mensions such as the width and step ratio, with flow maps being plotted for these
channels as well. Reducing the step ratio resulted in a more scattered flow map,
with stable parallel flow occurring less frequently and leakage being more common.
A smaller width increased the range of Capillary numbers for which stable paral-
lel flow was observed, while a larger width correspondingly reduced this range.
Changing the dimensions also led to different regimes previously not observed in
the first step channel such as slug flow or intermittently stable parallel flow. Plotting
a generalized flow map for all these step channels revealed that the step design
tends to favour parallel flow significantly more than other regimes.
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Finally, the flow phenomena observed in the step channel were compared and
contrasted with those in the standard channel using VOF simulations. The pressure
evolution at low Capillary numbers showed the variation of both aqueous and or-
ganic pressures in the standard channel as the organic phase enters into the filling
and blocking stages. In contrast, the pressure of both the aqueous and organic
phases was constant in the case of the step channel at the same Capillary number.
The interfacial tension played a key role in maintaining the interface position and
stable parallel flow along with the nature of the step design at such low Capillary
numbers.

At higher Capillary numbers, however, the velocity in the deeper section was
found to be larger than that in the shallow section even if the velocity at the shallow
inlet was larger than that in the deeper inlet. This suggests that there is a transfer
of water velocity from the shallower to the deeper channel, though more studies
with more accurate simulation/experimental techniques are needed to fully grasp
the flow phenomena in a step channel.
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6
Interfacial Mass Transfer in a

Microchannel

Chapter 1 detailed the applications of LLE and the advantages of operating in the
microscale. The previous chapters have looked at the flow regimes involved and
the conditions necessary for achieving stable parallel flow. Stable parallel flow is
very important for radioisotope extractions to avoid the separation step [1], but
the mass transfer mechanisms for such a regime also need to be understood if mi-
crofluidic LLE is to be applied in different applications.

In the case of multiphase flow, the mass transfer can be influenced solely by
diffusion, a chemical reaction, or a combination of both [2, 3, 4]. Generally, bind-
ing agents or chelators are added to the extracting fluid to enhance mass transfer
through a chemical reaction [5, 6, 7]. These chemical reactions can either take
place across the whole extracting fluid [8, 7] or be just restricted to the region
around the liquid-liquid interface [5, 3]. The former is normally restricted to slug
flow as the flow circulation near the slug boundaries transports the solute and ions
across the entire slug [8].

However, for parallel flow, such circulating flows are generally not observed near
the interface. Therefore, the reaction normally occurs in the interface region after
which it gradually diffuses to the rest of the extracting fluid [5, 4]. Considering the
prevalence of such a reaction mechanism in microfluidic LLE [4, 3, 6], it is important
to understand the forces and factors which influence such a mass transfer.

Dimensionless numbers are very useful in providing an understanding of the
transport phenomena as they show the competing forces involved. Zhang et al
[8] numerically studied the extraction mechanism of Lanthanum for slug flow us-
ing the Damkohler (Da) and Graetz (Gz)numbers. In this way, they could better
understand how the reaction takes place inside the slug and how the flow velocity
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subsequently influences the reaction, thereby the mass transfer. To this author’s
knowledge, similar studies for reactions taking place close to the interface have
not included dimensionless numbers in their analysis. This limits the understanding
and applicability of the results as they are restricted to a particular set of fluids and
solutes, and do not provide insight into the forces that influence the mass transfer
mechanisms. Karim et al [4] mentioned the important dimensionless numbers for
interfacial mass transfer, but did not use them in their study.

This chapter seeks to understand the factors which influence interfacial mass
transfer. For this purpose, numerical simulations are first conducted for the set of
fluids used by Helle et al [9]. Once the model is validated, dimensionless numbers
are varied to understand the effect of the competing forces on the mass transfer
for the same fluids used by Helle et al [9]. Finally, the simulations are used in
combination with experiments to study the extraction kinetics of a Gallium isotope
in water and chloroform, thereby extending the applicability of the model.

6.1. Interfacial Mass Transfer Theory
The simplified Convection-Diffusion equation (CDE) described in Equations 2.38 and
2.37 is once again used. However, there are dimensionless numbers and boundary
conditions specific to interfacial mass transfer. This section looks at the interfacial
boundary conditions and dimensionless numbers.

6.1.1. Interfacial Boundary Condition
In this chapter, both diffusion and reaction kinetics are considered when simulating
mass transfer. Therefore, the interfacial boundary condition described in Equation
2.41 cannot be applied. As mentioned earlier, the reaction takes place in the region
around the interface, therefore, a reaction boundary condition is applied at the in-
terface while Equations 2.37 or 2.38 are solved for the rest of the channel.

First, numerical simulations are conducted using the fluids and kinetics of Helle
et al [9]. Their extraction kinetics involved the transfer of Uranium from the aqueous
to the organic phase. The chemical reaction describing the formation of Uranium
is given by:

UO2(Cl)4
2– + 2R4N

+, Cl– −−−→←−−− (R4N
+)2UO2(Cl)4

2– + 2Cl–

Uranium is extracted from the aqueous HCl phase to the organic (dodecane)
phase using Aliquat (2 R4N

+, Cl– ) to form a new Uranium complex that can only
dissolve in the organic phase. R corresponds to an alkyl group here. It is assumed
that the aqueous chloro-Uranium complex does not diffuse into the organic phase
and the Aliquat does not diffuse to the aqueous phase. The concentrations of Ali-
quat and Cl– are also much larger than the Uranium concentrations, therefore they
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can be considered constant during the reaction. The interfacial BC for the Uranium
species is given by [3, 9]:

−𝐷𝑗,𝑖
𝜕𝑐𝑗
𝜕𝑦 |𝑦=ℎ

= (−1)𝑖𝐽U(VI) (6.1)

where 𝑗 corresponds to the species, which is just Uranium (VI) in this case, 𝑖
is the phase, with 𝑖 = 1 being the aqueous phase and 𝑖 = 2 being the organic
phase, 𝐷𝑗,𝑖 is the diffusion coefficient of species 𝑗 in phase 𝑖, ℎ is the position of
the interface as shown in Figure 2.8 and 𝐽U(VI) is the local mass flux (mol/(m2s))
of Uranium (VI) generated at the interface because of the chemical reaction. For
this first-order reaction with the above assumptions, the local flux at the fluid-fluid
interface is given by:

𝐽U(VI) = 𝐾1 [UO2(Cl)42−] − 𝐾−1 [2R4N
+,Cl−] (6.2)

where 𝐾1 and 𝐾−1 (m/s) are the forward and reverse reaction kinetic constants
respectively. The above equation can be rewritten as:

𝐽U(VI) = 𝐾1 ([UO2(Cl)42−] −
1
𝐾eq

[2R4N
+,Cl−]) (6.3)

where 𝐾eq is the equilibrium kinetic constant, which is nothing but the ratio of
the forward and reverse kinetic constants [3].

𝐾eq =
𝐾1
𝐾2

(6.4)

6.1.2. Dimensionless numbers
For this case of diffusion with a reaction at the interface, two dimensionless num-
bers can be used to describe the transport phenomena [4]. One is the Peclet num-
ber, which describes the ratio of the convective transport to the diffusive transport
rate [10]. The formula for this number along the axial or x direction was given in
Equation 2.36. For a microfluidic channel, the Peclet number along the transverse
direction is given by:

𝑃𝑒 = 𝑄
𝐷𝐿 (6.5)

where 𝑄 is the flow rate, 𝐿 is the length of the channel and 𝐷 is the diffusion
coefficient. This equation can be further simplified for the 2D case [4]:

𝑃𝑒2D =
𝑢𝐻2
𝐷𝐿 (6.6)

where 𝑢 is the velocity of the fluid and 𝐻 is the width of the channel. To quantify
the competing influences of the interfacial reaction and diffusion, the Biot number
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is used [4]. This number is given by:

𝐵𝑖 = 𝐾1𝐻
𝐷 (6.7)

The equilibrium kinetic constant (Equation 6.4) is also an important dimension-
less number for mass transfer by reaction as it indicates the propensity of the re-
actants to form the products. In addition to these three dimensionless numbers,
we define a new dimensionless number that looks at the influences of the inter-
facial reaction and convection. The Damkohler number is defined as the ratio of
residence time to the reaction time scale [11]. For our case, the residence time is
nothing but a convection time scale, so the convective Damkohler number (𝐷𝑎c) is
nothing but the ratio of the Biot and Peclet numbers.

𝐷𝑎c =
𝐵𝑖
𝑃𝑒 =

𝐾1𝐻𝐿
𝑄 (6.8)

In the case of 2D, this equation simplifies to:

𝐷𝑎c =
𝐾1𝐿
𝑢𝐻 (6.9)

6.2. Experimental Methodology
The extraction efficiency of Gallium in a Zinc Nitrate-Chloroform mixture is stud-
ied both experimentally and numerically. Simulations are first used to validate the
Finite Difference model and to study the experimentally observed transport phe-
nomena. The ‘step’ design described in Chapter 5 is used here and the chips are
manufactured using the same procedure described in that chapter. Before the mass
transfer simulations are run, some data such as the diffusion coefficient and 𝐾eq
are required. Thus, this section describes the procedure for determining diffusion
coefficients and 𝐾eq, along with the experimental procedure for Gallium extraction.
All the experiments described in this section were performed by Svenja Trapp.

6.2.1. Determination of Equilibrium Constant
𝐾eq is determined similarly to the procedure used in Ciceri et al [3]. In this case,
the experiments were performed in batch and the concentrations were obtained. To
illustrate how this method works, let us consider the reaction of Ga with N-benzoyl-
N-phenylhydroxylamine (BPHA). It normally takes the form as shown below [12]:

Ga3+ + n(HL – ) ←−−→ GaL3 + nH
+

L corresponds to the ligand (BPHA) which binds with the Gallium isotope to
extract it to the organic phase and n corresponds to the stoichiometric number of
BPHA. n is generally 3, but there is a possibility of multiple products being formed.
To determine the dominant reaction and the value of n, we utilize the method
adopted by Ciceri et al [3]. For the above reaction, 𝐾eq is defined as:
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𝐾eq =
[GaL3]eq [H

+]neq
[Ga3+]

eq
[HL−]neq

(6.10)

By plotting the ratio of [GaL3]eq / [Ga
3+]

eq
against [HL−]neq / [H

+]]neq, 𝐾eq can
be obtained from the slope of the graph. But first, 𝑛 has to be determined. Taking
the log of equation 6.10 and rearranging, we obtain :

log
[GaL3]eq
[Ga3+]

eq

= nlog [HL− ]eq + log𝐾eq − nlog [H+ ]eq (6.11)

Therefore, by plotting the ratio of the Gallium concentration in the organic and
aqueous phases, and BPHA concentrations on the log scale, we can obtain the value
of n from the slope.

For the batch experiments, a solution was first prepared consisting of 2 M
Zn(NO3)2 (ACROS ORGANICS) and 1 µM Ga(NO3)2 in 0.01 M HNO3 (Merck Sigma).
A Ga-68 radiotracer (eluted from an Eckert Ziegler IGG100 GMP Ge-68/Ga-68-
generator, supplied by Erasmus MC) was added at a concentration of 30 kBq/mL to
the solutions. The organic solution consisted of BPHA (CAS: 304-88-1; ACROS OR-
GANICS) with varying concentrations between 1 and 200 mM in chloroform (Merck
Sigma).

Aqueous and organic solutions were pipetted at equal volumes into Eppendorf
vials and shaken on a Vortex mixer (Vortex-Genie 2; Scientific Industries) for 1 h to
reach equilibrium. Afterwards, the aqueous and organic solution were pipetted into
separate vials and measured separately for their Ga-68 radioactivity (representative
of the total Ga concentration) with a Wallac Wizard 2 3’’ 2480 Automatic Gamma
Counter (Perkin Elmer) and the results corrected for decay. Experiments were per-
formed in triplicate and errors are given as one standard deviation of the mean.

6.2.2. Determination of Diffusion Coefficient
The method proposed by Milozic et al [13] is used to determine the diffusion coeffi-
cients. Here, a combination of experiments and simulations are used. Experiments
are performed at different flow rates in a Y-Y microfluidic channel of dimensions
1.2cm x 1mm x 50 µm. Two solutions were prepared, one solution only containing
2 M Zn(NO3)2 in 0.01M HNO3 and one including 1 µM Ga(NO3)2 and a Ga-68 ra-
diotracer at 100 kBq/mL. Both solutions were loaded into syringes and introduced
to the microfluidic chip with AL-1000 Programmable Syringe Pumps (941-371-1003;
World Precision Instruments Inc). The two solutions were pushed through the mi-
crofluidic chip with varying flow rates of 5 – 30 µL/min. At the outlets, the solutions
were collected and next, measured with the Wallac Wizard2 3’’ 2480 Automatic
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Gamma Counter (Perkin Elmer). The results were corrected for decay and the con-
centrations at the outlets were obtained. These experiments were done in triplicate
and errors were given as one standard deviation of the mean.

The obtained experimental concentrations were then fed to the Finite Difference
Code described in Chapter 2 and Equation 2.38 is solved. The flow profile is directly
obtained from the analytical Poiseuille solution [14] for single-phase flow. The dif-
fusion coefficient is unknown, but the outlet concentrations are known. Thus, the
diffusion coefficient is varied in the code until converged results that match the
experiments are obtained. This procedure is repeated for the other flow rates and
the diffusion coefficient is then determined by averaging the values obtained from
all the simulations.

6.2.3. Ga-68 Extraction
Microfluidic extractions of Ga-68 were performed in a Y-Y microfluidic channel with
a step (Chapter 5) and nano-layer coating as described in Trapp et al. (2024). The
dimensions of the channel are 1.2 cm * 1 mm * 50 µM/100 µM. The aqueous phase
was prepared by adding 100 kBq/mL Ga-68 to a 2 M Zn(NO3)2 in 0.01M HNO3 so-
lution, and the organic extracting phase consisted of 0.2 M BPHA in chloroform.
Both solutions were loaded into separate syringes and introduced to the chip with
syringe pumps at varying flow rates. The aqueous (𝐶aq,o) and organic phase (𝐶or,o)
were collected at the outlets, subsequently measured for their Ga-68 content with
the Wallac gamma counter and corrected for decay. The extraction efficiency is
calculated as follows:

EE = 𝐶or,o
(𝐶or,o + 𝐶aq,o)

× 100 (6.12)

For the simulations, the convection-diffusion equation described by Equation
2.37 is solved and the interfacial reaction condition described in Section 6.1 is ap-
plied for the Gallium reaction at the interface.

6.3. Fluid Properties for simulations
The simulations use the same fluids of Helle et al [9], where Uranium isotope was
extracted from an aqueous HCl solution to n-dodecane solution. The properties of
the fluids along with the diffusion coefficient of Uranium are described in Table 6.1.
Since the contact angle is unknown, it is assumed to be 90 ∘.

6.4. Numerical Simulations
Numerical simulations are performed to understand the influence of the dimension-
less number described in Section 6.1.2 on the transport phenomena. The Finite
Difference Method is used for simulating mass transfer as described in Chapter 2.
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Table 6.1: Flow, Diffusion and Kinetic properties used in the simulations

Property Aqueous
Phase

Organic
Phase

Density (kg/m3) 1081 750
Viscosity (mPas) 1.27 1.48

Surface Tension (mN/m) 29.83 -
Diffusion Coefficient (m2/s) 10−8 10−9

𝐾1 (m/s) 1.6 ×10−5 -
𝐾eq - 5.91

The simplified Convection-Diffusion equation (CDE) described in Equations 2.38 and
2.37 is used once again. The flow profile is obtained from the modified RK model.
The mass transfer simulations are performed in the rectangular channel shown in
Figure 2.8, with the dimensions of the channel being 8 cm × 100 𝜇m × 40 𝜇m.

First, the model needs to be validated by comparing it with the results of Helle et
al [5]. Helle et al also simulated mass transfer using a Finite Difference model and
compared the extraction efficiencies with their experiments. Our simulations are
compared with their simulation data. RK simulations are run for 𝑄aq = 1.56 𝜇L/min
and 𝑄org = 1.38 𝜇L/min, where 𝑄 is the flow rate and the subscripts aq and org
correspond to aqueous and organic phases respectively. After obtaining the flow
profile, mass transfer simulations are run for the kinetic and diffusion parameters
described in Table 6.1.

Figure 6.1: Concentration profile in the aqueous and organic phases as obtained by Helle et al [9] at
𝑄aq= 1.56 𝜇L/min and 𝑄org = 1.38 𝜇L/min. a)Aqueous Concentration Profile b)Organic Concentration

Profile

The concentration profiles obtained from Helle et al [9] and our simulations are
shown in Figures 6.1 and 6.2. In the case of Helle et al, the interface is exactly at
the centre of the channel while ours is slightly shifted downwards. One reason for
this is that the contact angle used in Helle et al’s experiments is unknown, so we
ran simulations at a contact angle of 90 ∘ and determined the extraction efficiency
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(a) (b)

Figure 6.2: Simulated concentration profiles using the data from Helle et al [9] at 𝑄aq= 1.56 𝜇L/min
and 𝑄org = 1.38 𝜇L/min. a)Aqueous Concentration Profile b)Organic Concentration Profile

using the same formula described in Equation 6.12. The extraction efficiency from
our simulation is 76.95 % while the extraction efficiency obtained by Helle et al
is 76.3 %. As the extraction efficiencies are very close, we can conclude that the
model has been validated.

For the following simulations on the influence of dimensionless numbers, we use
the analytical Poiseuille solution for the velocity [14] in 2D instead of using the RK
model to determine the flow profile. An advantage of using the analytical solution
is that we can fix the position of the interface to lie exactly at the centre of the
channel, instead of adjusting the contact angle in the RK simulations to determine
the appropriate contact angle that matches Helle et al’s experiments. The velocity
profiles of the two fluids in 2D are given by [15]:

{
𝑣aq = −

𝑦(ℎ2(𝜇org−𝜇aq)−𝑦𝐻𝜇aq+𝐻2𝜇aq−𝑦ℎ(𝜇org−𝜇aq))
2(ℎ(𝜇org−𝜇aq)+𝐻𝜇aq)𝜇aq

∇𝑃 for 0 < 𝑦 < ℎ,

𝑣or = −
(𝐻−𝑦)(𝐻ℎ(𝜇org−𝜇aq)+𝑦𝐻𝜇aq−ℎ2(𝜇org−𝜇aq)+𝑦ℎ(𝜇org−𝜇aq))

2(ℎ(𝜇org−𝜇aq)+𝐻𝜇aq)𝜇aq
∇𝑃 for ℎ < 𝑦 < 𝐻

(6.13)
where 𝑣 is the velocity of the fluid with the subscripts aq and org corresponding

to aqueous and organic phases respectively, ℎ is the position of the interface, 𝐻 is
the width of the channel, 𝜇 is the viscosity, and ∇𝑃 is the imposed pressure gradient
which remains constant across the channel. The influence of surface tension and
contact angle is absent from these equations, and as both these quantities have a
role to play in the position of the interface, the analytical flow profile is an approx-
imation. Despite this, it can be useful in studying the effect of the dimensionless
numbers on the transport phenomena as the interface position can be fixed. If the
flow rate of one fluid per unit depth and the position of the interface is fixed, the
pressure gradient and the flow rate of the other fluid per unit depth can be deter-
mined using the following formulae [15]:
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⎧⎪
⎨⎪⎩

𝑄aq = ∫
ℎ
0 𝑣aq𝑑𝑦 = −ℎ

2(ℎ2𝜇org−ℎ2𝜇aq−2𝐻ℎ𝜇aq+3𝐻2𝜇aq)
12(𝜇orgℎ−𝜇aqℎ+𝜇aq𝐻)𝜇aq

∇𝑃
𝑄org = ∫

𝐻
ℎ 𝑣org𝑑𝑦

= − (4𝜇orgℎ𝐻
3−𝜇orgℎ4−4𝜇aqℎ𝐻3+𝜇aqℎ4+𝜇aq𝐻4−4𝜇aq𝐻ℎ3−9𝜇orgℎ2𝐻2+6𝜇aqℎ2𝐻2+6𝜇org𝐻ℎ3)

12𝜇org(𝜇orgℎ−𝜇aqℎ+𝜇aq𝐻)
∇𝑃
(6.14)

where 𝑄 is the 2D flow rate. We test this analytical profile using the data of
Helle et al[9] for the profiles shown in Figure 6.1. 𝑄aq is fixed at 1.56 𝜇L/min,
but instead of fixing 𝑄org, we fix ℎ = 𝐻/2. Since the influence of surface tension
and contact angle is neglected, the analytical formula should give a different value
of 𝑄org than the experiments. This is indeed the case, as we obtain 𝑄org of 1.5
𝜇L/min, as opposed to 𝑄org = 1.38 𝜇L/min used in Helle et al’s [9] experiments.
For this flow configuration, we plot the concentration profiles in Figure 6.3 as there
is only a slight difference in the flow rates. An extraction efficiency of 76.3 % was
obtained, which is very close to the value of 76.1 % obtained by Helle et al in their
experiments.

(a) (b)

Figure 6.3: Simulated concentration profiles using the data from Helle et al [9] and the analytical flow
profile defined in Equation 6.13. 𝑄aq= 1.56 𝜇L/min , ℎ = 𝐻/2, 𝐵𝑖aq=0.16,𝐵𝑖or=1.6, 𝑃𝑒aq=0.081,

𝑃𝑒or=0.78. a)Aqueous Concentration Profile b)Organic Concentration Profile

6.4.1. Effect of Bi,Pe and 𝐾eq
The influence of the Biot and Peclet numbers on extraction efficiency is studied in
this subsection. The microfluidic channel used by Helle et al [9] is used here, with
the parameters the same as that described in Table 6.1 unless otherwise stated.
We vary the Bi by varying 𝐾1 (Equation 6.7) as changing 𝐷 or 𝐻 also influences the
Peclet number (Equation 6.6). 𝐾eq remains the same for all Bi (𝐾eq=5.9). The flow
rate of the aqueous phase is the same as the one used in Figures 6.2 and 6.1 (𝑄aq
= 1.56 𝜇L/min), with the position of the interface fixed at the middle of the channel.
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Similarly, we vary the Pe number by varying either the velocity or length of
the channel to ensure that only the Pe, and not the Bi number, is changed. The
interface position is fixed at the middle of the channel regardless of the flow rate.
The extraction efficiencies are determined and the results are plotted for varying
Pe and Bi in Figure 6.4a.

(a) (b)

Figure 6.4: Influence of a) Peclet and Biot numbers, and b) 𝐾eq on the extraction efficiency in the
microfluidic channel used by Helle et al [9]. Bi is varied by changing 𝐾1, Pe by changing the flow

rate/velocity and 𝐾eq is varied by changing 𝐾2. The Peclet and Biot number of the aqueous phase is
shown here.

As expected, a larger Bi and a smaller Pe number leads to large extraction ef-
ficiencies. A fast reaction ensures that the Uranium product forms quickly, and a
lower velocity allows for more time for Uranium to diffuse towards the reactive in-
terface [4, 16]. At high Pe numbers, Uranium does not have enough time to diffuse
to the interface.

From Figure 6.4a, we can see that saturation in extraction efficiency is observed
after 𝐵𝑖aq =0.32. At such Bi numbers, the system is now diffusion-limited, and a
higher extraction efficiency can be obtained only when we operate at smaller Pe
numbers. Similarly, at low Pe numbers, saturation is observed as the system is now
reaction-limited [16].

Finally, the influence of 𝐾eq on the extraction efficiency is plotted in Figure 6.4b.
𝐾eq is varied by only changing 𝐾2, thereby ensuring that the Biot number remains
the same (𝐵𝑖aq=0.16 and 𝑃𝑒aq=0.081). As expected, a higher 𝐾eq results in a
higher extraction efficiency, and this is because there is a greater propensity for
the formation of the Uranium complex in the organic phase.
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6.4.2. Effect of 𝐷𝑎c
Influence of Diffusion Coefficient
A higher 𝐷𝑎c is preferred for efficient mass transfer because this corresponds to
a higher Bi or/and lower Pe. From Equation 6.8, we can see that 𝐷𝑎c increases
as we increase 𝐾1 and decreases with increase in velocity. These two parameters
affect both 𝐵𝑖 and 𝑃𝑒 as well (Equations 6.7 and 6.6), therefore, to understand
the influence of 𝐷𝑎c, the diffusion coefficient and width of the channel are varied.
The diffusion coefficient affects both Pe and Bi, but 𝐷𝑎c remains the same. The
influence of the diffusion coefficient on the extraction efficiency is tabulated in Table
6.2, along with the various dimensionless numbers.

Table 6.2: Influence of diffusion coefficient of aqueous and organic on extraction efficiency

𝐃aq
(m2/s)

𝐃org
(m2/s)

𝐏𝐞aq 𝐏𝐞org 𝐁𝐢aq 𝐁𝐢org 𝐃𝐚c,aq 𝐃𝐚c,org EE(%)

10−7 10−8 0.0081 0.078 0.016 0.16 1.98 2.05 77.27
10−7 10−9 0.0081 0.780 0.016 1.60 1.98 2.05 76.71
10−8 10−9 0.0810 0.780 0.160 1.60 1.98 2.05 76.31
10−8 10−8 0.0810 0.078 0.160 0.16 1.98 2.05 76.94
10−8 10−10 0.0810 7.800 0.160 16.0 1.98 2.05 70.87
10−9 10−9 0.8100 0.780 1.600 1.60 1.98 2.05 72.95
10−9 10−8 0.8100 0.078 1.600 0.16 1.98 2.05 73.51
10−9 10−10 0.8100 7.800 1.600 16.0 1.98 2.05 67.87
10−9 10−8 0.8100 0.078 1.600 0.16 1.98 2.05 73.52

It appears that the diffusion coefficient has little impact on the extraction effi-
ciency, as the obtained values in Table 6.2 are very close to each other. In Figure
6.4a, we observed that a low Pe or high Bi number results in a higher extraction
efficiency. When the diffusion coefficient is high, the Pe number is lower but so is
the Bi number. The table covers the regions of low Pe and low Bi number, high Pe
and high Bi number, and regions where the Pe and Bi numbers are neither high nor
low. This is why 𝐷𝑎c is a useful dimensionless number for understanding transport
phenomena. From Table 6.2, it can be seen that 𝐷𝑎c remains constant even though
Bi and Pe keep changing, and this is because 𝐷𝑎c is independent of the diffusion
coefficient (Equation 6.9).

The above results could be very useful in extraction studies for parallel flow
when the diffusion coefficient is unknown. However, the obtained results do not
mean that the diffusion coefficient has no influence altogether. The impact of the
diffusion coefficient is more clearly observed in the concentration profiles. Figure
6.5 shows the concentration profiles of the fluids when 𝐷aq= 10−7 m2/s, 𝐷aq= 10−8
m2/s and 𝐷aq= 10−9 m2/s, 𝐷aq= 10−10 m2/s, and these can be compared with Fig-
ure 6.3, where the actual experimental diffusion coefficients were used. When the
diffusion coefficient is higher, the concentration gradients are less steep and more
evenly dispersed. On the other hand, for lower diffusion coefficients, Uranium is
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concentrated near the interface in the organic fluid. Therefore, the diffusion coef-
ficient influences the absolute distribution of Uranium, but has a low influence on
the overall extraction efficiency in parallel flow-based mass transfer.

(a) (b)

(c) (d)

Figure 6.5: Simulated concentration profiles using the data from Helle et al [9] but altering the
diffusion coefficient such that a),b) 𝐷aq= 10−7 m2/s, 𝐷aq= 10−8 m2/s and c),d) 𝐷aq= 10−9 m2/s,

𝐷aq= 10−10 m2/s.

Table 6.2 showed that the diffusion coefficient has little impact on the extraction
efficiency. To check if 𝐷𝑎c has the maximum influence on extraction efficiency, we
vary the channel width 𝐻 in the next section.

Influence of the Channel Width
Numerous papers have studied the influence of the channel width on extraction ef-
ficiency for parallel flow [17, 18, 19], and the overall conclusion of all these papers
is that the extraction efficiency decreases with an increase in width. The larger
interfacial area resulting from the larger width has been attributed as the main rea-
son for this observation as this increases the diffusion time (The channel width is
along the y direction as shown in Figure 2.8). While this reason is indicative of
what happens in channels with larger widths, it doesn’t provide the full picture as
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the dimensionless numbers are not included in the discussion. From Equations 6.6
and 6.7, we can see that both the Peclet and Biot number are influenced by the
width, though Pe ∝ H2 while Bi ∝ H. This means that if the average velocity remains
constant in channels of different widths, the extraction efficiency should decrease
with an increase in width, as the Pe number increases quicker than the Bi number.

Table 6.3: Influence of channel width on the extraction efficiency when average velocity is kept
constant at 𝑣aq=0.0138 m/s and 𝑣org=0.011 m/s

Width(𝝁m) 𝐏𝐞aq 𝐏𝐞org 𝐁𝐢aq 𝐁𝐢org 𝐃𝐚c,aq 𝐃𝐚c,org EE(%)
50 0.0202 0.195 0.08 0.8 3.950 4.100 84.38
100 0.0810 0.780 0.16 1.6 1.980 2.050 76.31
200 0.3240 3.120 0.32 3.2 0.990 1.025 56.41
300 0.7290 7.090 0.48 4.8 0.660 0.680 42.31
400 1.2960 12.48 0.64 6.4 0.495 0.512 33.72
500 2.0250 19.50 0.80 8.0 0.395 0.410 27.79
600 2.9160 28.08 0.96 9.6 0.333 0.343 23.65

Table 6.3 confirms our expectations of the extraction efficiency reducing with
increasing width, as long as the average velocity remains the same. It also shows
how the extraction efficiency changes with 𝐷𝑎c, as a higher 𝐷𝑎c corresponds to a
higher extraction efficiency. So we run simulations in channels of different widths
with the flow rates of the fluids per unit depth (𝑢𝐻) being constant, thus changing
the average velocity accordingly and keeping 𝐷𝑎c constant.

Table 6.4: Influence of channel width on the extraction efficiency when the flow rate is kept constant,
and thus 𝐷𝑎c is also constant

Width
(𝝁m)

𝐏𝐞aq 𝐏𝐞org 𝐁𝐢aq 𝐁𝐢org 𝐃𝐚c,aq 𝐃𝐚c,org EE(%)

50 0.0405 0.39 0.08 0.8 1.98 2.05 76.88
100 0.0810 0.78 0.16 1.6 1.98 2.05 76.31
200 0.1620 1.56 0.32 3.2 1.98 2.05 74.91
300 0.2430 2.34 0.48 4.8 1.98 2.05 73.27
400 0.3240 3.12 0.64 6.4 1.98 2.05 72.64
500 0.4050 3.90 0.80 8.0 1.98 2.05 71.56
600 0.4860 4.68 0.96 9.6 1.98 2.05 70.51

Extraction Efficiency Correlation
Using dimensionless analysis, the extraction efficiency for interfacial mass transfer
in a Y-Y microfluidic channel can be expressed as follows:

𝐸𝐸 = 𝑓(𝑃𝑒, 𝐵𝑖, 𝐺𝑧) = 𝑐2𝑃𝑒𝛼𝐵𝑖𝛽𝐺𝑧𝛾 (6.15)
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where 𝑐2 is a constant and 𝐺𝑧 is the Graetz number shows the lateral penetration
of the isotope across the width of the channel𝐻[16]. Tables 6.2 and 6.4 showed that
the extraction efficiency remains approximately the same even though the diffusion
coefficient and, channel height and 𝑢 are changed. This implies that 𝛼 = −𝛽,
therefore Equation 6.15 can be simplified to:

𝐸𝐸 = 𝑐2𝐺𝑧𝛾𝐷𝑎𝛽c (6.16)

Since 𝐺𝑧 is not observed to have an impact on the the extraction efficiency (Ta-
bles 6.2 and 6.4), Equation 6.16 can therefore be simplified to the following form:

𝐸𝐸 = 𝑐𝐷𝑎𝛽c (6.17)
We now plot the extraction efficiency against 𝐷𝑎c to observe if it follows the

above relation. From Figure 6.6, we can see that Equation 6.17 is followed for all
the 𝐷𝑎c, but the values of 𝑐 and 𝛽 are different for different regions. For 𝐷𝑎c>1,
the extraction efficiency increases significantly with the 𝐷𝑎c. The increase in ex-
traction efficiency is reduced for 2<𝐷𝑎c<5, which appears to be a transition region,
and then a saturation in the extraction efficiency is observed for 𝐷𝑎c>5. At low
𝐷𝑎c, not all the reactants have reacted as either the reaction rates are low, or they
leave the chip early because of a high flow rate. As 𝐷𝑎c increases, more reactants
react quickly at the interface and therefore, more of the isotope is transferred to
the organic phase. At a large 𝐷𝑎c, most of the reactants have already reacted, so
much so that even a low flow rate has a minimal impact. It must be stressed that
these results are only valid for this standard channel.

Figure 6.6: Influence of 𝐷𝑎c on the extraction efficiency. The aqueous 𝐷𝑎c is shown in the x-axis
and the data is fitted using curves to observe the trend.

To summarize, Tables 6.2, 6.3 and 6.4 show the influence of 𝐷𝑎c on the extrac-
tion efficiency. A higher extraction efficiency is obtained at a higher 𝐷𝑎c, and if 𝐷𝑎c
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does not change, the extraction efficiency is less affected regardless of whether the
Pe or Bi number changes.

6.5. Ga Extraction - Experiments and Simulations
The previous simulations were conducted in a standard channel only. Considering
the utility of the step channel studied in Chapter 5, it is important to understand
the mass transfer phenomena in a step channel as well. This section thus looks
at the results from the Gallium extraction experiments and the factors that govern
the mass transport phenomena using simulations. The basic idea is to extend the
results we have discussed in our simulations to a larger channel and a different
radioisotope, while also testing the capability of the simulation technique to cap-
ture the mass transfer phenomena in a step channel. Additionally, mass transfer
in a step channel has only been studied experimentally, and though Helle et al [9]
performed mass transfer simulations on a step channel, they did not compare their
results with experiments. Running simulations using the finite difference method
will also examine the capability of the technique to be extended to different chan-
nels.

As discussed in Section 6.2, Gallium was extracted from 2 M Zn(NO3)2 ⋅ 6H2O to
chloroform solution in a step channel with dimensions 1.2cm × 1000 𝜇m × 100/50
𝜇m. First, 𝐾eq and the diffusion coefficient of Gallium in water is determined. The
analytical solution shown in Equation 6.13 is no longer valid for the step channel,
so RK simulations are run to obtain the flow profile. The flow profile is then fed to
the Finite Difference code for mass transfer and the extraction efficiencies are de-
termined. The extraction efficiencies are compared with the experiments, followed
by an understanding of the transport mechanisms of Gallium.

6.5.1. Determination of 𝐾eq
Before we determine the value of 𝐾eq, the dominant reaction and stoichiometric ra-
tio of Gallium and BPHA need to be determined first. Using the procedure described
in Section 6.2.1, we first plot the ratio of Gallium concentrations in the organic and
aqueous phases, and the BPHA concentration on the log scale in Figure 6.7.

From Figure 6.7 and Equation 6.11, we can see that the best fit is observed for
n=2.5. However, a stoichiometric ratio of 1:2.5 has not been observed in literature.
The common reactions for Ga with BPHA generally have a stoichiometric ratio of 1:3
or 1:1 [12]. Since n=2.5 is closer to n=3, we take the reaction to have a stoichio-
metric ratio of 1:3. Ga also exists in the form of Ga 3+, so this stoichiometric ratio
is also the most logical option (Equation 6.11). Using n=3, we plot the concentra-
tions of all the compounds involved and use the slope of the graph to determine
𝐾eq according to Equation 6.10.
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Figure 6.7: Determination of stoichiometric ratio by fitting lines of slopes 1,2,2.5 and 3.

Figure 6.8 shows that most of the points lie on a straight line with a line equa-
tion as described in the figure, which justifies our assumption of using n=3. The
obtained equilibrium constant is 6.46 ± 0.72.

6.5.2. Determination of Diffusion Coefficient
Single-phase diffusion experiments of Gallium in 2 M Zn(NO3)2 ⋅ 6H2O (aqueous
phase) are performed and the diffusion coefficient is determined from the outlet
concentrations using the same procedure described in Section 6.2.2. The diffusion
coefficients are obtained for varying flow rates and plotted in Figure 6.9.

The diffusion coefficient is expected to be constant regardless of the flow rate
and only varies with temperature [20]. However, in Figure 6.9, the diffusion coef-
ficient varies considerably with the flow rate. This variation in diffusion coefficient
with flow rate was also observed by Binda et al [21], who used the same microflu-
idics technique to estimate the diffusion coefficient. A possible reason for this is the
fluctuating flow rates and pressure differences observed in syringe pumps [22, 23].
While the average flow rate remains the same as the value used in the analytical
solution, these fluctuations might result in discrepancies in local concentration gra-
dients and mass transfer.

Table 6.2 indicated that the diffusion coefficient hardly has any influence on the
extraction efficiency. Therefore, for our purposes, we determine the average of the
diffusion coefficients from Figure 6.9 (9.61 ± 0.39 × 10−10 m2/s) and use it in our
simulations. The diffusion coefficient of Ga in chloroform is difficult to determine
as chloroform evaporates when collected at the outlets. Mass transfer simulations
are, therefore, performed only for the 2 M Zn(NO3)2 solution, and the extraction
efficiency is calculated based on the amount of Gallium lost from the 2 M Zn(NO3)2



6.5. Ga Extraction - Experiments and Simulations

6

153

Figure 6.8: Determination of 𝐾eq using Equation 6.10. 𝐾d is the ratio of Gallium concentration in the
organic and aqueous phases respectively.

solution according to the following formula:

𝐸𝐸 =
𝐶aq,inlet − 𝐶aq,outlet

𝐶aq,inlet
(6.18)

To test if this methodology is valid and to observe if the diffusion coefficient of
the organic phase has any influence, we performed simulations only for the aque-
ous phase using the data of Helle et al [9] (Table 6.1) shown in Figures 6.1 and 6.2
for the Uranium isotope. Extraction efficiency is calculated using Equation 6.18 and
diffusion in the organic phase is not considered. An extraction efficiency of 76.95
% was obtained, which is the exact value that was obtained even when diffusion
in the organic phase was considered. This is because the reaction does not occur
in either the aqueous or organic phases, but at the fluid interface. The diffusion
coefficient of the organic phase is needed only to visualize the concentration pro-
file. Therefore, we only perform simulations in the aqueous phase for the gallium
extraction experiments in the step channel.

6.5.3. Transport Properties
The fluid properties, along with the diffusion coefficient and 𝐾eq, used in the Gal-
lium extraction experiments and simulations are listed in Table 6.5. 𝐾1 is unknown,
and it is determined using a similar procedure used by Helle et al [9] as described
in Section 6.5.4. A step channel of dimensions 1.2 cm × 1 mm × 100/50 𝜇m is
used in the simulations and experiments, with chloroform occupying the shallower
channel as it is less viscous than the aqueous phase.
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Figure 6.9: Diffusion coefficient of Gallium in 2 M Zn(NO3)2 ⋅ 6H2O for various flow rates

Table 6.5: Flow, diffusion and kinetic properties used in the Ga extraction experiments and
simulations

Property Aqueous
Phase

Organic
Phase

Density (kg/m3) 1400 1500
Viscosity (mPas) 1.9 0.6

Surface Tension (mN/m) 16.52 -
Diffusion Coefficient (m2/s) 9.602 × 10−10 -

𝐾1 (m/s) 3 ×10−5 -
𝐾eq - 6.46

6.5.4. Ga Extraction
Ga extraction experiments were conducted for different flow rates using the proce-
dure described in Section 6.2.3. The flow rates of the aqueous and organic phases
were kept the same. First, RK simulations were run for the step channel and the
fluids described in Table 6.5. Both the phase contour and velocity profile in the
main channel are plotted in Figure 6.10 at a flow rate 𝑄 = 15𝜇L/min.

Since the extraction efficiencies are known from the experiments, and 𝐾eq and
the diffusion coefficient are known, 𝐾1 is varied until the simulated extraction effi-
ciency matches the experimental extraction efficiency for a particular flow rate. To
check if the determined 𝐾1 is correct, simulations are run with this 𝐾1 at different
flow rates and compared with the experimental data.

From Figure 6.10, we can see that the interface is diffuse. To determine the ex-
act position of the interface, the mass transfer simulations based on the FD scheme
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(a) (b)

Figure 6.10: RK simulations of the Zinc Nitrate solution and chloroform in a step channel at 𝑄 = 15𝜇
L/min. a) Phase Contour, with the red fluid being Zinc Nitrate solution and the blue fluid being

chloroform. b) Velocity profile in the main channel at a height of 25 𝜇m.

are performed on a finer grid with a resolution of 2.5 𝜇m, as opposed to the RK
simulations which were performed on a grid with a resolution of 5 𝜇m. Based on
the value of 𝜌N (Equation 2.17), the position of the interface is determined on the
new grid for mass transfer. Basically, the fluid at each node is given by:

𝜌N {
> 0, Zinc Nitrate Solution
< 0, Chloroform

(6.19)

In the RK simulations, there is no node where 𝜌N=0, which would correspond
to the position of the interface. Therefore, if we conduct mass transfer simulations
on a finer grid, we could find the position of the interface based on interpolation.
This means that the interface is located at the grid point in the finer grid based on
the following condition:

If {𝜌N > 0 at 𝑥 = 𝑥𝑖
𝜌N < 0 at 𝑥 = 𝑥𝑖+1

then 𝜌N = 0 at 𝑥 = 𝑥𝑖+ 12
(6.20)

The velocities at these intermediate nodes are also determined by interpolation.

Once the experimental extraction efficiencies were obtained, simulations were
run for 𝑄 = 10𝜇L/min to determine the value of 𝐾1 such that the simulated and
experimental extraction efficiencies are within 10 % of each other. After this, sim-
ulations were run for the remaining flow rates at 𝐾1 = 3× 10−5 m/s and compared
with the experiments in Figure 6.11.

Since the error associated with the diffusion coefficient is high, we also conduct
simulations at the upper and lower limits of the measured diffusion coefficient. Like
the results observed in Table 6.2, the diffusion coefficient appears to have little im-
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Figure 6.11: Comparison of Gallium extraction experiments (circles) and simulations (squares) for a
Zinc Nitrate - Chloroform mixture at different flow rates. The error bars for the experiments

correspond to the standard deviation of the mean. In the case of simulations, the error bars represent
the errors in extraction efficiency corresponding to the errors in diffusion coefficient measurements.

pact on the extraction efficiency (Figure 6.11). This confirms our observations on
the importance of 𝐷𝑎c as it remains constant.

The simulation results are well within the bounds of the experimental extraction
efficiencies for 𝑄 = 10 and 15 𝜇L/min. However, the simulations appear to overes-
timate the extraction efficiencies at higher flow rates. One reason is the fluctuations
in the flow rate in the pump [22, 23]. A secondary reaction could also be taking
place as our estimations showed 𝑛 to be 2.5 instead of 3 (Figure 6.4). Additionally,
at higher flow rates, waves are introduced in the interface (Figures 6.12) than that
observed at lower flow rates (Figure 6.10). Figure 6.12 even shows periodic leak-
age at 𝑄 = 20𝜇L/min in the form of droplets. We don’t know if this periodic leakage
was observed in the experiments, as no cameras were used to visualize the flow.
The purity of the liquids collected at the outlet was measured and these measure-
ments didn’t show any contamination or leakage. Even if no leakage is observed
in the experiments, the simulations clearly show that the interface position keeps
oscillating over time, therefore the assumption of a straight interface is not valid for
higher flow rates.

Finally, most papers have compared their simulations for interfacial mass trans-
fer with experiments in a standard channel [3, 4, 24, 9]. Few simulations in litera-
ture are available for the step channel, so we do not know if flow phenomena such
as the stability of the interface have been adequately captured by the simulations.
Even though Helle et al [9] used a step channel in their simulations for Europium,
they didn’t compare these results with experiments. The velocity profile along the
main channel doesn’t follow a Poiseuille flow profile like that in a standard channel
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(a) (b)

Figure 6.12: RK simulations of Zinc Nitrate solution and chloroform in a step channel at
𝑄 = 20𝜇L/min. a) Phase Contour at t=3.7 ms. b) t= 0.26 s

(as discussed in Chapter 5), so discrepancies in the velocity profile are expected.
Despite these differences, the simulated extraction efficiencies are of the same or-
der as the experimental results, which shows that the simulations are capable of
capturing the transport phenomena.

To understand if the Gallium extraction is diffusion or reaction-limited, the Biot
and Peclet numbers are varied and their effect on the extraction efficiency is stud-
ied. First, the Biot number is varied by varying 𝐾1, along with the 𝐷𝑎c at a flow
rate of 10 𝜇L/min and the extraction efficiencies are plotted in Figure 6.13.

Figure 6.13: Influence of the Biot number (blue squares) on the Gallium extraction efficiency in the
step channel. The Biot number is varied by changing 𝐾1 (ranging from 3× 10−6 to 10−3 m/s) at a flow

rate of 10 𝜇L/min. The 𝐷𝑎c (red circles) is also plotted for the same Biot numbers.

Even at a high Biot number of 1000 (𝐾1 = 10−3 m/s), the extraction efficiency
is still only around 12 %. For this kind of system with a first-order reaction, the
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mass transfer, therefore, appears to be limited by the reaction. To confirm if this
is indeed the case, the Peclet number is varied by changing the flow rate. At flow
rates greater than 25 𝜇L/min, leakage is observed. Therefore, we use the velocity
profile at 10 𝜇L/min to determine the flow profile at higher flow rates. For such
flow rates (Q), the velocity profile is obtained by multiplying the velocity profile at
10 𝜇L/min by a uniform factor of Q/10 (the 10 in the denominator corresponds to
the flow rate of 10 𝜇L/min) to account for the change in velocity. We thus assume
that the shape of the flow profile remains constant as that observed at 10 𝜇L/min.
This may lead to a deviation from the real situation, but a numerical approximation
is performed to understand the influence of the Peclet number.

Figure 6.14: Influence of the Peclet number (blue diamonds) on the Gallium extraction efficiency in
the step channel at 𝐾1 = 3 × 10−5 m/s. The Peclet number is varied by changing the flow rate. The

𝐷𝑎c (red circles) is also plotted for the same Peclet number.

Figure 6.14 clearly shows the importance of the Peclet number on Gallium ex-
traction. At low Pe, extraction efficiencies as high as 70 % are obtained because of
the large residence time due to the lower flow rate. From Figures 6.13 and 6.14,
we can see that even though the values of the 𝐷𝑎c are comparable, the extraction
efficiency is a lot higher for a lower Peclet number. This implies that the Peclet
number has more influence in the step channel than the 𝐷𝑎c, though this was not
the case for the results of Helle et al [9], where the 𝐷𝑎c was found to have a greater
influence. The width of the step channel is 10 times larger than that used by Helle
et al [9], which implies that the diffusion time is much longer (𝑡𝑑 ∝ 𝐷2ℎ , where 𝐷ℎ
is the hydraulic diameter [16]). This also means that less Gallium is available for
reaction to take place at the interface. Table 6.3 also showed reduced extraction
efficiencies at large widths when the average velocity was kept the same. The
Peclet number, thus, emerges as the most influential dimensionless number in step
channels of larger widths, and the 𝐷𝑎c is more influential in standard channels.
More studies are required in step channels of different dimensions to see if a trend
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similar to that observed in Figure 6.6 can be described for a step channel as well.

6.6. Conclusion
Mass transfer with diffusion and a first-order reaction at the interface was studied
for two fluids flowing parallel to each other. First, simulations were performed and
validated using the data of Helle et al [9]. After validation, the influence of three
dimensionless numbers - the Biot, Peclet and 𝐷𝑎c - was studied on the mass trans-
fer. In general, a higher Biot number and a lower Peclet number are preferred.
However, when both numbers are changed in such a way that the 𝐷𝑎c is constant,
the extraction efficiency remains approximately the same. A considerable increase
in the extraction efficiency is observed only when the 𝐷𝑎c is increased.

Gallium extraction from 2 M Zn(NO3)2 ⋅ 6H2O solution to chloroform in a step
channel of large width is also studied. Extraction experiments are performed for
different flow rates and compared with the simulations. The simulated extraction
efficiencies were more accurate at lower flow rates than at higher flow rates. Both
the Biot and Peclet numbers were varied for this system and it was observed that
this system is diffusion-limited. The Peclet number appears to have the greatest
influence on such channels with large widths.





Bibliography

[1] Sachit Goyal, Amit V. Desai, Robert W. Lewis, David R. Ranganathan, Hairong
Li, Dexing Zeng, David E. Reichert, and Paul J.A. Kenis. Thiolene and SIFEL-
based microfluidic platforms for liquid-liquid extraction. Sensors and Actuators,
B: Chemical, 190:634–644, 2014. ISSN 09254005. doi: 10.1016/j.snb.
2013.09.065.

[2] B. Malengier, J.L. Tamalapakula, and S. Pushpavanam. Comparison of laminar
and plug flow-fields on extraction performance in micro-channels. Chemical
Engineering Science, 83:2–11, December 2012. ISSN 00092509. doi: 10.
1016/j.ces.2012.03.027. URL https://linkinghub.elsevier.com/
retrieve/pii/S0009250912001972.

[3] Davide Ciceri, Lachlan R. Mason, Dalton J.E. Harvie, Jilska M. Perera, and
Geoffrey W. Stevens. Extraction kinetics of Fe(III) by di-(2-ethylhexyl) phos-
phoric acid using a Y–Y shaped microfluidic device. Chemical Engineering
Research and Design, 92(3):571–580, March 2014. ISSN 02638762. doi:
10.1016/j.cherd.2013.08.033. URL https://linkinghub.elsevier.
com/retrieve/pii/S0263876213003626.

[4] H. Karim, C. Castel, A. Lélias, A. Magnaldo, and P. Sarrat. Kinetic study
of uranium (VI) extraction with tributyl-phosphate in a stratified flow mi-
crochannel. Separation and Purification Technology, 314:123489, June 2023.
ISSN 13835866. doi: 10.1016/j.seppur.2023.123489. URL https:
//linkinghub.elsevier.com/retrieve/pii/S1383586623003970.

[5] Gwendolyne Hellé, Clarisse Mariet, and Gérard Cote. Liquid–liquid mi-
croflow patterns and mass transfer of radionuclides in the systems
Eu(III)/HNO3/DMDBTDMA and U(VI)/HCl/Aliquat® 336. Microfluidics and
Nanofluidics, 17(6):1113–1128, December 2014. ISSN 1613-4982, 1613-
4990. doi: 10.1007/s10404-014-1403-1. URL http://link.
springer.com/10.1007/s10404-014-1403-1.

[6] Davide Ciceri, Lachlan R. Mason, Dalton J. E. Harvie, Jilska M. Perera, and
Geoffrey W. Stevens. Modelling of interfacial mass transfer in microfluidic
solvent extraction: part II. Heterogeneous transport with chemical reac-
tion. Microfluidics and Nanofluidics, 14(1-2):213–224, January 2013. ISSN
1613-4982, 1613-4990. doi: 10.1007/s10404-012-1039-y. URL http:
//link.springer.com/10.1007/s10404-012-1039-y.

[7] Y. Haroun, D. Legendre, and L. Raynal. Volume of fluid method for interfacial
reactive mass transfer: Application to stable liquid film. Chemical Engineering

161

https://linkinghub.elsevier.com/retrieve/pii/S0009250912001972
https://linkinghub.elsevier.com/retrieve/pii/S0009250912001972
https://linkinghub.elsevier.com/retrieve/pii/S0263876213003626
https://linkinghub.elsevier.com/retrieve/pii/S0263876213003626
https://linkinghub.elsevier.com/retrieve/pii/S1383586623003970
https://linkinghub.elsevier.com/retrieve/pii/S1383586623003970
http://link.springer.com/10.1007/s10404-014-1403-1
http://link.springer.com/10.1007/s10404-014-1403-1
http://link.springer.com/10.1007/s10404-012-1039-y
http://link.springer.com/10.1007/s10404-012-1039-y


6

162 Bibliography

Science, 65(10):2896–2909, May 2010. ISSN 00092509. doi: 10.1016/j.ces.
2010.01.012. URL https://linkinghub.elsevier.com/retrieve/
pii/S0009250910000291.

[8] Qi Zhang, Hongchen Liu, Shuainan Zhao, Chaoqun Yao, and Guangwen
Chen. Hydrodynamics and mass transfer characteristics of liquid–liquid
slug flow in microchannels: The effects of temperature, fluid properties
and channel size. Chemical Engineering Journal, 358:794–805, February
2019. ISSN 13858947. doi: 10.1016/j.cej.2018.10.056. URL https:
//linkinghub.elsevier.com/retrieve/pii/S1385894718319958.

[9] Gwendolyne Hellé, Sean Roberston, Siméon Cavadias, Clarisse Mariet, and
Gérard Cote. Toward numerical prototyping of labs-on-chip: modeling
for liquid–liquid microfluidic devices for radionuclide extraction. Microflu-
idics and Nanofluidics, 19(5):1245–1257, November 2015. ISSN 1613-4982,
1613-4990. doi: 10.1007/s10404-015-1643-8. URL http://link.
springer.com/10.1007/s10404-015-1643-8.

[10] Junior D Seader, Ernest J Henley, and D Keith Roper. Separation process
principles. 2006.

[11] H Scott Fogler. Essentials of chemical reaction engineering: essenti chemica
reactio engi. Pearson education, 2010.

[12] Lauretta Morroni, Fernando Secco, Marcella Venturini, Begoña Garcia, and
José Maria Leal. Kinetics and Equilibria of the Interactions of Hydroxamic
Acids with Gallium(III) and Indium(III). Inorganic Chemistry, 43(9):3005–
3012, May 2004. ISSN 0020-1669, 1520-510X. doi: 10.1021/ic034781r.
URL https://pubs.acs.org/doi/10.1021/ic034781r.

[13] N. Miložič, M. Lubej, U. Novak, P. Žnidaršič Plazl, and I. Plazl. Eval-
uation of Diffusion Coefficient Determination using a Microfluidic Device.
Chemical and Biochemical Engineering Quarterly Journal, 28(2):215–223,
2014. ISSN 03529568, 18465153. doi: 10.15255/CABEQ.2014.1938.
URL http://pierre.fkit.hr/hdki/cabeq/pdf/28_2_2014/Cabeq%
202014-2%20Chapter%204.pdf.

[14] Bastian E Rapp. Microfluidics: modeling, mechanics and mathematics. Else-
vier, 2022.

[15] B. Malengier, S. Pushpavanam, and S. D’Haeyer. Optimizing performance of
liquid-liquid extraction in stratified flow in micro-channels. Journal of Mi-
cromechanics and Microengineering, 21(11), 2011. ISSN 09601317. doi:
10.1088/0960-1317/21/11/115030.

[16] Thomas Gervais and Klavs F Jensen. Mass transport and surface reactions in
microfluidic systems. Chemical engineering science, 61(4):1102–1121, 2006.

https://linkinghub.elsevier.com/retrieve/pii/S0009250910000291
https://linkinghub.elsevier.com/retrieve/pii/S0009250910000291
https://linkinghub.elsevier.com/retrieve/pii/S1385894718319958
https://linkinghub.elsevier.com/retrieve/pii/S1385894718319958
http://link.springer.com/10.1007/s10404-015-1643-8
http://link.springer.com/10.1007/s10404-015-1643-8
https://pubs.acs.org/doi/10.1021/ic034781r
http://pierre.fkit.hr/hdki/cabeq/pdf/28_2_2014/Cabeq%202014-2%20Chapter%204.pdf
http://pierre.fkit.hr/hdki/cabeq/pdf/28_2_2014/Cabeq%202014-2%20Chapter%204.pdf


Bibliography

6

163

[17] Amin Farahani, Ahmad Rahbar-Kelishami, and Hadi Shayesteh. Microfluidic
solvent extraction of Cd(II) in parallel flow pattern: Optimization, ion ex-
change, and mass transfer study. Separation and Purification Technology, 258
(P2):118031, 2021. ISSN 18733794. doi: 10.1016/j.seppur.2020.118031.
URL https://doi.org/10.1016/j.seppur.2020.118031.

[18] Donata Maria Fries, Tobias Voitl, and Philipp Rudolf von Rohr. Liquid extraction
of vanillin in rectangular microreactors. Chemical Engineering and Technology,
31(8):1182–1187, 2008. ISSN 09307516. doi: 10.1002/ceat.200800169.

[19] Jovan Jovanović, Evgeny V. Rebrov, T. A. (Xander) Nijhuis, M. T. Kreutzer,
Volker Hessel, and Jaap C. Schouten. Liquid–Liquid Flow in a Capillary Mi-
croreactor: Hydrodynamic Flow Patterns and Extraction Performance. In-
dustrial & Engineering Chemistry Research, 51(2):1015–1026, January 2012.
ISSN 0888-5885, 1520-5045. doi: 10.1021/ie200715m. URL https:
//pubs.acs.org/doi/10.1021/ie200715m.

[20] Junior D Seader, Ernest J Henley, and D Keith Roper. Separation process
principles, volume 25. wiley New York, 1998.

[21] L. Binda, M. Bolado, A. D’Onofrio, and V. M. Freytes. Analysis of a mi-
crofluidic device for diffusion coefficient determination of high molecular
weight solutes detectable in the visible spectrum. The European Physi-
cal Journal E, 45(6):56, June 2022. ISSN 1292-8941, 1292-895X. doi:
10.1140/epje/s10189-022-00211-4. URL https://link.springer.
com/10.1140/epje/s10189-022-00211-4.

[22] Zida Li, Sze Yi Mak, Alban Sauret, and Ho Cheung Shum. Syringe-pump-
induced fluctuation in all-aqueous microfluidic system implications for flow
rate accuracy. Lab on a Chip, 14(4):744–749, 2014.

[23] Martina Baeckert, Martin Batliner, Beate Grass, Philipp K Buehler, Mari-
anne Schmid Daners, Mirko Meboldt, and Markus Weiss. Performance of mod-
ern syringe infusion pump assemblies at low infusion rates in the perioperative
setting. British journal of anaesthesia, 124(2):173–182, 2020.

[24] Davide Ciceri, Lachlan R. Mason, Dalton J.E. Harvie, Jilska M. Perera, and
Geoffrey W. Stevens. Modelling of interfacial mass transfer in microfluidic
solvent extraction: Part II. Heterogeneous transport with chemical reaction.
Microfluidics and Nanofluidics, 14(1-2):213–224, 2013. ISSN 16134990. doi:
10.1007/s10404-012-1039-y.

https://doi.org/10.1016/j.seppur.2020.118031
https://pubs.acs.org/doi/10.1021/ie200715m
https://pubs.acs.org/doi/10.1021/ie200715m
https://link.springer.com/10.1140/epje/s10189-022-00211-4
https://link.springer.com/10.1140/epje/s10189-022-00211-4




7
Conclusions and

Recommendations

The potential of parallel flow for radioisotope transfer at the microscale is immense,
especially considering that it eliminates the need to separate the two fluids. This
allows for faster extraction of radioisotopes while maintaining high purity [1]. How-
ever, stable parallel flow with complete separation of the fluids at the outlets is dif-
ficult to obtain as it is contingent on several factors such as fluid properties, channel
geometry, contact angle and flow rates [2, 3]. Therefore, this thesis studied the
various transport phenomena observed in the parallel flow regime in a microflu-
idic channel. The transport phenomena includes a broader study of the conditions
which influence the leakage of the fluids, with a special focus on the role played by
the channel geometry, and the mass transport in such channels.

To study the transport phenomena, the Lattice Boltzmann Method (LBM), specif-
ically the Rothman-Keller (RK) model was used [4], along with experiments, Finite-
Difference (FD) and Volume-of-Fluid (VOF). First, the thesis investigated the capa-
bility of the RK model to capture parallel flow and leakage. Then, the influence of
the outlet geometry on leakage was studied and new designs were proposed. The
overall channel geometry was modified such that the two sections of the channel
had varying depths in the form of a step. Finally, the mass transfer in a parallel
flow regime was studied for a standard Y-Y channel and the modified asymmetric
channel. Section 7.1 describes the conclusions associated with each of the chapters
and Section 7.2 provides recommendations for the future.

7.1. Conclusions
This thesis focuses on the transport phenomena observed in microfluidic channels,
specifically parallel flow. In such channels, the choice of the simulation technique

165



7

166 7. Conclusions and Recommendations

is very important as different techniques are better or worse at capturing different
flow regimes. The transport phenomena are dependent on various factors such as
fluid properties, flow rates and channel geometry. Among these, this thesis zooms
in on the role played by the channel geometry - both the outlet and overall geom-
etry. While modifying the outlet only influences the leakage, changing the entire
geometry can result in a different flow map altogether. These changes to the flow
phenomena naturally affect the mass transfer as well. More microfluidic studies
are necessary, both numerically and experimentally, to characterize the influence
of geometry better.

In Chapter 3, a modified RK model was developed and its effectiveness was
studied by comparing the simulation results with the experiments of Liu [3]. The
RK model uses the Continuum Surface Force (CSF) model proposed by Brackbill
et al [5] to implement the surface tension. Unfortunately, this method introduces
spurious velocities at low Capillary numbers as the Young-Laplace equation is not
completely satisfied [6, 7]. Since many of the experimental results involve flows
at low Capillary numbers, a modification was proposed as shown in Equation 3.1,
where the impact of the CSF term on the lattice velocity was set to 0. This modified
model was compared to both experiments and other simulation techniques in a Y-Y
microfluidic channel. The main findings of this chapter are:

1. The modified RK model resulted in a significant reduction in spurious veloci-
ties, converging much faster than the traditional RK model and capturing the
flow regimes more accurately. In terms of grid convergence, the modified
RK model converges faster than VOF as well, while showing reduced spurious
velocities.

2. The slug lengths from the modified RK model simulations decreased with in-
creasing Capillary numbers. This trend could not be captured by both VOF
and the traditional model. However, the obtained slug lengths from the mod-
ified RK model were not accurate. The phase field method was better in this
aspect.

3. The modified RK model proved to be the most successful method in capturing
leakage. Unlike the phase-field method or the VOF, leakage was obtained
for all the Capillary numbers as observed in the experiments. The leakage
regimes matched the experiments for most of the Capillary numbers, except
for a small set of Capillary numbers.

Chapter 4 covered the influence of the outlet geometry on leakage. Four differ-
ent outlet designs were proposed for a T-T microfluidic channel. The first design
was a modification of the design proposed by Lu et al [8], where a third outlet was
added at the centre of the channel. A circular head was added at the entrance of
the third outlet to minimize the loss of the organic fluid to the third outlet. The sec-
ond design involved the addition of a closed circular head without the third outlet.
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The third and fourth designs involved placing a large circular reservoir between the
two outlets. The upper outlet was displaced from the lower outlet by the radius of
the reservoir. The third design included a circular and rectangular pillar inside the
reservoir, while the fourth design included a circular pillar concentric to the reser-
voir. The main findings of this chapter are:

1. The modified triple outlet design was very successful in ensuring the complete
separation of the fluids. The loss of fluid at the third outlet can be controlled
by either changing the measures of the circular head or the flow rate ratio 𝜙.

2. No fluid entered the circular head in the case of the second design. The fluid
velocities are significantly reduced in the head as it is fully closed.

3. Circular pillars were found to be more effective in preventing leakage as com-
pared to the design with two pillars. The organic fluid is pinned inside the
reservoir as the pillar exerts a capillary (burst) pressure on the organic fluid
[9]. Leakage was found to depend on the diameter of the pillar and the Weber
number of the fluids.

The channel with asymmetric cross-section (step) was studied in Chapter 5.
Such a channel has been used before in extraction studies [10, 11, 12], but its in-
fluence on fluid phenomena has not been studied before. Therefore, experiments
are performed to compare Y-Y microfluidic channels of symmetric cross-section
(standard) with step channels. Additionally, the influence of the channel dimen-
sions on the step channel is also studied. To further understand the role played
by the step, VOF simulations are run to compare step and standard channels. The
main findings of this chapter are:

1. Stable parallel flow without any leakage was obtained at low Capillary numbers
for the step, in stark contrast to the standard channel, where parallel flow was
only observed at high Capillary numbers, and that too with leakage.

2. Reducing the step ratio (ratio of the depths in the step channel) resulted in
a more scattered flow map. Stable parallel flow occurred less frequently for
channels with lower step ratios, with intermediate regimes such as parallel
flow with leakage and pinching more commonly observed.

3. A larger channel width reduced the range of Capillary numbers for which
stable parallel flow was observed, while a smaller width increased the range.
Changing the width also led to different regimes previously not observed such
as droplet flow.

4. Pressure plots of the fluids in a step and standard channel at low capillary
numbers revealed that the interfacial tension aided the formation of stable
parallel flow in a step channel while it aided the formation of slug flow in
a standard channel. The pressure of the aqueous and organic phases kept
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increasing the standard channel as the organic phase occupied the entire
channel (blocking) when forming a slug. In contrast, the pressure of both
phases in a step channel remained constant after the initial increase.

Finally, Chapter 6 studies the mass transfer for parallel flow in a Y-Y microfluidic
step and standard channel. A finite difference code was developed for solving mass
transfer and validated using the results of Helle et al. The mass transfer mecha-
nism involves both diffusion and reaction taking place only at the interface. To
understand the competing forces involved in such a transfer, the influence of three
dimensionless numbers - Peclet, Biot and Damkohler (𝐷𝑎c, where c corresponds
to the role played by convection) numbers - was studied numerically in a standard
channel. Next, extraction studies were conducted in a step channel for a different
radioisotope (Gallium). Experiments were performed and simulations were com-
pared with the experimental results. The main findings of this chapter are:

1. A higher Biot number and a lower Peclet number are generally preferred for
higher extraction efficiency. However, when both these numbers are changed
such that 𝐷𝑎c is constant, the extraction efficiency remains approximately the
same. 𝐷𝑎c appears to have the greatest influence on extraction efficiency in
channels with small widths.

2. In the case of mass transfer in a step channel, the simulations were found to
be more accurate at lower flow rates than at higher flow rates.

3. The Peclet number was found to have the biggest impact on the extraction
efficiency in such step channels with large widths.

In general, this thesis confirms the potential of microfluidic channels for ra-
dioisotope transfer, particularly parallel flow. Problems associated with leakage
can be overcome by modifying the geometry of microfluidic channels. This method
is more effective than using coatings as it can be applied to different combinations
of fluids. However, effective radioisotope transfer cannot be accomplished through
stable parallel flow alone. The conditions for efficient mass transfer are, as dis-
cussed in Chapter 6, governed by different parameters and phenomena, and these
need to be understood in greater detail if microfluidic LLE is to be used for different
applications and industries. Dimensionless numbers are very useful in this regard to
study both the fluid mechanics and mass transfer in microfluidic channels, and this
thesis sheds some light on the possible directions microfluidic LLE studies should
take . Once we have a good grasp of the competing phenomena in a single mi-
crofluidic channel, we can then extend our analysis to study microfluidic LLE when
microfluidic channels are connected in parallel.
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7.2. Recommendations
Based on the results from the chapters, the following are recommendations for fu-
ture research.

1. Though the spurious velocities were reduced using the modified RK model,
they weren’t eliminated. For studies involving Capillary numbers < 10−4,
spurious velocities could still pose a problem. Ierardi et al [13] and Raeini et
al [7] have developed methods to limit the spurious velocities based on the
application of filters. Such modifications have not been tried for channel flows
and they might provide better results at low Capillary numbers.

2. Liu et al [14] implemented contact angle hysteresis in a channel with straight
boundaries based on the determination of the interface normal using advanc-
ing and receding angles. Though such an approach could be difficult in a
curved channel, the interface normals could be determined in a Y-Y channel.
The role of hysteresis in leakage could therefore be studied.

3. Micro-Particle Image Velocimetry (Micro-PIV) experiments can be performed
on the circular reservoir design with the circular pillars to reveal the flow
field inside the reservoir. Also, pressure contours should be plotted using
the experimental results to reveal the interaction of various forces inside the
reservoir. These experiments could confirm the insights observed in the sim-
ulations and also enhance the theory discussed in Section 4.3.5.

4. The influence of step ratio and the channel depth could be studied in greater
detail for the step channel with more experiments. In Chapter 5, only two step
ratios were considered, and it is not known how higher step ratios increase
the range of Capillary numbers for which stable parallel flow is observed.

5. Micro-PIV experiments could also be performed on the step channel to further
understand the influence of the step on the fluids. These experiments could
shed light on the flow profiles, streamlines and pressure development in such
channels, especially in the regions around the step. The simulations discussed
in Section 5.3 could also be validated using these experiments.

6. The type of channel inlet (Y, T or cross junction) has been found to have
an impact on the regimes observed in standard channels [15]. Experiments
on the step channel with different inlet designs could help to generalize the
results observed in a step channel and confirm if parallel flow is indeed ob-
served at Low Capillary numbers. Also, these experiments could also shed
some light on the role played by the inlet on the flow regimes.

7. Radioisotope extraction can also be studied for slug flow because of the circu-
lation that takes place inside the slug [16]. The time required for separation
can also be quantified in order to understand if slug or parallel flow is more
beneficial for radioisotope transfer.
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8. More precise pressure pumps can be used for the experiments to minimize the
fluctuations in flow rate, thereby increasing the accuracy of the experimental
results. This can be especially useful in removing the uncertainty associated
with the flow rates and contribute to our understanding of how changes in
the flow rate affect interface position and subsequently, mass transfer.

9. Extraction experiments have to be conducted in step channels of varying
widths, heights and step ratios to understand the influence of geometry on
mass transfer. Chapter 6 showed how important Peclet number was for a step
channel with a larger width, and the Damkohler number was observed to be
more important in a standard channel. More experiments on step channels of
different dimensions can illuminate the role of these dimensionless numbers
in step channels.

10. Microfluidic channels connected in parallel for larger extraction efficiencies
should be studied in greater detail using the dimensionless numbers discussed
in the previous chapters. Additionally, the role of the connecting outlet to the
inlet of the next channel in the transport phenomena in such parallel channels
should be understood and elucidated as bubble formation and backflow can
hinder isotope transfer.
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